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	Term
	Meaning

	AHD
	Australian Height Datum

	aquifer
	rock or soil that readily transmits water 

	aquitard
	rock or soil that transmits water very slowly

	baseflow
	contribution of surface water flow due attributed to groundwater

	BoM
	Bureau of Meteorology

	CMA
	Catchment Management Authority

	confined aquifer
	an aquifer in which an impermeable rock or soil layer or layers prevents water from seeping into the aquifer vertically

	constant head boundary
	time constant specified head which represents flows into or out of the model domain where groundwater connects or interacts with features (and the ocean) outside the model domain

	co-produced water
	the water extracted from coal seams to depressurise the coal seam thereby releasing gas

	coal seam gas
	coal seam gas

	CSIRO
	Commonwealth Scientific and Industrial Research Organisation

	DEDJTR
	Department of Economic Development, Jobs, Transport and Resources

	DELWP
	Department of Environment, Land, Water and Planning

	DEM
	digital elevation model defining surface elevations

	DEPI
	former Department of Environment and Primary Industries

	drawdown
	reduction in groundwater head elevation relative to a nominated baseline condition.

	DSE
	former Department of Sustainability and Environment

	ET
	water lost due to a combination of soil evaporation and vegetation transpiration

	GA
	Geoscience Australia

	GDE
	Groundwater Dependent Ecosystem

	GL
	Gigilitres

	GMA
	Groundwater Management Area

	IESC 
	Independent Expert Scientific Committee

	hydraulic head
	energy contained in a water mass, produced by elevation, pressure or velocity

	hydraulic conductivity (K)
	the rate of flow of water through a cross section area under a unit gradient head

	mAHD
	elevation in metres with reference to the Australian Height Datum

	m/day
	metres per day

	m3/day
	cubic metres per day

	MDBA
	Murray Darling Basin Authority

	MDBC
	Murray–Darling Basin Commission

	mg/L
	milligrams per litre

	ML 
	Local magnitude, from the Richter magnitude scale that assigns a magnitude number to quantify the energy released by an earthquake

	Term
	Meaning

	ML
	Megalitres

	MPa
	mega Pascal

	permeability
	the property or capacity of a porous rock, sediment or soil for transmitting a fluid; it is the a measure of the relative ease of fluid to flow under unequal pressure

	porosity
	the percentage of the bulk volume of a rock or soil that is occupied by interstices, whether isolated or connected

	potentiometric surface
	an imaginary surface representing the total head of groundwater in a confined aquifer that is defined by the level to which the water rise in a bore

	prospectivity
	an assessment, whether qualitative or quantitative, of the potential for prospective resources

	prospective resources
	petroleum (including natural gas) which is potentially recoverable from undiscovered accumulations

	recharge rate
	water that flows below the root zone and enters the groundwater

	SAFE
	Victorian Secure Allocation Future Entitlement

	specific yield (Sy)
	the ratio of the volume of water that a given body of rock or soil will hold against the pull of gravity to the volume of the body itself. It is usually expressed as a percentage

	specific storage (Ss)
	the amount of water that a portion of an aquifer releases from storage, per unit mass or volume of aquifer, per unit change in hydraulic head, while remaining fully saturated

	TCF
	trillion cubic feet

	TDS
	total dissolved solids

	transient
	time-varying

	transmissivity
	the rates at which water is transmitted through a unit width of an aquifer under a unit hydraulic gradient

	unconfined aquifer
	an aquifer where the watertable is exposed to the atmosphere through openings in the overlying materials

	VAF
	Victorian Aquifer Framework

	vertical hydraulic conductivity (Kz)
	the rate of vertical flow of water through a cross section area under a unit gradient head

	watertable
	the surface where the groundwater level is balanced against atmospheric pressure; often, this is the shallowest water below the ground

	WSPA
	Water Supply Protection Area

	yield
	the volume of water discharged from a bore
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[bookmark: _Toc422818626]1	Overview of impact assessment
[bookmark: _Toc420510950][bookmark: _Toc420572549][bookmark: _Toc422818627]1.1	Context
The purpose of the water science studies on onshore natural gas is to provide an initial screening analysis of the potential impacts of possible onshore gas exploration and development on water users and ecosystems. 
There are four different types of possible onshore natural gas development in Victoria: conventional, shale, tight and coal seam gas. These types of natural gas developments may have different impacts on water resources.
At present there is no active onshore natural gas development in Victoria. The Geological Survey of Victoria has conducted research into potential areas where onshore natural gas resources may exist. However, the commercial feasibility of onshore gas development has not been determined. As a consequence, the studies documented here test the potential effects of hypothetical natural gas developments.
The studies assess the potential impacts due to; aquifer depressurisation (i.e. groundwater level decline), chemical contamination of groundwater from hydraulic fracturing fluids, induced seismicity and land subsidence. 
Gas extraction depressurises the gas bearing formation and this may cause groundwater level decline, impacting water users and ecosystems. Groundwater level decline may also cause land subsidence.
Hydraulic fracturing can increase gas yield but may have the unintended consequence of contaminating water supply. Contamination could occur if as a result of fracturing there was a change in the connection between a gas source and the relevant groundwater resource. There is also a potential to induce seismicity (earth tremor). 
The studies apply a causal pathway approach, describing where natural gas might be, where water resources are, and the physical connections between the gas and water resources. For aquifer depressurisation, modelling and analysis is utilised to assess the potential impacts on groundwater levels and by inference the potential impacts on water users and ecosystems, as relevant region-specific data was not available for a quantitative risk assessment approach but suitable for impact assessment. For chemical contamination of groundwater from hydraulic fracturing fluids, induced seismicity and land subsidence, a qualitative risk assessment approach is utilised to assess the potential risks to water users and ecosystems, as the necessary region-specific data for a quantitative risk assessment or impact assessment approach is not currently available. 
The studies were conducted by the Department of Environment, Land, Water and Planning and the Geological Survey of Victoria (part of the Department of Economic Development, Jobs, Transport and Resources). An integral part of the water science studies has been the engagement of a scientific review panel, which has provided an independent peer review of this report, ensuring the rigour of the significant body of technical work that has been undertaken.
The studies have used the best available information, noting that there are known gaps in the geological and hydrogeological data sets. In light of this, the impact assessment has been completed conservatively; the results are likely to estimate higher impacts than may eventuate if development did occur. 
There are issues that are beyond the scope of these water science studies. These include treatment and disposal of coproduced water, water use for fracturing and gas production, non-water resource issues such as amenity, air quality, fugitive gas emissions, on-site chemical management and bore integrity. Therefore the findings should be considered only with respect to the topics addressed.
The outputs of the studies take the form of two plain-language synthesis reports, one each for the Gippsland Region and Otway Region, and a series of stand-alone technical reports. This technical report presents the Gippsland region impact assessment work.
[bookmark: _Toc419280863][bookmark: _Toc420510951][bookmark: _Toc420572550][bookmark: _Toc422818628]1.2	Study area
The report focuses on the potential impacts and risk to water users and ecosystems that might arise from onshore gas development in the Gippsland region (Figure 1). These potential impacts and risks are assessed for the lowland and plain areas within the Gippsland Basin where the upper part of the geological sequence comprises sedimentary formations. Areas where the basement formations outcrop in the north of the region are excluded from the study area. The study area is bounded at its northern edge by the bedrock outcrops in the highlands and to the south by the coast. 
The vertical extent of the study area includes the entire aquifer sequence that comprises the Gippsland Basin (onshore only), which includes the Mesozoic and Palaeozoic bedrock and the overlying Tertiary sedimentary sequence. At the deepest part of the onshore sedimentary basin, around Seaspray, the top of the Mesozoic basement is 1400 metres deep (DELWP’s Aquifer Framework, as reported in Visualising Victoria’s Groundwater (2014)). The sedimentary sequence thins towards the north and east as the bedrock approaches the surface. 
[image: ]
[bookmark: _Ref419801411][bookmark: _Toc420573121][bookmark: _Toc420576423][bookmark: _Toc420576505][bookmark: _Toc420576589][bookmark: _Toc420576946]Figure 1:  Gippsland study area, showing surface water catchments.


[bookmark: _Toc420510952][bookmark: _Toc420572551][bookmark: _Toc422818629]1.3 	Onshore natural gas resources 
The analysis includes possible tight and shale gas and coal seam gas developments in the Gippsland Basin. These are the range of natural gas types that could be developed in the onshore Gippsland Basin. There appears from the geological data available to be little prospect for viable conventional gas resources to occur onshore. Figure 2 shows the areas in the basin where gas might be found, based on the presence of a potentially prospective geological unit and previous petroleum exploration in the basin. Tight and shale gas are assessed as a single resource for the purpose of this analysis as both may be found in the one prospective formation. Coal seam gas potentially derived from brown coal is analysed separately.
Potential gas resources in the onshore Gippsland region are located at depth below the surface underneath and co-located with other rock units including aquifers. A diagrammatic view of the relationship between surface water features, aquifers and gas resources is shown in Figure 3. 
[bookmark: _Toc420510953][bookmark: _Toc420572552]1.3.1 Tight and shale gas
Potential tight and shale gas resources may be present within the geological formation known as the Strzelecki Group. The depth to the top of the Strzelecki Group varies across the region. The most likely depth at which gas may be retained in this formation is greater than 1500 m. Using this knowledge, an area of 1132 km2 is potentially prospective (based on current petroleum retention licences). The full development of this area is adopted for impact assessment, even though smaller developments would be more likely at the time of any gas development.
[bookmark: _Toc420510954][bookmark: _Toc420572553]1.3.2 Coal seam gas (brown coal)
Brown coals of the Traralgon Formation potentially host coal seam gas, although it is currently unknown whether gas is present in commercially recoverable volumes. The impact assessment is based on a scenario involving the development of an area of 438 km2 of the Traralgon Formation where the coal seams of the formation are 400 to 800 m below the surface.
[bookmark: _Toc420510955][bookmark: _Toc420572554][bookmark: _Toc422818630]1.4	Groundwater resources
Groundwater resources are contained in layers of high water yield (aquifers) and may be relatively fresh or saline. The Gippsland Basin contains a variable sequence of aquifers that generally thicken eastwards through the Latrobe Valley and Seaspray Depressions and towards the coast. There is significant groundwater extraction for agriculture, commercial, mine and power station operation, town supply, and offshore oil and gas production (approximately 183 000 ML/annum of aggregated entitlement volume) in addition to stock and domestic bores. 
Groundwater resources in the Gippsland Basin can be classified into three broad groups: the upper aquifers, the middle aquifers (which may be shallow to the west and north of the basin but deepen towards the east) and the lower aquifers (generally underneath the middle layer). These aquifer groups are generally separated by aquitards, which are low water-yielding formations.
[bookmark: _Toc420510956][bookmark: _Toc420572555][bookmark: _Toc422818631]1.5	Assessment approach
Prior to developing this impact assessment, a review of relevant Australian and international literature which looked at risk from gas development was completed. This is presented in Appendix A. This assessment includes impacts and risks associated with the potential future development of the following onshore natural gas resources in the Gippsland region:
•	tight and shale gas (hereafter assessed as a single resource) 
•	coal seam gas (from brown coal).
The extent of the possible onshore natural gas resources used in the assessment was taken from Goldie Divko (2015) and is shown in Figure 4. Further details on the nature of the gas resources included in this impact assessment is provided in Chapter 2.
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[bookmark: _Ref419801605][bookmark: _Toc420573122][bookmark: _Toc420576424][bookmark: _Toc420576506][bookmark: _Toc420576590]Figure 2:  Location of potential onshore natural gas development locations and surface water resources in the Gippsland region used for impact assessment. 
(Source: Goldie Divko 2015.)
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[bookmark: _Ref419801615][bookmark: _Toc420573123][bookmark: _Toc420576425][bookmark: _Toc420576507][bookmark: _Toc420576591][bookmark: _Toc420576947]Figure 3:  Diagram showing the general relationship between surface features, aquifers and potential gas-bearing geological formations in the Gippsland Region (mAHD).
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[bookmark: _Ref419817923][bookmark: _Toc420573124][bookmark: _Toc420576426][bookmark: _Toc420576508][bookmark: _Toc420576592][bookmark: _Toc420576948]Figure 4:  Gippsland study area potential onshore natural gas resources and surface water resources. (Source: Goldie Divko 2015.)

The assessment framework is based on the hazard/pathway/receptor model to assess impacts on the receptors (water resources) from possible future onshore natural gas development. For an impact to occur all three components need to be present: a hazard, a receptor that could potentially be adversely impacted, and a pathway to link the two. 
The four hazards assessed are:
1	aquifer depressurisation
2	chemical contamination of groundwater from hydraulic fracturing fluids
3	induced seismicity
4	land subsidence.
The approach assesses three types of high value water resource receptors:
•	aquifers (which support groundwater users)
•	rivers (which support surface water users and ecosystems)
•	water bodies (wetlands and lakes which support surface water users and ecosystems).
The studies applied a causal pathway approach, describing where natural gas might be located, where water resources occur, and the physical connections between the gas and water resources. In the case of aquifer depressurisation, modelling and analysis was utilised to assess the potential impacts on groundwater levels and by inference the potential impacts on water users and ecosystems, as relevant region-specific data was not available for a quantitative risk assessment approach but suitable for impact assessment. For chemical contamination of groundwater from hydraulic fracturing fluids, induced seismicity and land subsidence, a qualitative risk assessment approach was used to assess the potential risks to water users and ecosystems, as the region-specific data needed for a quantitative risk assessment or impact assessment approach was not available. 
The metrics used to determine the potential connection to groundwater and the potential drawdown expected from a gas development are outlined in subsequent chapters and detailed in Appendix B. 
The potential for impacts was assessed according to the following criteria (for compete definitions refer to Chapters 3 to 6):
•	low potential: impact is within normal variability or not anticipated (e.g. for groundwater users, a predicted decline in the watertable of less than 2 m and a predicted decline in deep groundwater levels of less than 10 m, or no change is anticipated) 
•	moderate potential: while the impact is outside normal variability, it does not significantly change the function of water users or ecosystems (e.g. for groundwater users, a predicted decline in the watertable of 2 m to 15 m or a predicted decline in deep groundwater levels of 10 m to 75 m)
•	high potential: impact significantly changes the function of water users or ecosystems (e.g. for groundwater users, a predicted decline in the watertable of greater than 15 m or a predicted decline in deep groundwater levels of greater than 75 m).
[bookmark: _Toc420510957][bookmark: _Toc420572556]1.5.1	Aquifer depressurisation 
The pathway for aquifer depressurisation is the transmission of pressure reductions in the prospective gas formation through the adjacent seal or aquitard units, which may cause drawdown in the aquifers. For drawdown to have an impact it must occur in an aquifer that supports a receptor. This means that, for a surface water receptor to be adversely impacted, there must be a pathway between the gas source and the watertable that enables drawdown to occur in the watertable aquifer. To understand the hydrogeological pathways that have the potential to connect possible gas developments with overlying water resources, a hydrogeological conceptual model was produced. This is presented in Chapter 2.

The impact assessment for aquifer depressurisation is based on hypothesised gas development scenarios. 
Impact assessment of aquifer depressurisation analyses the potential for impacts on groundwater users with an inferred impact on surface water users and ecosystems. This is based on an estimate of potential groundwater level changes from each hypothetical onshore natural gas development scenario.
The impact on water resources has been assessed for an operation of a hypothetical development running for 30 years. Impacts are assessed at the end of the operating period. This operating period corresponds to a typical life span of coal seam gas resources and infrastructure used in other jurisdictions. While 30 years is long enough for a scenario impact to be identified, maximum impacts may occur after 30 years. 
[bookmark: _Toc420510958][bookmark: _Toc420572557]1.5.2	Chemical contamination of groundwater from hydraulic fracturing fluids
In hydraulic fracturing the rock of the gas reservoir is put under pressure to generate small cracks in the rock allowing the gas to be extracted. The findings in the main report use the available literature to assess the in-situ hydrogeological factors that may contribute to fracture propagation beyond the intended zone of fracturing, an assessment of their distribution and potential for groundwater contamination.
[bookmark: _Toc420510959][bookmark: _Toc420572558]1.5.3	Induced seismicity 
Induced seismicity associated with unconventional gas extraction can be related to hydraulic fracturing, gas production and/or coproduced water re-injection. The potential impact of induced seismicity was assessed by a review of international literature for the key risk factors for induced seismicity and how they can be managed. 
[bookmark: _Toc420510960][bookmark: _Toc420572559]1.5.4	Land subsidence
The potential impacts of land subsidence as a result of gas extraction were assessed by a literature review. The literature review used a number of recent literature reviews undertaken for the Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining Development that reports to the Federal Government, in addition to studies undertaken in Gippsland. 
[bookmark: _Toc420510961][bookmark: _Toc420572560][bookmark: _Toc422818632]1.6	Results
[bookmark: _Toc420510962][bookmark: _Toc420572561]1.6.1	Tight and shale gas
The potential for impacts on groundwater users from aquifer depressurisation for tight and shale gas development is inferred as low, because the predicted changes to groundwater levels would be within historical ranges for the region.
The potential for impacts on groundwater quality from aquifer depressurisation for tight and shale gas development is inferred as low, based on the predicted changes to groundwater pressure gradients being within historical ranges.
The potential for impacts on surface water users as a result of reduced stream flow or changes in surface water quality due to aquifer depressurisation is inferred as low, with the exception of localised areas of moderate to high potential impact in the central Latrobe Valley region. This is based on the predicted changes to groundwater levels. The areas of moderate to high potential impact could be reduced to low with implementation of one or more of the mitigation strategies, as described in Chapter 6.
The potential for impacts on ecosystems as a result of reduced stream flow due to aquifer depressurisation is inferred as low, with the exception of localised areas of moderate to high potential impact in the central Latrobe Valley region. This is based on the predicted changes to groundwater levels. However, there are possible technical and financial constraints to applying effective mitigation to this impact. 
The potential for chemical contamination of groundwater from hydraulic fracturing fluids is low for tight and shale development, based on a review of national and international literature with consideration of the particular conditions of the Gippsland region and the fact that the use of BTEX in hydraulic fracturing fluids is banned under Victorian law. 
The potential for induced seismicity is low for tight and shale gas development, based on a review of national and international literature with consideration of the particular conditions of the Gippsland region.
The potential for land subsidence is inferred as low for tight and shale development, based on the predicted changes to groundwater levels.
[bookmark: _Toc420510963][bookmark: _Toc420572562]1.6.2	Coal seam gas
The potential for impacts on groundwater users from aquifer depressurisation for coal seam gas development is inferred as moderate to high, depending on the distance to the prospective development area, based on the predicted changes to groundwater levels. However, this could be reduced to low with implementation of one or more of the mitigation strategies as described in Chapter 6.
The potential for impacts on groundwater quality from aquifer depressurisation for coal seam gas development is inferred as moderate, based on the predicted changes to groundwater pressure gradients being significant within the context of historical ranges for the region. There are possible technical and financial constraints to applying effective mitigation to this impact.
The potential for impacts on surface water users as a result of reduced stream flow or changes in surface water quality due to aquifer depressurisation is inferred as moderate to high, depending on proximity to the proposed gas development. This is based on the predicted changes to groundwater levels. However, this could be reduced to low with implementation of one or more of the mitigation strategies as described in Chapter 6. 
The potential for impacts on ecosystems as a result of reduced stream flow or changes in surface water quality due to aquifer depressurisation is inferred as moderate to high, depending on proximity to the proposed gas development. This is based on the predicted changes to groundwater levels. There are possible technical and financial limitations to applying effective mitigation to this impact.
Hydraulic fracturing is unlikely to be needed in any development of coal seam gas in Gippsland, and therefore would not have a potential impact in this region. 
The potential for induced seismicity is low for coal seam gas development, based on a review of national and international literature with consideration of the particular conditions of the Gippsland region.
The potential for land subsidence is inferred as moderate for coal seam gas development, based on the predicted changes to groundwater levels. There are possible technical and financial constraints to applying effective mitigation to this impact.
[bookmark: _Ref406072537]

[bookmark: _Ref406523075][bookmark: _Ref411533269][bookmark: _Toc420510964][bookmark: _Toc420572563][bookmark: _Toc422818633]2	Hydrogeological conceptual model
[bookmark: _Toc420510965][bookmark: _Toc420572564][bookmark: _Toc422818634]2.1	Introduction
This chapter provides an overview of the geology and the hydrogeology of the Gippsland Basin to present the hydrogeological conceptual model that informs the impact assessments presented in Chapters 3 to 6.
The hydrogeological model draws on literature in the areas of groundwater resource management, carbon sequestration and natural gas prospectivity.
The conceptual model:
•	outlines the stratigraphy, onshore gas resources, key usable aquifers in the basin and significant groundwater dependent assets (receptors
•	describes in general terms the potential hydrogeological pathways (pressure reduction transmission pathways) between the source and receptors
•    defines low-permeability layers
•    describes key hydrogeological parameters
•    forms the basis of impact assessment from aquifer depressurisation
•    informs risk assessments for hydraulic fracturing, induced seismicity and land subsidence.
[bookmark: _Ref406152595][bookmark: _Toc420510966][bookmark: _Toc420572565][bookmark: _Toc422818635]2.2	Geology
[bookmark: _Ref406152608][bookmark: _Toc420510967][bookmark: _Toc420572566]2.2.1	Geological and structural setting
The Gippsland Basin is an approximate east–west trending sedimentary basin bounded by major fault systems on the southern and northern margins. Approximately two thirds of the basin is offshore. Formed during the final Gondwana break-up when the Indo-Australian and Antarctic plates rifted and the Tasman Sea opened, the basin consists of a thick sequence of Tertiary sediments overlying Mesozoic metasediments (Birch, 2003). 
A number of structural features break the Gippsland Basin into several platforms and depressions, as shown in Figure 5. The most significant of these are discussed below. 
The upthrown Balook Block forms the Strzelecki Ranges to the west and dips eastward, forming the Baragwanath Anticline. The Baragwanath Anticline is a significant structural features of the onshore part of the basin, running from the Gormandale region in the west to Golden Beach in the east and comprises a bedrock high with a thinner sequence of Tertiary sediments draped over the top. The thinning of the Tertiary sequence over the Baragwanath Anticline influences regional groundwater flow. The Rosedale Fault system occurs on the northern side of the Baragwanath Anticline, with sediments down-faulted on the north side of the fault. 
The Darriman Fault System runs northeast from Foster to north of Yarram, then east to offshore regions of the Gippsland Basin. The Rosedale Fault System (to the north) and the Darriman Fault System (to the south) resulted in the downwards movement of the basement and the formation of the Seaspray Depression.
The Lake Wellington Fault System formed during the Late Cretaceous period and has an east–west trend. The fault separates the upfaulted Lakes Entrance Platform to the north from the Lake Wellington Depression to the south, as shown in Figure 5 (Goldie Divko et al., 2010). 
The Moe Swamp Basin comprises Tertiary sediments and volcanics extending from west of Warragul east to the Haunted Hills Block (Walker and Mollica, 1990)  A major fault near Yallourn has upfaulted the pre-Tertiary basement rocks to form the Moe Swamp Basin, which then filled with sediments and volcanics during the Tertiary. The Moe Basin is believed to be hydrogeologically isolated, so that groundwater within the basin does not directly interact with the rest of the Gippsland Basin (Jacobs, 2014a).
[bookmark: _Ref406413098][bookmark: _Toc420510968][bookmark: _Toc420572567]2.2.2	Stratigraphy
The stratigraphy of the Gippsland Basin can be divided into the following major units that overlie the Palaeozoic basement:
•	Strzelecki Group
•	Latrobe Group
•	Latrobe Valley Group
•	Seaspray Group
•	Sale Group
•	Quaternary formations.
The distribution of these units within the main structural features of the Gippsland Basin is shown in Figure 6. 
The Strzelecki Group
The Mesozoic Strzelecki Group is a thick sequence of low-permeability, non-marine, volcanoclastic-rich sandstones and mudstones. The Strzelecki Group outcrops in the Strzelecki Ranges in the uplifted Balook Block (see Figure 5). The thickness of the Strzelecki Group is shown in Figure 7, which shows that the unit reaches a maximum thickness of more than 4000 m in the centre of the onshore basin and is thinnest in the outcropping Strzelecki Ranges, although a high level of uncertainty remains about the basin architecture through this region. 
The elevation of the top of the Strzelecki Group is shown in Figure 7.
The Latrobe Group
The Latrobe Group comprises marine and non-marine siliciclastics that host all the known hydrocarbon occurrences in the offshore region of the Gippsland Basin (Goldie Divko et al., 2010). The group overlies the Strzelecki Group and occurs at a depth of around 1000 to 1500 m at Seaspray, with a thickness of 1000 m in onshore areas (SKM & GHD, 2010; VVG, 2014). The Latrobe Group includes three formations: the Yarram Formation, Carrajung Volcanics, and Traralgon Formation.
The Middle to Late Palaeocene Yarram Formation is found sporadically in the south-eastern section of the onshore Gippsland Basin in the Stradbroke, Alberton and Gelliondale areas (SKM and GHD, 2010). The unit comprises clayey, coarse-grained to pebbly sandstone with minor interbedded claystone and rare coal which infill former valleys in the pre-Tertiary basement. It is found sporadically overlying the Strzelecki Group and beneath the Carrajung Volcanics on the Balook Block of the Strzelecki Ranges (SKM and GHD, 2010). 
The Carrajung Volcanics are present in central regions of the basin in the Latrobe Valley and overlie the Yarram Formation. The Carrajung Volcanics are widespread in the Seaspray and Alberton Depressions and in parts of the Latrobe Valley, and outcrop on the Balook Block, particularly around the edges adjacent to the bounding faults (SKM and GHD, 2010). 
Traralgon Formation overlies the Carrajung Volcanics and is comprised of Early Eocene to Early Oligocene sands and interbedded brown coal seams extending between the Morwell Monocline and the coast (Geoscience Australia, 2012a). The formation can be found at a depth of approximately 370 to 600 m (Birch, 2003). The Traralgon Formation extends laterally to the Seaspray Depression and offshore. The Traralgon Formation coal resources are divided into three seams: Traralgon 0 (T0), Traralgon 1 (T1) and Traralgon 2 (T2). T2 is the oldest of the three seams and is underlain by up to 200 m of gravels at Holey Plains (often referred to as the Honeysuckle Hill Gravels) (Gloe, 1975). The T2 seam is present at Stradbroke with a thickness of over 100 m, while T1 reaches a thickness of over 100 m near Gormandale and Stradbroke, thinning off to the east near Holey Plains and Coolungoolun (Birch, 2003).
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Figure 6:  Gippsland Basin stratigraphy (Source: Goldie Divko et al,  2010.) 


[image: ]
[bookmark: _Ref405816302][bookmark: _Toc420573127][bookmark: _Toc420576429][bookmark: _Toc420576511][bookmark: _Toc420576595][bookmark: _Toc420576951]Figure 7:  Approximate thickness of the Strzelecki Group. (Source: Goldie Divko, 2015.)
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The Latrobe Valley Group
The Latrobe Valley Group includes a sequence of marine and non-marine claystones and siltstones and coal-bearing formations overlying the Traralgon Formation in the Latrobe Valley. The Latrobe Valley Group has in the past been referred to as a sub-group of the Latrobe Group, however more recently it has been recommended to be treated as a separate group (Birch, 2003; Vandenberg, 2012). 
The Latrobe Valley Group comprises the following five formations (from oldest to youngest):
•	Morwell Formation
•	Alberton Coal Measures
•	Yallourn Formation
•	Hazelwood Formation
•	Balook Formation.
The extent of the main formations comprising the Latrobe Valley Group is shown in Figure 8.
The Morwell Formation comprises Early Oligocene to Early Miocene large coal seams between 80 and 150 m thick, interfingered with sands and volcanics near the base. The various coal seams in the Morwell Formation have been named from youngest to oldest as M1A, M1B, M2A and M2B coal seams, with intervening sand layers referred to as M1A Aquifer, M1B Aquifer, M2A Aquifer, M2B Aquifer and M2C Aquifer after the coal seams they underlie (Schaeffer, 2008). The basal unit of the Morwell Formation is the Seaspray Sand or M2C unit which extends from the Latrobe Valley in the west to the Bairnsdale region in the east. The distribution and thickness of the Seaspray Sand and M2C unit is shown in Figure 9. 
The Seaspray Sands and the M2C unit are depositionally synonymous and the names are sometimes used interchangeably; “Seaspray Sands” is commonly used in the Seaspray Depression, while “M2C” is the common term for this unit in the Lake Wellington and Latrobe Valley Depressions. The rest of the Morwell Formation extends from the Latrobe Valley to the Rosedale region. Reaching a maximum thickness of 200 m, the Morwell Formation is present between 20 and 40 m below natural surface in the outer reaches of the formation, extending to over 140 m deep near the Latrobe River between Morwell and Traralgon (Birch, 2003; Geoscience Australia, 2012b).
The Alberton Coal Measures are the lateral equivalent of the Morwell Formation in the Seaspray and Alberton Depressions and consist of coal seams interbedded with sand, clay and gravels (see Figure 8 for distribution). 
The Yallourn Formation consists of late Early Miocene to early Middle Miocene coal seams between 80 to 150 m thick interbedded with non-marine claystones and mudstones combining to form a formation up to 200 m thick (Birch, 2003; Geoscience Australia, 2012c). The Yallourn Formation extends from the Maryvale and Yallourn area in the west to the Rosedale region in the east. 
The Hazelwood Formation consists primarily of interbedded brown coal and clay and overlies the Yallourn Formation over the central Latrobe Valley (SKM and GHD, 2010). The unit has a similar distribution to the Yallourn Formation. 
The Balook Formation consists of a lower unit dominated by fine-grained clay, about 100 m thick, and a thicker upper unit consisting of coarse-grained sand interlayered with thin clay layers (SKM and GHD, 2010). The Balook Formation is a beach barrier deposit occurring as a narrow band approximately 5 to 10 km wide between the terrestrial Latrobe Valley Coal Measures to the west and the marine deposits of the Seaspray Group to the east. It occurs in two distinct areas truncated by the Baragwanath Anticline (see Figure 10). The extent of the Balook Formation shown in Figure 8 is approximate; narrow bands of Balook Formation sands can extend laterally within both the Latrobe Valley Group and the Seaspray Group for tens of kilometres (Holdgate, 1996). The Balook Formation overlies the Latrobe Group.
A detailed analysis of the occurrence of the various coal seams and interlayered aquifers is given in Schaeffer (2008). An example of a cross-section from Schaeffer (2008) is reproduced in Figure 11.
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[bookmark: _Ref405904261][bookmark: _Toc420573128][bookmark: _Toc420576430][bookmark: _Toc420576512][bookmark: _Toc420576596][bookmark: _Toc420576952]Figure 8:  Extent of main Latrobe Valley Group units. (Source: SKM and GHD, 2009.)
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[bookmark: _Ref405976288][bookmark: _Toc420573129][bookmark: _Toc420576431][bookmark: _Toc420576513][bookmark: _Toc420576597][bookmark: _Toc420576953]Figure 9:  Extent and thickness of the M2C/Seaspray Sand unit. (Source: Schaeffer, 2008.)
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south. (Source: Schaeffer, 2008.) 
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[bookmark: _Ref405628417][bookmark: _Toc420573131][bookmark: _Toc420576433][bookmark: _Toc420576515][bookmark: _Toc420576599][bookmark: _Toc420576956]Figure 11:  Cross-section, showing the complexity of the coal seams and beach barrier deposits of the Latrobe Valley Group. (Source:  Schaeffer, 2008.)
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Seaspray Group
The Seaspray Group consists of up to 900 m of calcareous sedimentary deposits overlying the Latrobe Group along the coast from the Lakes Entrance Platform to the Seaspray Depression, and contains six formations which are described briefly below.
The Lakes Entrance Formation extends over the Lake Wellington and Seaspray Depressions primarily comprising of mudstones and marl in the upper sections and sand and gravel deeper down. The maximum onshore thickness of the formation reaches approximately 225 m in the Lake Wellington Depression (SKM and GHD, 2010). The formation overlies the Latrobe Group in the Seaspray and Lake Wellington Depressions.
The Gippsland Limestone overlies the Lakes Entrance Formation and extends along the coast from Marlo to Yarram. The formation consists of a combination of marine carbonates, including limestone and marls, with thickness ranging from 500 to 1500 m at onshore and offshore locations respectively (SKM & GHD, 2010). 
The Wuk Wuk Marl overlies the Gippsland Limestone, and has a maximum thickness of 25 m and comprises poorly bedded, brown and grey marl and extends along the coast from Lakes Entrance to Alberton, outcropping near Bairnsdale (Geoscience Australia, 2012e).
The Bairnsdale Limestone is a thin layer of limestone deposited along the coast from Lakes Entrance to the Seaspray Depression. The formation overlies the Wuk Wuk Marl. 
The Tambo River Formation consists of shelly glauconitic marl, marly limestone and ferruginous fine sandstone and extends along the coast from Lakes Entrance to Alberton over the majority of the Seaspray Depression. The formation is approximately 100 m thick in the Lake Wellington Depression area, thinning to approximately 10 m at Bairnsdale (Birch, 2003; SKM and GHD, 2010). 
The Lake Wellington Formation is the lateral equivalent of the Tambo River Formation in the Lake Wellington and Seaspray Depression. The unit consists of silty sands and sandy marl overlying the Balook Formation in the Rosedale region.
Sale Group
The Sale Group comprises a sequence of Late Miocene to Pliocene sediments deposited in marine and non-marine environments, reaching a maximum thickness of 200 m in the Sale region. The Sale Group overlies either the Seaspray Group or the Latrobe Valley Group and consists of three formations which are discussed briefly below.
The Upper Tertiary Boisdale Formation extends over a large section of onshore Gippsland Basin as well as along the coast near Seaspray. The Boisdale Formation is up to 100 m thick in areas near Sale and the Seaspray Depression, thinning to the east and west of Sale. The Boisdale Formation is divided into two members: the upper Nuntin Clay and the lower Wurruk Sands. The Nuntin Clay comprise of clays, gravels and fine to coarse grained sands, while the Wurruk Sand consists of medium to coarse-grained sands (SKM and GHD, 2010). The Wurruk Sand member of the Boisdale Formation is generally around 50 to 100 m thick in most areas but can be up to 200 m thick in the Sale area (SKM, 1998). 
The extent of the Wurruk Sand member of the Boisdale Formation is shown in Figure 12. The extent of the Nuntin Clay is similar to the underlying Wurruk Sand. The Boisdale Formation extends in two main areas divided by the Baragwanath Anticline. South of the anticline, the Boisdale Formation extends from Yarram in the southwest to Loch Sport in the northeast. In the Dutson Downs area, the two occurrences of the Boisdale Formation are connected over the hinge of the Baragwanath Anticline. The Boisdale Formation grades laterally eastwards to the Jemmys Point Formation. 
The Jemmys Point Formation comprises shelly and sandy marl and calcareous sandstone, overlain by shelly sand and minor gravels up to 110 m thick in the Golden Beach region (SKM and GHD, 2010). The Jemmys Point Formation is the lateral marine equivalent of the Boisdale Formation and outcrops in the Lakes Entrance area and is up to almost 110 m thick in the Golden Beach area of the Seaspray Depression (SKM and GHD, 2010). 
The Haunted Hills Formation is a series of fluvial and lacustrine sediments comprising of clay, sandy clay, sand, gravel and clayey sand. It forms a geological unit predominantly 20 to 40 m thick (up to 80 m in some areas) spanning the majority of the low lying areas throughout the Gippsland Basin (SKM and GHD, 2010). The formation overlies the Boisdale and Jemmys Point Formations in the Lake Wellington and Seaspray Depressions. The unit outcrops as low hills in the Latrobe Valley and Rosedale area.
Quaternary formations
Quaternary sediments were deposited to form the most recent sequence of the Gippsland Basin in low lying regions of the basin along the coast and further inland from Bairnsdale to the Latrobe Valley. The Quaternary sediment formations can be divided into the following three groups:
•	recent floodplain deposits — floodplain deposits near current rivers and streams, consisting of sands, gravels, silts and clays
•	coastal lagoon deposits — these sediments interact with surface water features and consist of silt, clay, peat and minor sand (SKM and GHD, 2010)
•	river terrace deposits — deposited up to 20 m above the outer reaches of river floodplains, and ranging from coarse gravels at the base grading upwards to gravel, sand, sandy clay and clayey silt (SKM and GHD, 2010).
[bookmark: _Toc420510969][bookmark: _Toc420572568][bookmark: _Toc422818636]2.3	Gas types and occurrence in the Gippsland region
The onshore part of the Gippsland Basin is prospective for tight and shale gas and coal seam gas. Conventional gas resources have not been defined onshore due to the high level of geological uncertainty.
[bookmark: _Toc420510970][bookmark: _Toc420572569]2.3.1	Tight and shale gas prospectivity
Tight and shale gas is held in low-permeability and low-porosity rocks. The low permeability does not allow the gas to migrate out of the rock. The prospective formation for tight and shale gas in Gippsland is the Strzelecki Group, which underlies the Late Cretaceous – Tertiary Gippsland sedimentary basin. Goldie Divko (2015) provides an analysis of tight and shale gas prospectivity. 
The extent of the hypothetical tight and shale gas development scenario used for the impact assessment is based on the sub-regional scale shown in Figure 13. This shows areas of higher potential for tight and shale gas prospectivity, where depth to top of potential gas-containing rocks ranges from 1400 to 2500 m.
[bookmark: _Toc420510971][bookmark: _Toc420572570]2.3.2	Coal seam gas prospectivity
The prospective formation for coal seam gas in Gippsland is the brown coal seams of the Traralgon Formation. The brown coal seams of the Traralgon Formation in the onshore Gippsland Basin have the potential to contain entrapped gas. Unlike conventional oil and gas reserves, it is not necessary to have a seal above the coal seams as the gas in the coal beds is stable at the existing pressure. However, in theory, once the pressure is reduced through depressurisation and gas is released, the absence of an overlying seal may allow in gas escaping the seam, potentially reducing gas extraction rates, although this is yet to be proven.
The prospective formation for coal seam gas in Gippsland is the brown coal seams of the Traralgon Formation within the Lower Tertiary Aquifer (for an explanation of these terms see Section 2.4). The extent of the hypothetical coal seam gas development scenario used for the impact assessment is based on the sub-regional scale area shown in Figure 14. This shows where coal seam gas could occur, as defined by a depth to the top of Traralgon Formation of between 400 and 800 m. Goldie Divko (2015) provided an analysis of coal seam gas prospectivity.
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(Source: Goldie Divko, 2015.)
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[bookmark: _Toc420510972][bookmark: _Toc420572571][bookmark: _Toc422818637]2.4	Hydrogeology
The Victorian Aquifer Framework groups the stratigraphic units described in Section 2.2 into hydrogeological units and aquifers, as shown in Figure 15. The framework classifies the full geological sequence and includes both aquifers and aquitards. The classification of aquifers and aquitards is regional and classifies the units that act as aquifers or aquitards at a regional scale, despite sometimes acting differently at local scales. Figure 15 also shows a broader classification into upper, middle and lower aquifers used in the Gippsland groundwater atlas produced by Southern Rural Water (SRW, 2012). The following sections describe the main features of the upper, middle and lower aquifers respectively.
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[bookmark: _Ref405388338][bookmark: _Toc420573135][bookmark: _Toc420576437][bookmark: _Toc420576519][bookmark: _Toc420576603][bookmark: _Toc420576960]Figure 15:  Victorian Aquifer Framework for Gippsland Basin hydrogeological units and aquifers. 
(Source: GHD, 2013.)


2.4.1 [bookmark: _Ref406155223][bookmark: _Toc420510973][bookmark: _Toc420572572]Upper aquifers
The upper aquifers comprise the Quaternary Aquifer and the Upper Tertiary/Quaternary aquifer, together with the underlying Upper Tertiary/Quaternary Aquitard (Figure 15). 
The Quaternary Aquifer consists of various surficial alluvial, flood plain and aeolian deposits. The Upper Tertiary/ Quaternary Aquifer consists of the Haunted Hills Formation and the Eagle Point Sand. These either underlie the Quaternary Aquifer surficial sediments or outcrop. Over much of the Gippsland Basin, both these aquifers are clay-dominated and low-yielding aquifers. However, in some areas well-developed sand and gravel layers can produce significant quantities of groundwater. They include:
· the Macalister Irrigation District in the Heyfield, Sale, Rosedale and Maffra regions where a gravel aquifer within the Quaternary Aquifer sediments of around 5 m to 10 m thickness is utilised for irrigation and stock and domestic supply and is covered by the Denison and Wa De Lock GMA
· the Mitchell River alluvial valley upstream of Bairnsdale where Quaternary Aquifer comprises alluvial sediments which provide a significant groundwater supply for many of the vegetable growers in the region and is covered by the Wy Yung GMA
· the Quaternary Aquifer alluvial plains of the Snowy River in the Orbost region covered by the Orbost GMA
· the Quaternary Aquifer coastal sand deposits in the Venus Bay region covered by the Tarwin GMA.
The Upper Tertiary/Quaternary Aquitard does not outcrop and consists of the Nuntin Clay (which is the confining layer in the Boisdale Formation) and Jemmys Point Formation. The Jemmys Point Formation is generally considered to be a low-yielding aquifer and in many places an aquitard (SKM and GHD, 2010). The Wurruk Sand in the Boisdale Formation is classified as the Upper Tertiary Aquifer (see Section 2.4.2). 
Salinity
Figure 16 shows the watertable salinity across the upper aquifers in the Gippsland Basin. Salinity is generally less than 3500 mg/L total dissolved solids (TDS) with variations existing locally. Salinity ranges from less than 1000 mg/L TDS in the Wa De Lock and Nambrok–Denison regions to greater than 20 000 mg/L TDS in the eastern Clydebank region, where a near-surface watertable causes salts to concentrate (SRW, 2012).
Groundwater levels and flow patterns
The depth to watertable across the region is stable and generally lies between 5 and 10 m below the surface, although many areas are at depths of less than 2 m (WGCMA, 2005). Hydrographs show seasonal trends, with water levels highest in winter–spring and lowest in the summer period with variations as great as 5 m in the Macalister Irrigation District region. 
The dominant recharge mechanism is rainfall recharge and irrigation during the October to March period. Hydrograph comparisons with rainfall show that the aquifer responds relatively rapidly to rainfall events (SKM, 2009a). Periodic flooding can cause episodic recharge in low lying areas around river systems. There is also evidence of river recharge to the shallow groundwater system in places (SRW, 2012). Discharge processes include evapotranspiration from the shallow watertable and discharge to rivers, wetlands, Lake Wellington and leakage to deeper aquifers, which is discussed further in the following section (SRW, 2012). 
Groundwater flow directions generally mimic topography and flow towards the coast or local and regional discharge features. Figure 17 presents the elevation of the watertable, showing that groundwater flows in a south-easterly direction towards the coast.
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Hydraulic connection to other aquifers
The units directly underlying the Upper Aquifers include the Upper Tertiary Aquifer (where the Boisdale Formation occurs), the Upper Tertiary Aquitard, and the Upper Mid-Tertiary Aquifer (where the Balook Formation occurs).
The hydraulic connection between the watertable in the Upper Aquifers and the underlying units has been studied in small areas of interest, with a focus on the higher-yielding aquifers in and around the Macalister Irrigation District and the Mitchell River alluvial valley. 
Watertable overlying the Upper Tertiary Aquifer (Boisdale Formation) 
Where the watertable of the Quaternary Aquifer overlies the Upper Tertiary Aquifer (Wurruk Sand of the Boisdale Formation) the Upper Tertiary/Quaternary Aquitard (Nuntin Clay) is thought to restrict groundwater flow between them (SKM, 2008a). Studies of the groundwater levels in and around the Macalister Irrigation District show that there is a general upwards fluid pressure gradient from the Upper Tertiary Aquifer (Wurruk Sand) to the overlying Quaternary Aquifer (SKM, 2008a). However, in areas of groundwater pumping from the Wurruk Sand, such as around the Sale town water supply bores and irrigation bores in the Clydebank area, a temporary downward gradient between the watertable and the Boisdale Formation has been observed (SKM, 2008a). Numerical groundwater modelling of the Boisdale Aquifer suggests that, despite the presence of the Nuntin Clay separating the watertable from the Wurruk Sand, there is still a significant net upward flow to the watertable (SKM, 2006a).
Watertable overlying the Upper Mid-Tertiary Aquifer (Balook Formation) 
The Boisdale Formation thins westwards and in the area west of Sale is either thin or non-existent. This area marks the limit of Upper Tertiary alluvial deposition and represents a transition between the terrestrial deposits of the Latrobe Valley Group (coal measures) and the beach barrier deposits of the Balook Formation. This area is stratigraphically complex and vertical aquifer interaction has not been investigated to any great extent. However, Schaeffer (2008) postulates that the sandy units of the Balook Formation could provide a hydraulic pathway between the Latrobe Valley Coal Measures (Upper Mid-Tertiary Aquitard and Upper Mid-Tertiary Aquifer) and the overlying watertable. 
Watertable in the Mitchell River floodplain
The Quaternary Aquifer is well developed in the Mitchell River floodplain, providing a source of good-quality irrigation water to vegetable growers in the area. In this region the Quaternary Aquifer overlies the Balook Formation of the Upper Mid-Tertiary Aquifer and the Jemmys Point Formation of the Upper Tertiary Aquitard. While little information is available, it is believed that the Quaternary Aquifer in the Mitchell River Valley plays an important role in recharging the underlying Upper Mid-Tertiary Aquifer and Lower Tertiary Aquifer (Latrobe Group) (SKM, 2007). SKM (2007) noted that in some areas there are significant thicknesses of clay separating the Quaternary sediments from the underlying Upper Mid-Tertiary Aquifer, suggesting that declining levels in these aquifers are unlikely to cause significant impacts on the water levels in the Quaternary aquifer or the Mitchell River. In other areas the deeper aquifers are known to sub-crop beneath the Quaternary alluvial aquifer and could therefore interact with the shallow aquifer and the river 
(SKM, 2007).
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The Middle Aquifers (Figure 15) consist of:
•	the Upper Tertiary Aquifer  – Wurruk Sand of the Boisdale Formation
•	the Upper Tertiary Aquitard – Hazelwood, Yallourn and Jemmys Point Formation
•	the Upper Mid-Tertiary Aquifer  – Morwell and Balook Formations
•	the Upper Mid-Tertiary Aquitard  – Gippsland Limestone and the Lakes Entrance Formation
•	the Lower Mid-Tertiary Aquifer –  M2C aquifer and Seaspray Sand.
The Upper Tertiary Aquifer comprises the Wurruk Sand member of the Boisdale Formation; the extent is shown in Figure 12. The Upper Tertiary Aquifer is a high-yielding, low-salinity aquifer which is utilised for town water supply and irrigation in the Sale region, eastwards to Lake Wellington and in the coastal area around Seaspray and Giffard Plains. 
The Upper Tertiary Aquitard comprises the Hazelwood, Yallourn and Jemmys Point Formations. The Hazelwood and Yallourn Formation occur in the Latrobe Valley area, with a combined thickness in the range of 100 to 200 m (VVG, 2014). Apart from the vicinity of the Yallourn East Field Mine, where fine sands occur, the Yallourn Formation is a poor aquifer (Schaeffer, 2008). However, it becomes sandier east of Loy Yang Mine, where it merges into the upper part of the Balook Formation (Schaeffer, 1988). Depositionally, the Jemmys Point Formation is the easterly marine lateral equivalent of the Boisdale Formation. Although it is younger than the Hazelwood and Yallourn Formations, it is included in the Upper Tertiary Aquitard because it acts predominantly as an aquitard.
The Morwell Formation and the Balook Formations combine to form the Upper Mid-Tertiary Aquifer. The Balook Formation is a thick but narrow sequence of predominantly sand layers interspersed with clay. It is used in the Yarram region where it comes close to the surface. The greater accessibility of overlying aquifers such as the Boisdale Formation is likely to be the reason for its lack of use in other areas. 
The Morwell Formation contains a number of sand-dominated aquifers interspersed with brown coal seams, which generally act as aquitards. The intervening aquifers are named locally after their overlying coal seams as M1A Aquifer, M1B Aquifer, M2A Aquifer, M2B Aquifer and M2C Aquifer (Schaeffer, 2008). The most significant of these aquifers is the basal M2C Aquifer, which is an important regional aquifer. Consequently it has been given its own categorisation in the Victorian Aquifer Framework as the Lower Mid-Tertiary Aquifer. 
The Upper Tertiary Aquitard consists of the marine Seaspray Group, including the basal Lakes Entrance Formation and the overlying Gippsland Limestone and Lake Wellington Formation. The spatial distribution of the marine units is shown in Figure 10. The unit increases in thickness in a south-easterly direction, reaching a thickness of more than 800 m on the coast in the Seaspray – Loch Sport area. 
Salinity
The interpreted groundwater salinity of the Upper Tertiary Aquifer (Wurruk Sand member of the Boisdale Formation) is shown in Figure 18. The lower-salinity groundwater occurs in the region from Sale to Lake Wellington, where it is used extensively for irrigation and for the Sale town water supply. The aquifer is also used for irrigation in the Seaspray to Giffard area along the coast. The interpreted groundwater salinity in the Upper Mid-Tertiary Aquifer (Yarragon Formation, Morwell Formation and Balook Formation) and the Lower Mid-Tertiary Aquifer (M2C and Seaspray Sand) is shown in Figure 19. Groundwater quality in the Upper Mid-Tertiary Aquifer is generally of good quality and is utilised in the Yarram area as a source of irrigation water. 
Groundwater levels and flow patterns
Analysis of trends in groundwater levels and groundwater flow patterns tends to be focused in areas and aquifers of concentrated monitoring and groundwater use. The discussion below focuses on studies in the Sale area for the Boisdale Formation Aquifer and the Latrobe Valley mines dewatering of the Morwell Formation.
Upper Tertiary Aquifer (Wurruk Sand member of the Boisdale Formation)
The Boisdale Formation is not exposed at the surface and is a confined aquifer system. The main recharge areas for the Boisdale Formation in the Sale WSPA is considered by HydroTechnology (1994) to be along the northern margin of the aquifer beneath the alluvial plain of the Thomson and Macalister rivers to the west of Maffra, and along the northern flank of the Baragwanath Anticline to the south of Sale (Figure 20). There is considered to be lesser amounts of recharge from the northern part of the aquifer between Stratford and Paynesville, and from the western part of the aquifer near Rosedale (SKM, 2000). 
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(Source: SRW, 2012.)
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[bookmark: _Ref416350294][bookmark: _Toc420573139][bookmark: _Toc420576441][bookmark: _Toc420576523][bookmark: _Toc420576607][bookmark: _Toc420576964]Figure 19:  Interpreted groundwater salinity in the combined Upper Mid-Tertiary Aquifer (Morwell and Balook Formation) and the Lower Mid-Tertiary Aquifer (Seaspray Sand and M2C Aquifer). (Source: SRW, 2012.)
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In the Giffard–Seaspray region the recharge areas for the Boisdale Aquifer are thought to be along the southern flank of the Baragwanath Anticline, to the north of Woodside and Stradbroke (SKM, 2001) and possibly from the Yarram area to the west (SKM, 2001a). The groundwater level trends in the Giffard GMA have been generally flat (SKM, 2001). 
An assessment of groundwater levels in the Sale GMA by SKM (2008a) show that the potentiometric surface of the Boisdale Aquifer has a downwards trend over the 5 years previous to the report, with the greatest declines in the area between Sale and Lake Wellington (average decline of 0.1 to 0.3 m/year). The declining trend in water levels is primarily attributed to the increase in local groundwater pumping from the Boisdale Aquifer. 
Upper Mid-Tertiary Aquifer (Morwell Formation and Balook Formations)
The groundwater flow direction in the Upper Mid-Tertiary Aquifer is shown in Figure 19. The recharge areas for the aquifer are expected to be the northerly areas where the unit is closer to the surface, receiving downward recharge from overlying aquifers (SRW, 2012).
An analysis of groundwater level trends in the Balook Formation in the Yarram area by SKM (2009b) showed a consistent declining trend of between 0.4 to 0.7 m/year over a 5 year period. This was attributed mainly to the influence of the declining trends of the underlying Lower Tertiary Aquifer, with the recent increase in groundwater abstraction from the Balook Aquifer for irrigation use having little impact on the longer-term trend (SKM, 2009b). 
Ongoing groundwater dewatering activities by the three Latrobe Valley mines has resulted in a regional-scale depression in the potentiometric surface of the Morwell Formation, centred on the mines. GHD (2006) noted declining groundwater level trends in the Morwell Formation Aquifer of between 0 to 1.3 m/year for the 2000 to 2005 period, with declining trends noted as far east as Rosedale.


Hydraulic connection to other aquifers
Upper Tertiary Aquifer (Wurruk Sand member of the Boisdale Formation)
In the Sale WSPA there is largely an upward groundwater pressure gradient between the Boisdale Formation and the overlying shallow aquifer systems, which suggests that there may be some upward leakage (SKM, 2008a). During periods of groundwater abstraction, water levels in the Boisdale Formation can fall below the levels in the upper aquifer system and potentially reverse the vertical flow direction (SKM, 2008a).
The Boisdale Aquifer in the Sale region is underlain in the west by the Latrobe Valley Group grading laterally eastwards into the Balook Formation Aquifer and the Seaspray Group. A small number of nested site hydrographs show that historically, there has been an upward gradient from the deeper Latrobe Valley Group/Balook Formation and the Latrobe Group to the Boisdale Formation (SKM, 2008a). However, hydrographs also show that this upwards gradient is decreasing with declining levels in the Lower Tertiary Aquifer (Latrobe Group) and the Balook Formation Aquifer (SKM, 2008a). 
There has been limited investigation into the hydraulic connection between the Balook and the overlying Boisdale Aquifer. Schaeffer (2008) speculates that the lack of an obvious aquitard separating the Balook Formation from the overlying Boisdale Formation may suggest a conduit for upward groundwater movement. Similarly, there has been no serious investigation into the hydraulic connection between the Boisdale Aquifer and the Latrobe Valley Group and Gippsland Limestone Aquifers. 
The Boisdale Aquifer occurs underneath the Gippsland Lakes, and there has been some concern expressed by Southern Rural Water and others about possible interaction between the aquifer and the lakes. Groundwater levels are generally above lake levels, indicating the potential for groundwater discharge to the lakes (SKM, 2009c). Greatest potential for interaction is around the northern shores of Lake Victoria and southern shores of Lake Wellington where the Boisdale Formation is closest to the base of the lake (SKM, 2009c). In other areas there are significant thicknesses of Nuntin Clay separating the lake from the aquifer, with little or no potential for interaction (SKM, 2009c).
In the coastal extent of the Boisdale Aquifer in the Seaspray–Giffard region there has been little investigation of the vertical movement between aquifers. The Boisdale is underlain by the Balook Formation in the western part of the Giffard GMA and SKM (2008b) speculates that there may be hydraulic connection between the Balook and the Boisdale in this region.
Upper Mid-Tertiary Aquifer
A lithological analysis by SKM (2009b) showed no significant aquitard separating the Balook Aquifer from the underlying Latrobe Group Aquifer in the Yarram region. The declining trends observed in the Balook Aquifer are likely to be a direct result of Latrobe Group aquifer pressure declines, although the response is dampened. Hydrograph analysis by SKM (2009b) showed that prior to the 1990s and early 2000s there was a general upward groundwater pressure gradient from the Latrobe aquifer to the Balook, but by 2009 declining groundwater levels in the Latrobe Group aquifer resulted in the potentiometric surfaces of the two aquifers being approximately the same. 
The connection between the Balook/Latrobe Group aquifers and the overlying Boisdale Aquifer east of Yarram is not well known (SKM, 2008b). There is no evidence that the declining pressures in the Balook and Latrobe Group aquifers are having any impact on the overlying Boisdale Aquifer in this area.
[bookmark: _Ref409692787][bookmark: _Toc420510975][bookmark: _Toc420572574]2.4.3	Lower aquifers
The combined extent of the Lower Tertiary Aquifer and the Lower Tertiary Basalts is shown in Figure 21 and covers much of the Gippsland Basin. 
The Lower Tertiary Aquifer includes the Yarram Formation, the Carrajung Volcanics and the overlying Traralgon Formation (SKM and GHD, 2010). The aquifer extends offshore from the Seaspray Depression. At the coast, along the centre of the Gippsland Basin, it is approximately 1000 m thick, but the offshore section is significantly thicker. Lower Tertiary Aquifer sediments thin dramatically across basin bounding structures such as the Baragwanath Anticline/Balook Block and to the north onto the Lakes Entrance Platform (SKM and GHD, 2010). 
The Traralgon Formation is the most widespread unit of the Lower Tertiary Aquifer and includes extensive aquifers interbedded with several major brown coal seams which can be in excess of 100 m thick (Holdgate, 1996, 2000). The coal seams in the Traralgon Formation are important in the hydrogeology as they are regional aquitards, while thick sand and gravel sequences below, between and above them are regional aquifer systems from which groundwater is abstracted as part of offshore oil and gas extraction, onshore coal mining (Latrobe Valley) and irrigation (Yarram region) activities. 
Outcropping Lower Tertiary Basalts on the eastern margins of the Strzelecki Ranges (Carrajung Volcanics and Older Volcanics) grade laterally below the surface into Lower Tertiary Aquifer sediments. 
Salinity
The interpreted groundwater salinity in the lower aquifers is shown in Figure 22. The groundwater in the Lower Tertiary Aquifer, in particular, is generally of good quality, with salinities generally below 3500 mg/L. 
Groundwater levels and flow patterns
The recharge areas for the Lower Aquifers are likely to be along the western and northern basin margins where the aquifer is elevated and closer to the surface and the overlying formations are thinnest,  and along the axis of the Baragwanath Anticline (SRW, 2012). In the Yarram area, outcropping Lower Tertiary Basalts are likely to be the recharge area for the sub-cropping Lower Tertiary Aquifer (SKM, 2009b). The groundwater flow direction for the Lower Aquifers is shown in Figure 23. 
Figure 24 provides a selection of groundwater hydrographs for the Lower Tertiary Aquifer, showing a consistent decline in groundwater potentiometric surface across the region of between 0.6 to 1.2 m/year since at least the mid 1970s. The relative contribution of offshore oil and gas extraction, irrigation development and mines dewatering to this regional decline has been debated for many years (e.g. CSIRO, 2004). It is clear that north of the Rosedale monocline the impact of mines dewatering is likely to be the dominant influence, while south and east of the monocline offshore gas and oil extraction combined with irrigation extraction in the Yarram area is likely to be dominant (CSIRO, 2004).
The earliest groundwater monitoring records from these bores mostly post-date the commencement of groundwater pumping for offshore gas and oil extraction and onshore mine dewatering. However, CSIRO (2004) reconstructed an interpretation of the pre-production potentiometric surface level for the Lower Tertiary Aquifer by extrapolating early groundwater level measurements. The total drawdown for the Lower Tertiary Aquifer to 2004 using this pre-production interpretation is shown in Figure 25. Despite the sustained decline in groundwater levels in the Lower Tertiary Aquifer, there is still a significant head over the top of the aquifer (Figure 26). 
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[bookmark: _Ref416351515][bookmark: _Toc420573141][bookmark: _Toc420576443][bookmark: _Toc420576525][bookmark: _Toc420576609][bookmark: _Toc420576966]Figure 21:  Extent and elevation of the Lower Tertiary Aquifer and the Lower Tertiary Basalts. (Source: SKM and GHD, 2010.)
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[bookmark: _Ref406153655][bookmark: _Toc420573142][bookmark: _Toc420576444][bookmark: _Toc420576526][bookmark: _Toc420576610][bookmark: _Toc420576967]Figure 22:  Interpreted groundwater salinity in the lower aquifers, including the Lower Tertiary Aquifer and the Lower Tertiary Basalts. (Source: SRW, 2012.)
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[bookmark: _Ref405738609][bookmark: _Toc420573144][bookmark: _Toc420576446][bookmark: _Toc420576528][bookmark: _Toc420576612][bookmark: _Toc420576969]Figure 24:  Location of hydrographs for the Lower Tertiary Aquifer, showing a  consistent decline in potentiometric surface across the Gippsland Basin. 
(Source: Evans, 2011.)
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(Source: CSIRO, 2004.)
[image: ]
[bookmark: _Ref409691376][bookmark: _Toc420573146][bookmark: _Toc420576448][bookmark: _Toc420576530][bookmark: _Toc420576614][bookmark: _Toc420576971]Figure 26:  Approximate head of the Lower Tertiary Aquifer in 2008. (Source: SKM, 2009.)
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Connection to other aquifers
There is likely to be a reasonable hydraulic connection between the Lower Tertiary Aquifer and the overlying Balook Formation in the Yarram area, as evidenced by hydrographs showing a dampened response in the Balook Formation to groundwater pressure declines in the Lower Tertiary Aquifer (see Figure 27 for examples of hydrographs).
The sealing properties of the Seaspray Group and the Lakes Entrance Formation in particular are discussed in Section 2.2. The presence of the Upper Mid-Tertiary Aquitard (Seaspray Group) as an effective aquitard is likely to restrict interaction between the Lower Tertiary Aquifer and overlying aquifers such as the Boisdale and Quaternary aquifers. However, the presence of the Mid-Tertiary Aquitard is restricted to the south-eastern part of the basin.
Goldie Divko et al. (2010) noted that the Lakes Entrance Formation thins around the Baragwanath Anticline and the capacity of the formation to act as a competent seal is therefore diminished. The detection of a hydrocarbon seep in the vicinity of the anticline, as demonstrated by radiometric data (O’Brien et al., 2008), suggests a loss of hydrocarbon containment across this area over geological time (Goldie Divko et al., 2010). This can also be translated to groundwater movement, suggesting that a vertical connection between the Lower Tertiary Aquifer and surficial Haunted Hills Formation in the region is possible. Groundwater use in the area is not particularly high; most of the better quality and higher-yielding surficial aquifers occur to the north (Quaternary Aquifer and Upper Tertiary Aquifer) and to the south (Upper Tertiary Aquifer). 
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(Source: SKM, 2009b.)
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The Mesozoic Strzelecki Group outcropping in the Strzelecki Ranges and the Palaeozoic rock outcropping in the highlands to the north also underlie the Tertiary sediments in the Gippsland Basin. Unlike the Tertiary sediments, in which groundwater flows through the pore spaces between the grains, groundwater within the Strzelecki Group and the Palaeozoic rocks flow mainly through natural fractures and fissures within the rock (i.e. they are fractured rock aquifers). 
These fractured rock aquifers have low bore yields (<0.5 L/s) and/or reasonable to poor water quality (>1500 mg/L TDS). They often have weak regional flow connections or are disconnected, thus forming local flow systems and localised discharge zones such as springs. 
The significant depths to basement in some areas underlying Tertiary sediments and the low-yielding nature of the units means that few bores have been drilled into the buried basement aquifers; however, the hydraulic behaviour of the buried portions of the unit is expected to be similar to the outcropping units.
[bookmark: _Toc420510977][bookmark: _Toc420572576]2.4.5	Groundwater use
The key groundwater aquifers with good groundwater quality (less than 3500 mg/L salinity) are:
Upper Aquifers
•	Quaternary Aquifer around the Macalister Irrigation District, which is used for irrigation and stock and domestic supply (covered by the Denison Water Supply Protection Area and the Wa De Lock Groundwater Management Area). 
•	Quaternary Aquifer less than 20 m deep in the Mitchell River floodplain upstream of Bairnsdale region, which is used for irrigation and stock and domestic supply (covered by the Wy Yung Groundwater Management Area). 
Middle Aquifers 
•	Upper Tertiary Aquifer (Wurruk Sand of the Boisdale Formation) in the Sale–Seaspray–Giffard region, which is utilised for irrigation and town water supply (Sale) (covered by the Sale Water Supply Protection Area and the Giffard Groundwater Management Area).
•	Balook Formation of the Upper Mid-Tertiary Aquifer occurring as a narrow band from the Yarram area in the south, west of Sale and extending north of the Gippsland Lakes to north of Bairnsdale. This aquifer is utilised in the Yarram area for irrigation and is covered by the Yarram Groundwater Management Area. 
Lower Aquifers
•	Lower Tertiary Aquifer, which is the basal unit underlying much of the Gippsland Basin. Although it is too deep in most parts of the basin for widespread use, it comes close to the surface in the Yarram area and is used as a source of irrigation supply (covered by the Stratford and Yarram Groundwater Management Areas).
•	Lower Tertiary Aquifer (Thorpdale Volcanics and underlying Childers Formation) in the Moe region which is utilised for irrigation and stock and domestic purposes (covered by the Moe Groundwater Management Area).
A significant proportion of these aquifers are contained within Groundwater Management Units (GMUs) which have maximum limits for groundwater allocation. The location of the GMUs are shown in Figure 28. The licensed entitlement and groundwater use for 2012–13, excluding stock and domestic bores, is shown in Table 1. 
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[bookmark: _Ref409691938][bookmark: _Toc296600003]Table 1:  Licensed entitlement and groundwater use in 2012–13 for Gippsland Groundwater Management Units, excluding stock and domestic use. (Source: DEPI, 2014a.)
	Groundwater Management Unit
	Aquifer group
	Licensed entitlement (ML/yr)
	Groundwater use in 2012–13 (ML/yr)
	Total use (ML/yr)

	Wa De Lock
	Upper
	29287
	8181
	19815

	Denison
	Upper
	18501
	10209
	

	Wy Yung
	Upper
	7462
	932
	

	Leongatha
	Upper
	1841
	180
	

	Tarwin
	Upper
	38
	13
	

	Orbost
	Upper
	1217
	300
	

	Sale
	Middle
	21238
	12739
	33166

	Giffard
	Middle
	5689
	1504
	

	Rosedale	
	Middle
	22372
	18923
	

	Yarram
	Middle and Lower
	25689
	11668
	30288

	Stratford
	Lower
	27645
	17712
	

	Moe
	Lower
	3967
	908
	

	Offshore oil and gas
	Middle and Lower
	N/A
	N/A
	100000 (approx.)

	Total
	
	164946 
	
	183269 (approx.)




[bookmark: _Toc420510978][bookmark: _Toc420572577][bookmark: _Toc422818638][bookmark: _Ref406154501]2.5	Groundwater–surface water connectivity
Water assets in the Gippsland Basin have been identified using the Victorian Water Asset Database, as shown in Figure 29, along with areas of less than 2 m depth to watertable. In this study, groundwater interaction with rivers and wetlands is inferred in areas where they intersect areas where there is less than 2 m depth to watertable.
[bookmark: _Toc420510979][bookmark: _Toc420572578]2.5.1	Rivers
A study by GHD (2014) used river salinity / flow data combined with interstation flow comparisons where possible to characterise baseflow of rivers in the Gippsland region (Figure 30). The GHD (2014) study noted that along the Latrobe River a change occurs from a neutral or losing system in the area between Moe and Traralgon to a gaining stream downstream of Traralgon until it discharges to Lake Wellington east of Sale. GHD (2014) apportion the losing part of the Latrobe River to either a relatively high elevation of the river in the landscape due to faulting and/or depressurisation of the Tertiary Aquifer system (assumed to be from mine dewatering activities). If mine dewatering activities are a factor, then it demonstrates that pumping from the Lower Tertiary Aquifer and the Upper Mid-Tertiary Aquifer can have impacts on river flow.  A number of case studies of groundwater–river interaction have been undertaken in the area, and are summarised below.
Tarra River
The Tarra River flows in a south-easterly direction from the Strzelecki Ranges through Yarram and to the coast. The river receives a component of its flow from groundwater discharge.  The Tarra River flows across outcropping Lower Tertiary Basalts west of Yarram which are likely to be recharge areas for the Latrobe Group Aquifer (part of the Lower Tertiary Aquifer). It has been speculated that declines in pressure in the Latrobe Group Aquifer impact river flow in these recharge areas. For instance, SKM (2004) identified 46 km of rivers and streams (including the Jack, Albert and Tarra Rivers) which cross these Latrobe Group recharge areas. SKM (2005b) suggested that declining groundwater levels in the region are likely to have contributed to the calculated 75% reduction in baseflow in the Tarra River since the early 1950s. SKM (2006b) examined time-series of total natural flows in the Tarra River, which were estimated from a combination of stream gauge data and historic upstream demands. They concluded that although a downward trend was evident it was within the natural variability of the data. 
The data sets examined in the SKM (2005b) and SKM (2006a) studies used different approaches (i.e. baseflow versus total flow and gauged flow versus estimated natural flow), however, both studies concluded that there was a downward trend in baseflow evident in the data. The key conclusion from both studies was that there was likely to have been a reduction in the baseflow component of stream flow in the Tarra River and catchments over the previous 50 years. The reduction in baseflow was likely to have been caused mainly by a reduction in rainfall over this period. Although there is no direct evidence, the circumstantial evidence suggests that the decline in baseflow may also be caused, to a smaller extent, by declines in groundwater levels resulting from local groundwater abstraction for irrigation and offshore gas and oil extraction (SKM, 2006b). 
The Mitchell River
Groundwater levels compared to river levels show that the watertable contained within alluvial sediments in the Mitchell River floodplains upstream of Bairnsdale have a strong hydraulic connection to the river (SKM, 2007). During periods of flooding or high flow in the Mitchell River, the river is likely to be discharging to the watertable and vice versa during normal flow periods. 
While the connection between the river and the watertable is strong, the connection between the watertable and deeper aquifers is not well known. In some areas significant thicknesses of clay separate the Quaternary sediments from the underlying Balook/ Latrobe Aquifers (SKM 2007), so that declining levels in these aquifers are unlikely to cause significant impacts on the water levels in the Quaternary aquifer or the Mitchell River. In other areas the deeper aquifers sub-crop beneath the Quaternary alluvial aquifer and could therefore interact with the shallow aquifer and the river (SKM, 2007).
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[bookmark: _Ref409602409][bookmark: _Toc420573150][bookmark: _Toc420576452][bookmark: _Toc420576534][bookmark: _Toc420576618][bookmark: _Toc420576975]Figure 30:  Baseflow characterisation of studied Gippsland and Otway Basin rivers. (Source: GHD, 2014.) 
[bookmark: _Toc420510980][bookmark: _Toc420572579]2.5.2	Groundwater-dependent ecosystems
The distribution of groundwater-dependent ecosystems across the Gippsland Basin is shown in Figure 31. Of particular significance is the series of wetlands on the margins of the Gippsland Lakes (see Figure 32). A series of studies on the wetlands adjacent to Lake Wellington are summarised below. 
[bookmark: _Toc403212399]Lake Wellington wetlands
A number of wetlands flank Lake Wellington and tributary rivers, including:
•	Clydebank Morass at the mouth of the Avon River
•	Dowd Morass on the south side of the Latrobe River mouth
•	The Heart Morass on the north side of the Latrobe River mouth
•	Sale Common on the north side of the Latrobe River at the junction of the Thomson River
•	Lake Coleman on the south side of Lake Wellington.
The locations of these and other Gippsland Lakes fringing wetlands are shown in Figure 33. A number of these wetlands are Ramsar-listed and have significant environmental and social values. All are within an area of shallow watertable and are expected to be receiving discharged groundwater. They were likely to have once been freshwater but are becoming brackish or saline because of an elevation of the watertable in the area caused by land clearing and irrigation, and because of the permanent connection of Lake Wellington to the sea via Lakes Entrance at the eastern end of the Gippsland Lakes system. 
The relative contribution of groundwater differs among these wetlands. For instance, a study of Clydebank Morass by SKM (2003a) suggested that groundwater was a small contribution to the overall water balance, with most of the water coming from either the Avon River or Lake Wellington. However, much of the salt discharging to Clydebank Morass comes from overland flow across areas of saline land affected by an elevated watertable (SKM, 2003a). A similar process is also likely to be occurring at The Heart Morass and other wetlands in the vicinity, such as Lake Kakydra. The direct or indirect contribution of groundwater to Dowd Morass is minor and most of the salt and water fluxes come from the Latrobe River and Lake Wellington (SKM, 2003b).
Although the direct contribution of groundwater discharge to some of these wetlands may be relatively minor, the watertable plays an important role in providing a hydraulic barrier to leakage out of the wetlands. This highlights that there is a complex relationship between groundwater levels and the salt and water balance in these wetlands. 
The Gippsland Lakes and associated wetlands mostly occur in an area where there is significant thickness of the Upper Mid-Tertiary Aquitard (Seaspray Group), ranging from approximately 700 m on the western shores of Lake Wellington to 240 m on the northern shores of Lake King (VVG, 2014). The Seaspray Group is an effective aquitard and is likely to at least partially separate the watertable hydraulically from the Lower Tertiary Aquifer and the Strzelecki Group, which are prospective for coal seam gas and tight and shale gas respectively.
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[bookmark: _Ref409602524][bookmark: _Ref406419110][bookmark: _Ref409692246][image: ]
[bookmark: _Ref416352320][bookmark: _Toc420573151][bookmark: _Toc420576453][bookmark: _Toc420576535][bookmark: _Toc420576619][bookmark: _Toc420576976]Figure 31:  Gippsland groundwater-dependent ecosystems. (Source: Bureau of Meteorology, 2014.)
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[bookmark: _Ref409692258][bookmark: _Toc420573152][bookmark: _Toc420576454][bookmark: _Toc420576536][bookmark: _Toc420576620][bookmark: _Toc420576977]Figure 32:  Location of wetlands fringing the Gippsland lakes. (Source: Tilleard et al., 2009.)
[bookmark: _Toc408929686][image: ]
Onshore natural gas water science studies 
[bookmark: _Ref406419303][bookmark: _Toc420573153][bookmark: _Toc420576455][bookmark: _Toc420576537][bookmark: _Toc420576621][bookmark: _Toc420576978]Figure 33:  Location of wetlands fringing the Gippsland lakes. (Source: Tilleard et al., 2009.)
[bookmark: _Toc420510981][bookmark: _Toc420572580][bookmark: _Toc422818639]2.6	Hydraulic connection between prospective onshore natural gas sources and groundwater 
In this study the pathway refers to the mechanism of pressure decline by which groundwater flows from the hazard to the receptor. An equivalent concept is connectivity, which refers to the ease with which groundwater can flow within or between geological formations (Gas Fields Commission, 2014). Groundwater flows in response to pressure or density gradients through the pores in the various formations. Groundwater may also flow along faults and fissures. Permeability is the term used to describe the ease with which water can flow horizontally and vertically through geological formations. In high-permeability formations groundwater flows relatively rapidly, whereas in low-permeability formations (commonly called aquitards) groundwater flows very slowly. The rate of flow varies from metres per year to millimetres per million years. 
The potential hydrogeological connectivity between the natural gas sources and the surrounding aquifers is discussed below.
[bookmark: _Toc420510982][bookmark: _Toc420572581]2.6.1	Tight and shale gas development 
The Strzelecki Group is generally considered to be a low-yielding aquifer where it outcrops, as evidenced by the poor bore yields in the Strzelecki Ranges, which are sufficient only for stock and domestic purposes. 
Tight and shale gas-bearing units within the Strzelecki Group occur in the upper part of the sequence in the Seaspray Depression and also in underlying units. Any impact from groundwater and gas extraction from the Strzelecki Group, would be detected first in the basal Lower Tertiary Aquifer, or in the Late Cretaceous sedimentary sequence if present and monitored. Further discussion of the behaviour of the Lower Tertiary Aquifer is provided in Section 2.6.2.
The following observations suggest that the propagation of formation depressurisation from the extraction of tight and shale gas from the Strzelecki Group is likely be slow and take significant periods of time to be observed:
•	The hydraulic conductivity of the Strzelecki Group is likely to be low, with slow movement of drawdown propagation, although this effect may be countered by the expected low storativity which acts to increase diffusivity.
•	The volumes of groundwater extracted are likely to be low because of the low hydraulic conductivity of the Strzelecki Group.
[bookmark: _Toc420510983][bookmark: _Toc420572582]2.6.2	Coal seam gas 
The prospective units for coal seam gas (Traralgon Formation coal seams) are contained within the Lower Tertiary Aquifer sediments. Groundwater levels in response to decades of pumping from the Lower Tertiary Aquifer in the Latrobe Valley for mine dewatering, offshore for gas and oil extraction and irrigation development provides an indication of how the system may react to additional pumping for coal seam gas development. The most prospective area for coal seam gas development is located geographically between the Latrobe Valley mines dewatering to the west, the offshore gas and oil extraction in Bass Strait to the east and the irrigation development in the Yarram area to the south. The discussion below brings together the conceptual understanding of the Gippsland region hydrogeology and the observations of hydrogeological response to historical pumping from the Lower Tertiary Aquifer. 
Hydraulic connections within the Lower Tertiary Aquifer
The Traralgon Formation coal seams overlie the sands of the main aquifer sequence within the Lower Tertiary Aquifer. The lack of a defined aquitard between the Traralgon Formation coal seams and the underlying sands suggests a strong hydraulic connection between the two. 
The Lower Tertiary Aquifer groundwater levels have been declining by between 0.6 m/year and 1.2 m/year since at least the mid-1970s across the Gippsland Basin, from Yarram in the southwest to Bairnsdale in the northeast (Figure 24). These regional declines in groundwater levels show that the Lower Tertiary Aquifer is a regionally extensive and connected aquifer across the Gippsland Basin with a reasonably consistent lateral response to groundwater extraction, albeit with some variability because of structural features such as the Rosedale monocline. 
The rate of decline in groundwater levels in the Lower Tertiary Aquifer shows no sign of stabilising. Continued extraction for offshore oil and gas resources and mine dewatering is likely to result in a continuing decline. Historical declines in groundwater levels in the aquifer show that impacts can extend over large areas when extraction is sustained over a number of decades. 
Hydraulic connections to overlying aquifers
The hydraulic connection between the Lower Tertiary Aquifer and overlying Upper Mid-Tertiary Aquifer (M2C/Seaspray Sand Aquifer) is interpreted from regional observations. In areas where there is significant thickness of Traralgon Formation coal seams, SKM and GHD (2010) suggested that the coal seams are likely to provide some impedance to flow between the underlying sands and the overlying M2C/Seaspray Sand Aquifer. SKM and GHD (2010) also suggested that, in the absence of coal seams, there could be reasonable hydraulic connection between them. 
Recent work has focused on identifying seals above the Lower Tertiary Aquifer for the purpose of identifying suitable reservoirs for carbon capture and storage. This work has identified the marl and clay dominated Seaspray Group (Upper Mid-Tertiary Aquitard) as being an effective aquitard or seal above the Latrobe Group based on mercury injection capillary pressure (MICP) analysis of core samples (both onshore and offshore) reported in Goldie Divko et al. (2010). In particular, Goldie Divko et al. (2010) identified the Lakes Entrance Formation component of the Seaspray Group as a significant seal on the Traralgon Formation coals. 
The above conclusions are also likely to apply to groundwater movement and highlight the importance of the Upper Mid-Tertiary Aquitard (especially the Lakes Entrance Formation) as a significant regional aquitard. Greater potential for hydrogeological connectivity exists in areas where the aquitard thins or is absent, in addition to the structural features mentioned previously that can act as conduits. Of particular significance is the presence of the Balook Formation (Upper Mid-Tertiary Aquifer) which occurs in two distinct narrow bands north and south of the Baragwanath Anticline. The Balook Formation responses to Lower Tertiary Aquifer groundwater level decline suggest that there is some vertical connection between the two aquifers (Section 2.2). Therefore, if the depressurisation impacts in the Lower Tertiary Aquifer were to reach areas connected to the overlying Balook Formation, there is potential for reducing the upward gradient between the two aquifers or even inducing a downward gradient. This has the most implications in the Yarram area where the Lower Tertiary Aquifer and Balook Formation Aquifers are utilised for groundwater supply. 
The extent to which the reduced Balook Formation pressure declines could propagate to overlying aquifers such as the Boisdale Aquifer west of Sale and the Quaternary Alluvial Aquifer in the Macalister Irrigation District is uncertain and requires further investigation. 
Goldie Divko et al. (2010) noted that in areas around the Baragwanath Anticline the Latrobe Group (Lower Tertiary Aquifer) are shallow (around 100 m to the top) with a thin capping of Lakes Entrance Formation. The detection of a hydrocarbon seep in the vicinity of the anticline as demonstrated by radiometric data (O’Brien et al., 2008) suggests a loss of hydrocarbon containment across this area (Goldie Divko et al., 2010). This can also be translated to groundwater movement, suggesting a vertical connection between the Lower Tertiary Aquifer and surficial Haunted Hills Formation in the region is possible. 
The above discussion is focused on the lateral migration of depressurisation within the Lower Tertiary Aquifer and then the subsequent vertical migration of impacts in areas away from the Upper Mid-Tertiary Aquitard. However, even though the Upper Mid-Tertiary Aquitard has been shown to be a significant aquitard, there is potential of vertical connection through the aquitard. In the area of gas prospectivity, the thickness of Upper Mid-Tertiary Aquitard is between 50 and 600 m. 


Summary of hydraulic connections 
The above discussion highlights that the Lower Tertiary Aquifer is well connected laterally and that groundwater pumping for Latrobe Valley coal mining, offshore oil and gas extraction, and some irrigation and town water supplies, has resulted in the propagation of aquifer depressurisation over large distances if sustained over significant periods of time. 
The vertical transmission of Lower Tertiary Aquifer depressurisation in the area of coal seam gas prospectivity is constrained by the presence of the Upper Mid-Tertiary Aquitard (particularly the Lakes Entrance Formation). 
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[bookmark: _Toc420510984][bookmark: _Toc420572583][bookmark: _Toc422818640][bookmark: _Ref406069823]3	Aquifer depressurisation impact assessment 
[bookmark: _Toc411488901][bookmark: _Toc420510985][bookmark: _Toc420572584][bookmark: _Toc422818641]3.1	Introduction
Extraction of natural gas can affect water resources by changing the groundwater level in adjacent or overlying aquifers. This groundwater level change occurs as a result of movement of water from aquifers into the gas-bearing formations. This movement results from the pressure reduction generated by gas and water abstraction in the gas-bearing formation.  This chapter of the report describes the approach to assessing potential impacts due to aquifer depressurisation from hypothetical gas developments. 
[bookmark: _Toc420510986][bookmark: _Toc420572585][bookmark: _Toc422818642]3.2	Impact assessment approach
[bookmark: _Toc420510987][bookmark: _Toc420572586]3.2.1	Literature review
In order to inform the impact assessment approach, a review of relevant Australian and international literature that looked at risk from gas development was completed. The focus of the literature review was guided by the requirements of this assessment, which included assessing the risks arising from the potential impact of possible onshore gas development on water resources across a broad region, and compatibility with limited data on the gas development and impacts. A large number of publications and other sources of information were identified and reviewed for relevance. The full list of sources is provided in Appendix A.
The literature review indicated that there is no single or standard risk assessment method which is tested and proven as fit-for-purpose for hypothetical onshore gas development. Alternative approaches have been adopted by different groups depending on the needs of the assessment and the information available. No one approach from the literature stood out as highly  suited to analysing risks at a strategic level from hypothetical onshore gas developments. 
The literature review also indicated that risk assessment methods generally require detailed site-specific geo-science data and extensive quantitative/numerical modelling to assess likelihood (e.g. probability of hazards occurring, historical instances of failure) and consequence (direct and indirect impacts). However, detailed region-specific data is not available in Victoria, largely due to there not having been a significant onshore gas industry in the state to generate such data.
It was concluded from the literature review that an impact assessment approach, rather than a risk assessment approach, that draws on specific Victorian groundwater impact policy, is appropriate and in keeping with the literature.
For assessing the impact of gas development through aquifer depressurisation the most relevant Victorian approach is the draft Ministerial guidelines for groundwater licensing and the protection of high value groundwater dependent ecosystems, as these guidelines:
•	are designed to assist government in making decisions on proposed groundwater use (aquifer depressurisation), based on an assessment of the potential impacts on groundwater dependent ecosystems
•	can accommodate a range of inputs to the assessment process, from purely qualitative and conceptual information, to quantitative data and numerical modelling inputs as available
•	are pragmatic to apply
•	have been developed based on a consultative process
•	are currently in the process of being endorsed for use by the Victorian government.
This study has developed an impact assessment approach that is specific to the Victorian situation and draws on existing work for the assessment of groundwater-related impacts. It is unique to Victoria and not intended for the assessment of a specific gas development project.
[bookmark: _Toc420510988][bookmark: _Toc420572587]3.2.2	Approach overview
The approach is designed to assess the potential impacts of hypothetical onshore natural gas developments on groundwater levels (depressurisation) and then, by inference, on groundwater users, groundwater quality, surface water quantity and quality, and groundwater dependent ecosystems. 
The approach assesses three types of water resource receptors:
•	aquifers (which support groundwater users)
•	rivers (which support surface water users and ecosystems)
•	water bodies (wetlands and lakes which support surface water users and ecosystems).
All three of the receptor types above are assessed as high and equal value. The assessment does not attempt to classify relative value of individual receptors (e.g. whether one aquifer or river / reach more important than another). The approach is outlined below; more detail is provided in Appendix B.
The impact assessment is characterised by assessing:
•	the potential connection between receptors and groundwater, using depth to watertable as an indicator
•	the potential effect of aquifer depressurisation on receptors, using predicted drawdown as an indicator.



[bookmark: _Toc420573154][bookmark: _Toc420576456][bookmark: _Toc420576538][bookmark: _Toc420576622][bookmark: _Toc420576979]Figure 34:  Overview of impact assessment.

[bookmark: _Toc420510989][bookmark: _Toc420572588]3.2.3	Potential connection between receptors and groundwater
In this impact assessment, the potential degree of hydraulic connection between receptors (rivers, lakes and wetlands) and groundwater is based on depth to groundwater, and is classified as follows:  
•	low potential for deep watertables
•	moderate potential for moderate depth watertables
•	high potential for shallow watertables. 
In the case of aquifers the connection to groundwater is inherent and therefore the potential connection is always high. The rules for defining these three connection categories are outlined Table 2.. 
[bookmark: _Toc296600004]Table 2:  Rules for defining the potential connection of water receptors to groundwater. 
	Water receptor 
	Low connection
	Moderate connection
	High connection

	Rivers
	Initial depth to watertable (before gas development) is greater than 6 m
	Initial depth to watertable (before gas development) is between 2 and 6 m
	Initial depth to watertable (before gas development) is less than 2 m

	Water bodies (lakes, wetlands)
	
	
	

	Aquifers
	n.a.
	n.a.
	Inherent connection to groundwater



Areas that have been mapped as having shallow watertables (< 2 m) have a high potential for surface features to be connected to groundwater. Where deeper watertables are mapped (>6 m), surface water has a lower potential of being connected to the groundwater.  The depth to watertable data used for this project is the mapping developed as part of DELWP’s SAFE database (GHD 2012) and is mapped on a grid across the areas of interest. This database provides a consistent approach to estimating connection through depth to watertable for this study. The depth to watertable map is derived from existing monitoring data and is more accurate in areas with a greater density of monitoring bores and in areas with limited monitoring bores, the elevation of the surface water body is applied when close to surface water features. 
[bookmark: _Toc420510990][bookmark: _Toc420572589]3.2.4	Potential effect of aquifer depressurisation


[bookmark: _Ref414884081]Table 3 presents the criteria which have been adopted to classify the effect of aquifer depressurisation on receptors, using predicted drawdown as an indicator. For surface water receptors, the delineation of a low potential effect of gas development (i.e. 0.1 m predicted drawdown) has been based on the minimum change in water level that could reasonably be discerned (DELWP unpublished data ). The upper limit of 2.0 m is based on a range of studies. It was identified during the development of the Groundwater Dependent Ecosystems Draft Ministerial Guidelines that watertable changes greater than 2.0 m can be expected to have a significant impact on ecosystems.

[bookmark: _Toc296600005]Table 3:  Rules for defining the potential effect on water receptors of groundwater drawdown. 
	Water receptor
	Low drawdown
	Moderate drawdown
	High drawdown

	Rivers
	Effect is small on stream flow of connected waterway to natural or current conditions
Minimum change in water level that could reasonably be expected to be measured in the field
Drawdown in watertable aquifer < 0.1 m after 30 years
	Extraction impacts measurably on stream flow of connected waterway to natural or current conditions
Maximum annual variation in water level that could reasonably be expected 
Drawdown in watertable aquifer between 0.1 m  and 2 m after 30 years
	A.1.1.1.1.1.1 Extraction impacts significantly on stream flow of connected waterway to natural or current conditions
A.1.1.1.1.1.2 Drawdown in watertable aquifer > 2 m after 30 years


	A.1.1.1.1.1.3 Water bodies (lakes, wetlands)
	
	
	

	Unconfined aquifers
	Drawdown is small with respect to aquifer ability to supply
Drawdown < 2 m after 30 years
	Extraction impacts measurably with respect to aquifer ability to supply, but can potentially be mitigated by deepening of boreholes/pumps
Drawdown between 2 m and 15 m after 30 years
	Extraction is large with respect to aquifer ability to supply
Drawdown > 15 m after 30 years

	Confined
aquifers
	Drawdown is small with respect to aquifer ability to supply
Drawdown < 10 m after 30 years
	Extraction impacts measurably with respect to aquifer ability to supply, but can potentially be mitigated by deepening of boreholes/pumps
Drawdown between 10 m and 75 m after 30 years
	Extraction is large with respect to aquifer ability to supply
Drawdown > 75 m after 30 years



In the case of aquifers, the categories are based on extrapolation of the approach embedded in the draft Victorian water sharing guidance notes, in which a high potential for effect of gas development is determined when an aquifer ceases to be able to supply. Most aquifers in the study areas would need to have high drawdown before ceasing to supply (DELWP unpublished data).
[bookmark: _Toc420510991][bookmark: _Toc420572590]3.2.5	Estimation of drawdown
Drawdown was modelled for the Gippsland region using a calibrated numerical groundwater model (DEDJTR, 2015). The detailed methodology is included in Appendix B. The predicted drawdown for aquifers and the watertable were estimated for potential onshore natural gas development scenarios over a development timeframe of 30 years beginning in 2013, and the difference in drawdown at the end of 30 years against a baseline based on recent use and climate, as detailed in the Appendix B, is used for assessment purposes.
The model has been developed to investigate the potential impacts of future gas developments and to understand the possible impacts of a potential natural gas industry on groundwater and surface waters within the Gippsland region. The model has been used to quantify groundwater flow and groundwater head levels within specified aquifers under historical conditions. 
Seven hypothetical tight and shale gas and coal seam gas development scenarios were analysed under a dry future climate. Each scenario included an estimated likely water usage and well field design configurations. Simulation predictions were reported relative to a baseline state (no gas development) in which groundwater abstractions over the 30 years were fixed at the averaged historical values for the period 2003 to 2012; domestic and stock use was set to 1.5 ML/year for each relevant bore less than 30 years old; and all other outflow conditions were as applied in the 2001–2012 model calibration/verification period. An additional scenario that looked at the water level trends in observation bores after 100 years from the end of the 100% development scenario was also analysed (reported in Appendix B).
Key results of the modelling scenario include:
•	the impacted area is increasing and has not reached an equilibrium condition at the end of the 30 year scenario period
•	coal seam gas extraction impacts on the shallow watertable within 3 months following commencement of depressurisation
•	tight and shale gas extraction impacts on the shallow watertable 23 months following commencement of depressurisation.
The scenario results are severe cases, particularly for impacts to surface water and ecosystems, due to the following assumptions:
•	a prolonged dry future climate
•	groundwater use averaged from the 2002–2012 extraction information, a period of relatively high groundwater use
•	full development of the prospective gas field at commencement of gas extraction
•	relatively high vertical hydraulic conductivities assigned to a some modelled layers when compared to other studies, though within reported limits
•	no allowance for localised changes in aquifer hydraulic conductivity and storage coefficients due to depressurisation processes (i.e. no change in aquifer properties with the presence of gas).
Although the developed groundwater model cannot be used predictively to quantify the water balance or water levels at the regional scale under specific development scenarios, it is appropriate for comparison of changes to the water balance or water levels for different scenarios against a baseline condition. 


The drawdown results are presented in Appendix D, and have been used directly in the assessment of the impact of aquifer depressurisation. The model computes a water level for each layer, however the “watertable” is not always in the top layer if this is relatively thin. In some areas the upper layers may be connected. Different layers of the model may have slightly different values and at any particular point the water levels of the unconfined layers are averaged to generate the mean value used in the assessment. For completeness, however, the relevant maximum reading at any point is also assessed and these results are provided in Appendix D.
[bookmark: _Toc420510992][bookmark: _Toc420572591]3.2.6	Assessment of potential impact
The potential impact on a receptor from aquifer depressurisation is based on the potential for the receptor class to be connected to groundwater (represented by depth to watertable in metres), and the potential effect of aquifer depressurisation (represented by predicted drawdown in metres). 
The impact matrix showing the combinations of potential connection and effect of aquifer depressurisation to evaluate overall potential impact is presented in Figure 35. If a receptor has a low potential connection to groundwater (deep watertable) and drawdown is predicted to be low, the potential impact on the receptor is assessed to be low. Conversely, the potential impact on a receptor with high connection (shallow watertable) and a high potential drawdown will be high. 
The results are presented in summary figures in this report. The full set of maps of potential connection, effect and overall impact is provided in Appendix C.

	Connection between receptor class and groundwater
	High 
	HC / LD
	HC / MD
	HC / HD

	
	Moderate 
	MC / LD
	MC / MD
	MC / HD

	
	Low 
	LC / LD
	LC / MD
	LC / HD

	
	
	Low 
	Moderate 
	High 

	
	Groundwater Drawdown


[bookmark: _Ref415568939][bookmark: _Ref416353019][bookmark: _Ref417370332]Key: HC = high connection, MC = moderate connection,  LC = low connection 
HD = high drawdown,  MD = moderate drawdown,  LD = low drawdown  
[bookmark: _Ref420487574][bookmark: _Toc420573155][bookmark: _Toc420576457][bookmark: _Toc420576539][bookmark: _Toc420576623][bookmark: _Toc420576980]Figure 35:  Potential impact on receptors due to aquifer depressurisation.
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[bookmark: _Toc420573156][bookmark: _Toc420576458][bookmark: _Toc420576540][bookmark: _Toc420576624]Figure 36: Potential impacts to aquifers (denoted by Victorian Aquifer Framework aquifer number) from possible tight and shale gas development.
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[bookmark: _Toc420573157][bookmark: _Toc420576459][bookmark: _Toc420576541][bookmark: _Toc420576625][bookmark: _Toc420576981]Figure 37:  Potential impacts to aquifers (denoted by Victorian Aquifer Framework aquifer number) from possible tight and shale gas development.
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[bookmark: _Ref416353157][bookmark: _Toc420573158][bookmark: _Toc420576460][bookmark: _Toc420576542][bookmark: _Toc420576626][bookmark: _Toc420576982]Figure 38:  Potential impacts to aquifers (denoted by Victorian Aquifer Framework aquifer number) from possible tight and shale gas development.
[bookmark: _Toc420510993][bookmark: _Toc420572592][bookmark: _Toc422818643]3.3	Impact assessment results
[bookmark: _Toc420510994][bookmark: _Toc420572593]3.3.1	Tight and shale gas
The results of the assessment of potential impact for the potential tight and shale gas development scenario are given inFigure 38a–c.
Potential impact on groundwater users
The potential impact on groundwater users is presented as impact classes for each aquifer; detailed result maps are given in Appendix D. 
Overall the impact on all aquifers (confined and unconfined) from the development of tight and shale gas in the Gippsland region is inferred as low, with a typical impact classification of Category LC-LD. In the case of aquifers, the connection is always high as the depth to groundwater metric is always zero (i.e. aquifers are inherently connected to groundwater). This means that the drawdown metric for groundwater drawdown determines the overall impact rating. The category HC-LD (High Connect – Low Drawdown) is therefore the lowest impact possible for aquifers.
Small areas show higher drawdown and the maps in Appendix D show the drawdown that was used to calculate the impact result. Overall the impact on aquifers is small and the impact is classed as low.
Appendix D also gives the results of the impact assessment where the maximum modelled drawdown result in any layer is used, rather than the mean. For the tight and shale gas scenario using maximum modelled drawdown, the overall potential impact on groundwater users remains low.
The anticipated low hydraulic conductivity of the gas reservoir compared to the overlying aquifers suggests low water extraction volume and that there is unlikely to be greater than a modest drawdown, hence the impact is classed as low and the tight and shale gas scenario constitutes a low potential impact to the aquifers.
Potential impact on surface water users
The impact on surface water users is assessed by modelled drawdown in the watertable compared with the potential connection to the surface water (detailed maps are provided in Appendix D). 
Areas of moderate to high potential impact are identified in the central Latrobe Valley region (Figure 36). In this area the response in the watertable from the tight and shale gas scenario is sufficient to identify a moderate to high potential impact on surface water resources as a result of this development scenario. Note that the maps show areas of moderate to high impact based on the depth to watertable and the predicted drawdown, but there may not be any surface water resources that could be affected.
[bookmark: _Ref409797660]The number of surface water licences that may be affected by these potential impacts are shown in Table 4. The actual use and dependency on these water licences was not assessed in this initial analysis.

[bookmark: _Ref415496857][bookmark: _Toc296600006]Table 4:  Number of surface water users potentially impacted by tight and shale gas 
development in Gippsland.
	Surface water users
	MC/MD
	HC/MD
	LC/HD
	MC/HD
	HC/HD

	Bulk entitlements and licences
	0
	2
	7
	0
	0



Potential impact on surface water ecosystems
The assessment indicates that there is a low potential for impact on surface water ecosystems across most of the region, based on predicted groundwater level changes as a result of possible tight and shale gas development. 
Areas of moderate to high potential impact are identified in the central Latrobe Valley region (Figure 37), based on the predicted response in the watertable from possible tight and shale gas development. Note that the maps show areas of moderate to high potential impact based on the existing depth to watertable and the predicted drawdown. It is possible that in some areas surface water ecosystems may not be present and therefore none would be affected.
[bookmark: _Toc420510995][bookmark: _Toc420572594]3.3.2	Coal seam gas scenario
Potential impact on groundwater users
The potential impact on groundwater users is presented as impact classes based for each aquifer. The method is described in Appendix B and detailed result maps are given in 0. The potential impact on the aquifers from potential coal seam gas developments ranges from low to high. The connection to an aquifer is always high, so the connection component of the assessment is consequently always high. 
All aquifers have some areas of high potential impact within the proposed development area in response to this scenario (Figures 38a–c). Inside the identified gas development area, drawdown in response to gas development is predicted to be significant in the overlying confined aquifers, and as a result the potential impact on aquifers is high. This high impact relates to the specific scenario that is being presented (100% development of the entire coal seam gas resource). It is possible that coal seam gas could be developed with lower impacts than shown here, but some impact on aquifers is likely.
Based on drawdown results from the numerical model, the development of coal seam gas in the Gippsland region poses a moderate to high potential impact on aquifers in the immediate vicinity of the gas areas. There are large areas of aquifers that are classified as low potential impact outside the development area. 
The number of groundwater entitlements that may be affected by these potential impacts is shown in Table 5. This shows that 202 groundwater users are located in areas of moderate to high potential impact, with bores intersecting several aquifers. The number of groundwater users impacted is typically lower in the shallower aquifers. 

[bookmark: _Ref409797443][bookmark: _Ref411542077][bookmark: _Toc296600007]Table 5:  Number of groundwater users potentially impacted by coal seam gas development in Gippsland.
	Aquifer
	MC/MD
	HC/MD
	LC/HD
	MC/HD
	HC/HD

	Quaternary Aquifer (L100)
	
	
	
	1
	

	Upper Tertiary/ Quaternary Aquifer (L102)
	
	
	
	3
	

	Upper Tertiary/ Quaternary Aquitard (L103)
	
	
	
	13
	

	Upper Tertiary Aquifer (fluvial) (L105)
	
	
	
	20
	

	Upper Tertiary Aquitard (L106)
	
	
	
	87
	

	Upper Mid Tertiary Aquitard (L108)
	
	
	
	47
	

	Lower Mid Tertiary Aquifer (L109)
	
	
	
	2
	

	Lower Tertiary Aquifer (L111)
	
	
	
	29
	1



Potential impact on surface water users
The impact assessment shows that there are significant areas of moderate to high potential impact on surface water users immediately around the identified coal seam gas development area. 
The impact map (Figure 39) identifies a large area of class LC-HD (Low Connection – High Drawdown), which although high on the drawdown scale is unlikely to be a connected system. The areas of high potential impacts to surface water resources from this coal seam gas development scenario extend beyond the limits of the development area.
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[bookmark: _Toc420573159][bookmark: _Toc420576461][bookmark: _Toc420576543][bookmark: _Toc420576627][bookmark: _Toc420576984]Figure 39:  Potential impacts on surface water users from possible tight and shale gas development.
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[bookmark: _Toc420573160][bookmark: _Toc420576462][bookmark: _Toc420576544][bookmark: _Toc420576628][bookmark: _Toc420576985]Figure 40:  Potential impacts on surface water ecosystems from possible tight and shale gas development.
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[bookmark: _Toc420573161][bookmark: _Toc420576463][bookmark: _Toc420576545][bookmark: _Toc420576629][bookmark: _Toc420576986]Figure 41:  Potential impacts on aquifers (denoted by Victorian Aquifer Framework aquifer number) from possible coal seam gas development.
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[bookmark: _Toc420573162][bookmark: _Toc420576464][bookmark: _Toc420576546][bookmark: _Toc420576630][bookmark: _Toc420576987]Figure 42:  Potential impacts on aquifers (denoted by Victorian Aquifer Framework aquifer number) from possible coal gas development.
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[bookmark: _Ref415498101][bookmark: _Toc420573163][bookmark: _Toc420576465][bookmark: _Toc420576547][bookmark: _Toc420576631][bookmark: _Toc420576988]Figure 43:  Potential impacts on aquifers (denoted by Victorian Aquifer Framework aquifer number) from possible coal seam gas development.
The number of surface water users that may be affected by these potential impacts is shown in Table 6. The total number of surface water users located in areas of moderate to high potential impact is 243. 

[bookmark: _Ref409797469][bookmark: _Toc296600008]Table 6:  Number of surface water users potentially impacted by coal seam gas development in Gippsland.
	Surface water users
	MC/MD
	HC/MD
	LC/HD
	MC/HD
	HC/HD

	Bulk entitlements and licences
	35
	98
	15
	9
	88



Potential impact on surface water ecosystems
The impacts to surface water ecosystems mirror the evaluated potential impacts to surface water users. The assessment shows that there are significant areas of moderate to high potential impact on surface water ecosystems immediately around the identified coal seam gas development area. The impact map (Figure 40) identifies a large area of class LC-HD (Low Connection – High Drawdown), which although high on the drawdown scale is unlikely to be a connected system. 
The potential impact to surface water ecosystems from possible coal seam gas development is high, and the area of high potential impact extends beyond the limits of the development area. 
[bookmark: _Toc420510996][bookmark: _Toc420572595]3.3.3	Potential impacts on groundwater quality
Groundwater quality could conceivably be affected where gas development combined with regional groundwater use causes drawdown to significantly change regional gradients. If this were to occur where low-quality water was adjacent to good-quality water, the potential exists for migration of poor-quality water into areas of good-quality water. The impact of tight and shale gas development to groundwater gradients in the aquifer sequence is small and within the range of gradients that have already been experienced by aquifers. This is because in all cases the gas development areas underlie the aquifers and are separated from the aquifers by a significant geological seal, or an aquitard in the Upper Strzelecki. In the Gippsland region the potential for groundwater quality changes as a result of tight and shale gas development is low and thus the potential impact is assessed as low.
The impact of coal seam gas development on groundwater gradients in the aquifer sequence is potentially significant, as the coal seams are in close proximity to good quality regional aquifers. In the Gippsland region the potential impact of depressurisation on groundwater quality as a result of coal seam gas development is inferred to be moderate, but further work to confirm groundwater quality and predicted groundwater drawdowns is required to further characterise the potential impact. 
[bookmark: _Toc420510997][bookmark: _Toc420572596]3.3.4	Summary of results
The following summary observations can be made:
For coal seam gas development the potential impact of depressurisation on groundwater resources in the immediate vicinity of the gas development area is moderate to high for groundwater users and inferred as moderate for groundwater quality. Potential impacts to surface water users and ecosystems are high in areas close to the potential gas development and low elsewhere. 
For tight and shale gas development the potential impact of depressurisation on groundwater resources is low for groundwater users. Potential impacts to surface water users and ecosystems are low, with the exception of areas of moderate to high potential impact identified in the central Latrobe Valley region. 
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[bookmark: _Ref415498167][bookmark: _Toc420573164][bookmark: _Toc420576466][bookmark: _Toc420576548][bookmark: _Toc420576632][bookmark: _Toc420576989]Figure 44:  Potential impacts on surface water users from possible coal seam gas development.
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[bookmark: _Toc420573165][bookmark: _Toc420576467][bookmark: _Toc420576549][bookmark: _Toc420576633][bookmark: _Toc420576990]Figure 45:  Potential impacts on surface water ecosystems from possible coal seam gas development.
[bookmark: _Ref406072280][bookmark: _Ref409797580][bookmark: _Ref409797633][bookmark: _Toc420510998][bookmark: _Toc420572597][bookmark: _Toc422818644]4	Chemical contamination of groundwater from hydraulic fracturing fluids: risk assessment
Hydraulic fracturing is variously known as well stimulation, hydraulic fracturing, fraccing or fracking. The technical term ‘hydraulic fracturing’ is used in this report.
This section presents a qualitative risk assessment of potential chemical contamination of groundwater from hydraulic fracturing fluids, as the technical detail required to undertake more detailed analyses in Victoria is not available.
If tight and shale gas reserves are discovered onshore in the Gippsland region, hydraulic fracturing may be required for their development. While there is a significant volume of information available on the risks associated with hydraulic fracturing, the risks are difficult to quantity at a regional scale. Information required to fully assess the risks of hydraulic fracturing typically include detailed information of rock and reservoir properties, details about the proposed drilling and development techniques and specific analysis of the combination of these factors at individual wells or well sites. Given none of this detailed information is available for this study, a review of the key factors that influence the risks and how they relate to Victorian onshore gas has been undertaken. To this end, this document presents a discussion on the potential risks associated with hydraulic fracturing and builds upon scientific research and case studies in order to evaluate the associated risks to water resources. A key reference for this risk assessment discussion is Cook et al. (2013), who completed a study on shale gas in Australia. Cook et al. (2013) built on other key references such as King (2012) and RS/RSE (2012).
[bookmark: _Ref409795994][bookmark: _Toc420510999][bookmark: _Toc420572598][bookmark: _Toc422818645]4.1	Overview of hydraulic fracturing
Hydraulic fracturing is a technique that has been employed in the petroleum industry globally for over 60 years and in Australia for over 40 years. The process involves ‘stimulating’ the hydrocarbon-bearing formations by the injection of fluid (and other materials) under high pressure to enhance the flow of hydrocarbons to the well head during later development. This stimulation creates or enhances permeability and existing fluid and gas pathways. Typically the process creates additional fractures in the reservoir rock and holds open for a period of time.
Hydraulic fracturing is required for most, though not all, types of onshore gas development. Hydraulic fracturing is not normally required for conventional gas because of the high porosities and permeabilities in which conventional gas is commonly found, together with the high formation pressures. Large amounts of conventional gas can often be extracted using a small number of wells. Shale gas and tight gas cannot usually be extracted using a single production well of the type used for conventional gas, because of the low permeabilities in the reservoir rocks. In the case of coal seam gas, some but not all gas fields have a high natural permeability due to the fractures in cleats, which means that hydraulic fracturing is required occasionally. In Australia since 2000, 8% of coal seam gas wells have been hydraulically fractured, and the industry estimates that between 10 and 40% of wells yet to be drilled for current coal seam gas developments across Australia (mainly Queensland) may need some method of flow enhancement, including hydraulic fracturing (SKM, 2012). 
There have been significant technological advancements over the last decade resulting in the growth of the shale gas industry in the United States. Cook et al. (2013) highlighted that the implementation processes such as deep horizontal drilling, multiple-stage hydraulic fracturing, improved real-time sensing monitoring to guide both the horizontal drilling and hydraulic fracturing processes have improved the viability of natural gas developments in United States. These technological improvements in horizontal drilling techniques within 
the petroleum industry is leading to coal seam gas developers utilising ‘surface to in-seam drilling’, or horizontal drilling, which can reduce the requirement for conventional hydraulic fracturing of coal seam 
gas wells (SKM, 2012).
Figure 46 illustrates the effects of hydraulic fracturing in a vertical well and a horizontal well. Hydraulic fracturing is often performed sequentially at multiple depths and horizontally along beds. Additionally, fracturing may be conducted multiple times in the same well over its life in order to widen or lengthen the initial fractures to increase gas productivity.
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[bookmark: _Ref406427211][bookmark: _Ref409795919][bookmark: _Toc420573166][bookmark: _Toc420576468][bookmark: _Toc420576550][bookmark: _Toc420576634][bookmark: _Toc420576991]Figure 46:  Schematic of a deep unconventional (shale) gas well in the Cooper Basin, Australia. (Source: Cook et al., 2013.)
Fluid volumes pumped down wells during the hydraulic fracturing of tight and shale gas formations are usually in the order of 10 to 20 million litres and reach maximum pressures of up to about 70 000 kPa over a period of a few hours (Myers et al., 2012, Kissinger et al., 2013, Lange et al., 2013). In coal seam gas developments, fracture fluid volumes are typically much smaller, usually ranging between 0.5 and 3 million litres (CSIRO, 2014). 
After the prospective formation has been sufficiently fractured, pressures are reduced and the fluids are back-produced (removed) from the formation. The recently formed fractures are prevented from closing by the proppant (sand-sized particles included in the fluid mixture that is injected) allowing the gas to migrate through the more permeable formation and be extracted via the production well. 
Cook et al. (2013) suggested that in a typical hydraulic fracture treatment between 3 and 12 additive chemicals may be used, depending on the characteristics of the water and the formation being fractured. The chemicals used in hydraulic fracturing are discussed in Section 4.3.
[bookmark: _Ref406427825][bookmark: _Toc420511000][bookmark: _Toc420572599][bookmark: _Toc422818646]4.2	Key risks to water assets associated with hydraulic fracturing
The United States Environmental Protection Authority identified four mechanisms by which hydraulic fracturing can cause or increase the potential for groundwater contamination (USEPA 2011), including:
•	failure of wells during the hydraulic fracturing process, which may create pathways by which contaminants can affect groundwater assets
•	leakage of hydraulic fracturing fluids beyond the fracture zones from the prospective zone to adjacent formations
•	mobilisation and migration of naturally occurring contaminants from the prospective zone to adjacent formations via fractures
•	leakage of gas from prospective formations.
These broadly correlate with the findings of the Standing Council for Energy Resources, which indicated that the major risk during hydraulic fracturing was excessive fracture propagation, resulting in potential groundwater contamination via fracture fluid leakage and increased connectivity between naturally occurring contaminants and groundwater resources (SCER 2013). 
Hydraulic fracturing operations also have the potential to cause groundwater and surface water contamination via a range of other mechanisms including co-produced water storage, contaminant spills, leakages and pipeline failures. King (2012) identified 20 key risks associated with hydraulic fracturing, which were summarised by Cook et al. (2013). The key risks relate to on-site spill and well integrity issues induced by hydraulic fracturing. 
Well failure can occur due to incorrect construction, poor seal construction in the annulus, or deterioration due to pressure, stress or corrosion. If the cement or casing surrounding the well fails then contaminants may migrate through the resulting gaps, potentially contaminating surrounding aquifers (US EPA, 2012). The proper construction of the well and correct use of materials is therefore crucial to protect groundwater resources. In Queensland and NSW, coal seam gas wells are required to be constructed in accordance with the relevant code for practice for constructing and abandoning coal seam gas wells (DEEDI, 2011; DTIRIS, 2012). Other onshore gas wells are required to be constructed in accordance with the relevant state petroleum legislation.
For the purpose of this review it is assumed that appropriate standards and guidelines have been developed in order to minimise any risks associated with well installation. Therefore the review does not assess the risks to groundwater resources resulting from well integrity. While concerns continue to be raised regarding the integrity of wells and their potential to lead to groundwater contamination, such discussion is outside the scope of this generalised assessment of the risks to water resources.
[bookmark: _Ref406427960][bookmark: _Toc420511001][bookmark: _Toc420572600][bookmark: _Toc422818647]4.3	Contaminant sources
[bookmark: _Ref409623825][bookmark: _Toc420511002][bookmark: _Toc420572601]4.3.1	Hydraulic fracturing fluid
Between 97% and 99% of hydraulic fracturing fluid consists of water and proppant, (IESC, 2014). Typically the proppant is sand. The other additives vary according to site specific requirements. A list and brief description of such additives have been listed in Table 7. There is a ban in Victoria on the use of mono-aromatic hydrocarbons such as benzene, toluene, ethylbenze and xylene (BTEX), so these chemicals cannot be used in hydraulic fracturing. In some cases hydraulic fracturing can be conducted using air instead of water, where carbon dioxide or nitrogen is used as a carrier fluid. Fracturing with carbon dioxide as the carrier fluid was first introduced in 1981 and has been used commercially in several unconventional gas applications in Canada and the United States (Gandossi, 2013). The technology can be preferable to water as carbon dioxide requires fewer chemical additives than water and offers enhanced gas recovery. The use of nitrogen as a hydraulic fracturing fluid is still a relatively new technology. The technique is commercially available and it has been applied for fracturing shale formations. Its usage appears to be limited.
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[bookmark: _Ref419452115][bookmark: _Toc420573167][bookmark: _Toc420576469][bookmark: _Toc420576551][bookmark: _Toc420576635]Figure 47:  Hydraulic fracturing fluid constituents. (Source: Cook et al., 2013.)
[bookmark: _Ref409623904][bookmark: _Toc420511003][bookmark: _Toc420572602]4.3.2	Naturally occurring contaminants
Groundwater contains small quantities of naturally occurring substances such as heavy metals, radioactive elements and organic compounds (USEPA, 2011). Onshore natural gas also commonly contains various gases including methane, ethane, carbon dioxide, hydrogen sulphide, nitrogen and helium.
Hydraulic fracturing fluids can contain acids and carbonates which theoretically could have the potential to alter the acid-base (i.e. pH) conditions within the gas source formation. Additionally, the injected water could have the potential to alter the redox and temperature conditions within the prospective formation, further mobilising potentially hazardous substances. If naturally occurring contaminants are mobilised within the prospective formation, they can be recovered in the flow back water and be treated accordingly.
Limited research has been conducted on the mobility of naturally occurring substances associated with coals or other gas source formations in Australia. CSIRO (2011) found that water-soluble constituents of Permian coal may be produced by the breakdown of the chemical structures within the coal matrix. Such water-soluble compounds include phenols, aldehydes, ketones, and various compounds that contain carboxyl, hydroxyl and methoxyl groups. Other water-soluble compounds include nitrogen-bearing compounds (such as pyridines and amines), polycyclic aromatic hydrocarbons (PAHs), low-molecular-weight aliphatic hydrocarbons, and mono-aromatic hydrocarbons such as benzene, toluene, ethylbenze and xylene (BTEX). 


In addition to the mobilisation of potentially hazardous metal, organic and gaseous compounds, the water quality within tight and shale gas formations is commonly low. Tight and shale gas sources have a low permeability and are typically located at greater depths than surface aquifers. These factors result in long groundwater residence times, greater water–rock interaction and mineral dissolution, resulting in groundwater with a high salinity.
[bookmark: _Ref409799012][bookmark: _Toc420511004][bookmark: _Toc420572603][bookmark: _Toc422818648]4.4	Contaminant pathways
As outlined in the previous section, the primary contaminants associated with hydraulic fracturing include hydraulic fracturing fluids and gases. Assuming that well integrity is maintained and that contaminants in formations above the natural gas source do not migrate via the well, for the purposes of assessing the risk of release all of these contaminants are assumed to be sourced from the hydraulic fracturing fluids. 
By their nature, tight and shale gas sources have a low permeability (otherwise they would not need to be fractured prior to gas extraction). The migration of contaminants from prospective tight and shale gas resource into adjacent aquifers therefore requires a pathway. Such pathways include the intersection of induced fractures with overlying or adjacent permeable formations, or intersection with a nearby natural fracture or fault system which may provide increased permeability (e.g. Kissinger et al., 2013; USEPA, 2004). In contrast to tight and shale gas, some coal seam gas formations may have a high permeability and hydraulic fracturing is not required.
There are two primary potential pathways for contaminants to migrate: newly created or widened fractures, or natural zones of high permeability driven by structural features such as faults. This section discusses these potential pathways in the context of the hydraulic fracturing process. 
[bookmark: _Toc420511005][bookmark: _Toc420572604]4.4.1	Fracture propagation
Over time hydraulic fracturing processes and technologies have become more sophisticated, but it is still energy intensive and expensive (Fisher and Warpinski, 2011). The industry has been motivated to better understand and control fracture growth, which has been documented technical and research articles. 
For fractures to propagate they must be opened by internal pressure (Fisher and Warpinski, 2011). In order for this to occur, the internal pressure must be sufficient to counteract the least compressive stress, displace the walls of the fracture, propagate the fracture and counteract any pressure loss due to fluid leakage through the prospective formation (Flewelling et al., 2013). Fisher and Warpinski (2011) notes that in the Marcellus Shale, fractures generally propagate vertically in tight and shale gas formations at depths greater than about 600 m. This is because fracture growth occurs perpendicular to the direction of least stress (in the direction of maximum stress) and in this system, the vertical stress of the overburden typically becomes the largest single stress at depths greater than about 600 m.
During propagation, fracture width increases proportional to height. Thus, in order to maintain the fluid pressure required to propagate fractures, large volumes of fluid are required. Additionally, leakage of hydraulic fracturing fluids throughout the prospective formation can reduce fluid pressure and the extent of the fractures. As such, hydraulic fractures are limited in their extent and while heights have been recorded in excess of this in homogeneous shale formations, fractures of less than 100 m are most common (Fisher and Warpinski, 2011). 
Predictive computer modelling and microseismic monitoring of fracture growth in the United States shales suggests a typical maximum vertical extent of 90 m (Cook et al., 2013). However, Fisher and Warpinski (2011) conducted a review of thousands of shale hydraulic fracturing treatments across North America and found that in rare occurrences when transmissive faults were intersected, additional height growth (about 100 m) can occur. This study showed that in such circumstances vertical fracture growth has been recorded up to 500 metres, however these large distances are likely to be the result of re-opening an old fault rather that a newly created fault propagating such distances. Such incidents were recorded in the Marcellus Shale which extends across New York, Pennsylvania, Ohio, Maryland, West Virginia and Virginia. Fracture growth in the Marcellus Shale generally showed a greater upward limit when compared to other shale units in the United States such as the Barnett Shale (Texas), the Woodford Shale (Oklahoma) and the Eagleford Shale (south Texas).
It should be noted that the dominant stress regime throughout North America is associated with extensional tectonics (processes associated with crustal stretching), while the dominant stress regime in Victoria is associated with compressional tectonics (processes driven by crustal compression). In this setting, it is expected that hydraulic fractures will propagate in a dominantly horizontal direction opposed to the vertical fracture direction that dominates at depths of greater than about 600 m in North America. As such, it is expected that the vertical extent of fractures resulting from stimulations in the Gippsland and Otway Basins is likely to be less than the 90 m extent cited in North American examples. Compression driven horizontal stresses are expected to be greater than those that exist in an extensional setting. This is supported by work in the Gippsland region (e.g. Nelson et al., 2006) which indicates that vertical stress will increase from 20 MPa to 66 MPa between 1 and 3 km depth below sea level, while the maximum horizontal stress will increase from about 40 MPa to 120 MPa over the same depths (a rate of about 40 MPa/km, roughly twice the rate of the vertical stress increase). 
While hydraulic fracturing in prospective coal seam gas units (when required) can create new fractures, it most commonly opens and enlarges existing fractures within the coal seam (USEPA, 2004). In doing so, the connections of the natural fracture networks in and around the coal seams are increased and the overall permeability increased. It should also be noted that gases within coal beds are not structurally “trapped” by geologic strata in the same way that conventional and tight gas is and most of the coal seam gas is contained within the coal itself, adsorbed to the coal particles. 
Fracture growth in coal seam gas formations is typically slow, with an average velocity of less than 10 m per minute initially, slowing to less than 1 metre per minute towards the end of the treatment (CSIRO, 2014). For a large coal seam gas development, proppant extent (and fracture widening) might extend to a distance of 200 to 300 metres from a vertical well (CSIRO, 2014).
Similar to shale gas, the depth and rock types surrounding coal seam gas have a fundamental influence on fracture dimensions and orientations. For coal seam gas in the United States, it is reported that at depths less than about 300 m the direction of least principal stress tends to be vertical and thus fractures tend to propagate horizontally (USEPA, 2004). USEPA (2004) reported that vertical fractures at this depth were usually related to pre-existing natural fractures in the coal seam. At depths greater than about 300 m, the direction of least principal stress generally becomes horizontal and thus vertical fractures tend to dominate. This means that for potential coal seam gas development in Victoria the least principal stress at the prospective depth should be determined to confirm the likely direction of propagation of fractures and optimise any hydraulic fracturing program. 
Recent investigations indicate a clear and simple relationship between the volume of hydraulic fracturing fluids used during fracturing of shales and the height of the fractures developed (Flewelling et al., 2013). The study compared the estimated upper limit of fracture height as a function of fluid volume in over 12 000 fracture networks across Canada and America (approximately 57% of these data were collected in the Barnett, Eagle Ford, and Marcellus shale plays) that were mapped with microseismic sensors (Figure 48). The results indicate that the majority of fractures were less than 100 m, and the maximum vertical extent of possible fracture growth was about 600 m, with a limited number of fractures between 400 and 600 m  (Figure 48).
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[bookmark: _Ref406427632][bookmark: _Toc420573168][bookmark: _Toc420576470][bookmark: _Toc420576552][bookmark: _Toc420576636][bookmark: _Toc420576992]Figure 48:  (a) Location of formations where fracture height and hydraulic fracturing fluid volume were collected. (b) Co-variance between fracture height and hydraulic fracturing fluid volume. (Source: Flewelling et al., 2013.)
While it is useful to have an idea of typical fracture extents, it is widely documented that hydraulic fracture growth is not always predictable and that all extractive industry activities, including onshore gas, carry some level of risk (IESC, 2014). Accordingly, pre-fracture assessments are commonly conducted as part of the hydraulic fracturing program design. Such assessments typically include a characterisation of the geology, permeability, stresses and fault distribution in the prospective and surrounding formations, and estimates of fluid loses during fracturing.
[bookmark: _Toc420511006][bookmark: _Toc420572605]4.4.2	Natural faults and fractures
Faults have been suggested as mechanisms for enhancing fracture growth during hydraulic fracturing of prospective shale gas resources. This however ignores the principles underlying the formation of hydrocarbon reservoirs (Fisher and Warpinski, 2011). That is, if there has been an open pathway between the prospective formation and the near surface through an existing fault, then over geological time periods it is possible that hydrocarbons in the immediate vicinity could escape. If, on the other hand, the fault zone is not highly permeable and is closed, the conditions required to extend the fault may be almost identical to those required to induce fractures in competent rock.
These observations about the practicalities of oil and gas reservoirs strongly suggest that natural faults and fractures do not necessarily result in enhanced fracture growth during stimulation. In this context, it remains possible that the hydraulic fracturing may result in connection between induced fractures and fracture/fault zones with an elevated permeability (e.g. Kissinger et al., 2013; Lange et al., 2013). It is important to establish a sound geological and hydrogeological understanding of the prospective natural gas source and surrounding formations prior to hydraulic fracturing so as to avoid the potential for unwanted connection between high permeability areas.
[bookmark: _Toc420511007][bookmark: _Toc420572606][bookmark: _Toc422818649]4.5	Contamination mechanisms
The three main mechanisms by which hydraulic fracturing can lead to contamination are fluid migration, during hydraulic fracturing, passive fluid migration and gas migration. 
[bookmark: _Toc420511008][bookmark: _Toc420572607]4.5.1	Fluid migration during hydraulic fracturing
As discussed in Section 4.1, the maximum pressures reached during fracturing last for a few hours while total fracturing operations last around 12 hours (Lange et al., 2013). After fracture stimulation has ceased, the pressure built up in the formation drives the return of some fluids back to the surface via the well. Additionally, some further hydraulic fracturing fluids are returned to the surface during a flushing phase (back production), where guidelines recommended flushing out about 1.5 times the volume of the hydraulic fracturing fluid (IESC, 2014). Further recovery of hydraulic fracturing fluids will occur during the production of gas from the gas source.
The movement of fracturing fluids into a formation during the fracturing phase is known as fluid ‘leak-off’. This occurs during the fracturing phase as the pressure within the fractures is greater than the fluid pressure in the target formation.
Fluid leak-off rates have been estimated over the last 30 years and have become more efficient over time. The USEPA (2011) estimated variations in hydraulic fracturing fluid recovery in shale gas targets ranging from 25 to 75%. In contrast, estimates for the Marcellus Shale suggest a fracture fluid recovery rate of 10 to 30 % (Arthur et al., 2008). For coal seam gas, Penny et al. (1985) suggested a flow-back rate of about 30%, while Palmer et al. (1991) estimated a 61% fracturing fluid recovery rate over a 19 day period in the Black Warrior Basin. Golder Associates (2010) estimated a 40% fluid recovery rate for wells in the Surat Basin. These results are consistent with reports from the CSIRO (2014), who suggested typical recovery rates in the order of 30 to 60%. It is noted however that leak-off fluids may not be completely lost to the formation as these are partially recovered during gas production when fluid pressure regimes are reversed (IESC, 2014).
The risk of hydraulic fracture fluid entering groundwater resources has been previously assessed (IESC, 2014; US EPA, 2011), and three major factors that control contamination risks were outlined. These were:
•	the distance between the natural gas source and overlying aquifers
•	the geochemical and physical transport mechanisms operating between the natural gas source and overlying aquifers
•	the hydraulic connectivity between the natural gas source and overlying aquifers.
Modelling of fracture fluid migration is simulated using organic compounds under the assumption that inorganic compounds are readily soluble and dissociate in groundwater (IESC, 2014). Models are typically initiated with a given volume and concentration of a chemical of potential concern to simulate those left after hydraulic fracturing. The models generally use dispersion and sorption processes to model transport but assume no degradation of chemicals over time.
Fate and transport modelling by Golder Associates (2010) was used to assess the migration of oxyalkylated alcohol and drilling mud from vertical coal seam gas wells. The modelling suggested that both compounds would migrate less than 5 m beyond the hydraulic fracturing radius of influence over a period of 1000 years. The hydraulic fracturing radius of influence is assumed to occur within 20 m of the perforated section of the well and is illustrated in Figure 49. This is an upper estimate as it assumes that natural groundwater conditions were resumed immediately after fracturing, whereas in reality hydraulic pressure gradients would be directed towards the well in the periods immediately after fracture stimulation.
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[bookmark: _Ref406427896][bookmark: _Toc420573169][bookmark: _Toc420576471][bookmark: _Toc420576553][bookmark: _Toc420576637][bookmark: _Toc420576993]Figure 49:  Conceptual shape of zone of hydraulic fracture extent for a vertical well. (Source: Golder Associates, 2010.) 


To a similar end, Kissinger et al. (2013) modelled fluid migration from fractured shale gas reservoirs during over-pressure conditions in order to simulate conditions in onshore gas targets during hydraulic fracturing. Models were set up and run for a series of settings throughout the Musteland Basin and Lower Saxony Basin in Germany and included coal seam gas, tight gas and shale gas. Over pressures used in the simulations ranged from 5000 to 70 000 kPa and are a plausible range for hydraulic fracturing operations. Each model was run for 12 hours, representing 2 hours of high pressure fracturing and a 10 hour relaxation period. The results indicate that when the hydraulic fracture zones are directly overlain by low-permeability overburden, fluid migration from the fracture zone is negligible. 
Kissinger et al. (2013) also assessed scenarios in which the low-permeability overburden contained a hypothetical naturally occurring fracture zone and a maximum fluid migration distance of 48 m was assumed. It was also noted that the assumed pressures over the duration of 2 hours were unlikely, and thus migration distances were an upper limit. Furthermore, large fluid losses during this period could be detected by the operator, and the connection to a fracture zone of high permeability is likely to reduce overall hydraulic fracturing due to pressure loss. 
While the migration of fluids during hydraulic fracturing is thought of as a mechanism by which hydraulic fracturing fluids can migrate into natural formations and groundwater systems, naturally occurring contaminants may also be mobilised by this mechanism. For example, increased permeability within the target formations and high pressures generated during hydraulic fracturing may drive the movement of high-salinity groundwater from target formations into nearby aquifers. For the most part this would occur only if the fractures propagate out of the target formation.
Where hydraulic fracturing in coal seams are required, fractures are rarely induced during the injection of hydraulic fracturing fluids into coals seam gas formations. Instead the fluids are injected in order to widen and hold the existing fractures open. Therefore the extent of fluid migration during hydraulic fracturing in coal seams is reliant on the existing fracture network within and surrounding the coal seam, as well as the permeability of the units surrounding the coal seam. 
The USEPA (2004) cited a study by Diamond and Oyler (1987) in which coal beds and surrounding formations were investigated after hydraulic fracturing had taken place. The study suggested that fluid movement during stimulations could exceed proppant distances and induced fracture distances, although significant uncertainties still exist. By adding fluorescent tracers to hydraulic fracture fluids during stimulations, the movement of fluids along and beyond fractures was traced. While tracers were used in eight stimulations and five of these were used together with proppant, in all but one of these scenarios the tracer migrated beyond the distance of the proppant. The most significant example of this was at Oak Grave Mine in Alabama, where the proppant was found about 30 m from the well while the tracer was found about 200 m from the well. In this circumstance it was found that the fracture width was essentially the width of the naturally occurring cleat, and without the tracer the cleat would not have been identified as a pathway for hydraulic fracture fluids.
[bookmark: _Toc420511009][bookmark: _Toc420572608]4.5.2	Passive fluid migration
If induced hydraulic fractures become connected with existing zones of high permeability that are connected with aquifers (such as faults or fracture systems), contaminant-laden fluids have the potential to passively migrate into those aquifers. Unlike fluid migration during hydraulic fracturing, passive fluid migration after fracturing would rely on the natural hydraulic gradients within the formation and not the hydraulic gradients formed during fluid injections. In this context, fluid migration after fracturing is likely to occur over longer time scales than during fracturing, as natural hydraulic gradients are lower than those established during fracturing. Additionally, for a contaminant to migrate from the natural gas source into the overlying aquifers the prevailing vertical hydraulic gradient must be upward from the prospective formation, toward those aquifers. 
This is consistent with modelling results of Kissinger et al. (2013), who found negligible vertical movement of a conservative tracer along a simulated high permeability fracture/fault zone linking a contaminant zone to an aquifer above with identical hydraulic heads. In contrast, when the same model was run with a hydraulic head in the contaminant zone 60 m greater than the aquifer above, the tracer migrated upward from the contaminant zone into the aquifer above over a period of 30 years. While the model indicates that groundwater contamination can occur when the simulated hydrogeological setting is optimised for contaminant migration, it should also be noted that tracer concentrations in the model decreased by a factor of 4000 over a fracture/fault zone of about 1000 m, indicating that significant dilution of contaminants is likely to occur in such settings.
In these simulations, contaminant transport via the low permeability formation (1  10–18 m2) surrounding the higher-permeability fracture/fault zone was not apparent, indicating that the passive movement of fluids through low-permeability seals is negligible.
The mobility of contaminants will rely on the physical hydrogeology of the area, the chemical nature of the hydraulic fracturing fluids used and the natural hydrogeochemistry of the groundwater system. Hydraulic fracturing fluids have the potential to mobilise naturally occurring substances from the prospective formation such as heavy metals (IESC, 2014). There are a range of chemical and biological processes which can reduce the mobility of naturally occurring substances. For example, a change in the redox potential of groundwater can decrease the mobility of naturally occurring substances, while microbes can reduce contaminant mobility by binding metals or organic substances (IESC, 2014). 
The key issue with passive fluid migration is that the depressurisation associated with the gas extraction will create a gradient towards the well for the life of the gas field, typically 30 years and the key question becomes the recovery time before the natural gradient takes over. For deep confined reservoirs such as tight gas, this may take hundreds of years. Hence for a long period of time passive fluid migration into connected aquifers is not likely to occur.
[bookmark: _Toc420511010][bookmark: _Toc420572609]4.5.3	Gas migration
In shale gas and tight gas reservoirs the natural barriers which seal the gas in the natural gas source formation also act as barriers to the vertical migration of gas from that formation. Additionally, during gas production high-pressure gradients toward the production well are established, and thus the migration of gases away from the well would be unlikely given that the well is in operation and maintains integrity (USEPA, 2011).
Recent modelling from Kissinger et al. (2013) has focussed on the migration of gas (methane) from a hydraulically fractured resource through low permeability overburden in order to simulate conditions in areas of the Lower Saxony Basin in Germany. The model simulations are based on one setting with an overburden of about 1200 m and another with an overburden of about 3500 m and variable vertical permeability’s ranging from 1  10–14 to 1  10–18 m2 throughout the stratigraphy. The force driving the upward migration of gases in this setting is the buoyancy of the gas due to the density difference between gas and water phases, and capillary forces which differ from layer to layer and may cause the lateral spreading of gases (Kissinger et al., 2013). The simulations consider the migration of residual methane from a resource formation over a 100 year post-operation period. 
The findings of the study indicate that the leakage of methane from a resource formation to surface aquifers is possible if a range of criteria are fulfilled. There must be a fully penetrating permeable fault/fracture zone that exists between the resource formation and aquifer. Additionally, large volumes of methane need to be mobilised from the gas reservoir and the gas reservoir needs to be relatively close to surface aquifers (i.e. methane did not migrate to the surface aquifer when separated from the resource by about 3500 m, but did when separated by about 1200 m). Kissinger et al (2013) suggests that fracturing operations should not be carried out in a reservoir with a fault zone that penetrates the full thickness of the overburden and that given this; it is highly unlikely that leakage of methane from a resource formation to surface would occur.


In undisturbed coal seams, gases migrate to areas of lower pressure or diffuse to areas of lower concentration via networks of natural minor fractures called cleats (IESC, 2014). Once within the cleat system the gas is adsorbed to the formation and held there under static conditions. However, once the pressure in the coal is lowered during depressurisation and development, the gas desorbs from the cleats and migrates to the area of lowest pressure. Horizontal or inclined wells and hydraulic fracturing (when required) can provide a high-permeability pathway via which gases can migrate. In contrast to shale gas, coal seam gas resources are often comparatively shallow and located in closer proximity to groundwater resources. Under these circumstances the hydraulic fracturing and depressurisation of coal seam gas may result in the mobilisation and migration of gases into adjacent groundwater resources when sufficient low permeability units are not present (USEPA, 2011; Eco Logical Australia, 2011). 
The USEPA (2004) reported a number of incidents in which methane gas migration led to subsurface contamination. This includes incidents in the San Juan Basin (Colorado and New Mexico), the Powder River Basin (Wyoming and Montana), the Black Warrior Basin (Alabama) and the Central Appalachian Basin (Virginia and West Virginia). In The San Juan Basin the major mechanism driving the migration of methane to groundwater resources appeared to be improperly constructed and abandoned gas wells. However documented gas seeps and the occurrence of methane in water wells prior to any coal seam gas developments, also indicates that natural fractures probably serve as conduits in parts of the basin where coal formations are near or at the surface and in the interior of the basin, where the coal formations are deeper. 
There have been many reports of methane being detected in water bores in Queensland, some of them natural and others resulting from coal seam gas developments. The Walloon Coal Measures in the Surat Basin act as an aquifer in areas where coal seam gas is also being developed. While gas in water bores was reported before the coal seam gas industry was established, the coal seam gas industry has drawn media attention as a result of the large-scale depressurisation, which appears to have caused fugitive gas emissions in water bores and inappropriately decommissioned or abandoned water bores and mining exploration bores (Day et al., 2014; Walker and Mallants, 2014). In the case of the Walloon Coal Measures the water bores are intersecting the same unit as the coal seams, and the gas has not migrated into an overlying aquifer; rather, it has been desorbed in response to the depressurisation. Risks associated with the construction and decommissioning or abandonment of wells are dealt with during project-specific risk assessments and are not assessed in this risk assessment. However, operational water bores with gas leakages are assessed. 
As the chemical nature of the hydraulic fracturing fluid, groundwater system and geological formation at each natural gas source site will vary, it has been recommended that baseline characterisation of methane and other contaminants be conducted and overseen by relevant government agencies prior to hydraulic fracturing (RS/RAE, 2012). According to this recommendation, the baseline data should be collected from the same well that will be hydraulically fractured; however, water quality data from nearby wells screened in the same formation may also be suitable for baseline monitoring, provided they are up the hydraulic gradient from the fracturing site.
Cook et al. (2013) highlighted the importance of conducting baseline and key development studies, especially in relation to groundwater monitoring. They indicated that operators should carry out site-specific monitoring of methane and other groundwater contaminants before, during and after gas development operations. They pointed out that regulator-driven national baseline surveys of methane and other contaminants in groundwater are desirable to improve the understanding of background levels of methane in groundwater that is unrelated to gas development and remove ambiguity surrounding groundwater contamination.
[bookmark: _Toc420511011][bookmark: _Toc420572610]

[bookmark: _Toc422818650]4.6	Summary of potential risks of hydraulic fracturing
Hydraulic fracturing is commonly required during the development of tight gas and shale gas resource formations in order to increase permeability in the formation and the resulting well productivity. However, coal seam gas resource s often exhibit naturally high permeabilities and would be unlikely to require hydraulic fracturing prior to production. Horizontal drilling is also commonly used in the development of tight and shale gas. It is also being adopted by the coal seam gas industry in Australia, and this is often sufficient for gas development, and hydraulic fracturing is not required. In such circumstances the risks presented by hydraulic fracturing are eliminated. 
The contamination risks presented by hydraulic fracturing derive from contaminants associated with hydraulic fracturing fluids used during stimulation (see Section 4.3.1) and contaminants that occur naturally in targets and proximal formations (e.g. poor-quality groundwater and methane). As hydraulic fracturing is conducted in settings where the target formation has a low permeability, the migration of contaminants from the target into an adjacent aquifer must be via a pathway of increased permeability that links the target to an aquifer. A review of relevant literature indicates that, for this to be achieved, an induced fracture must either extend beyond the limit of the low permeability target formation and into an adjacent low permeability formation, or intersect a structural feature (such as a fault/fracture zone) that provides a pathway of increased permeability. Additionally, a hydraulic gradient would be needed for groundwater to flow from the natural gas source towards the aquifer for the migration of liquid contaminants.
[bookmark: _Toc420511012][bookmark: _Toc420572611][bookmark: _Toc422818651]4.7	Qualitative risk assessment 
Risks associated with hydraulic fracturing are assessed and managed through project-specific or site-specific studies. As the current study does not relate to a specific project, the assessment of potential risks associated with groundwater contamination from hydraulic fracturing fluids is based on the likelihood and consequence criteria shown in Table 7 and Table 8 respectively. 

[bookmark: _Ref406508659][bookmark: _Toc296600009]Table 7:  Likelihood assessment criteria for chemical contamination of groundwater from hydraulic fracturing fluids.
	Likelihood of fracture propagation
	Pressure/time/volume of hydraulic fracturing

	High
	High pressure, Long time, High volume,

	Low
	Low pressure, Short time, Low volume



[bookmark: _Ref406508219][bookmark: _Toc296600010]Table 8:  Consequence scale for chemical contamination of groundwater from hydraulic fracturing fluids.
	Hydraulic fracturing impact
	Low consequence
	Moderate consequence
	High consequence

	Increased connectivity with adjacent good quality aquifers
	Fracture propagation is confined to a small fraction of formation thickness within the prospective formation.
	Fracture propagation is confined to within the prospective formation.
	Fracture propagation extends to adjacent formations.

	Unacceptable contamination of adjacent good quality aquifers
	Substantial recovery of fracture stimulation fluids (FSF), and or use of inert FSF.
	Partial recovery of FSF, combined with fracture propagation within the prospective formation.
	No or poor recovery of FSF, combined with fracture propagation into adjacent formations.



[bookmark: _Toc420511013][bookmark: _Toc420572612]

4.7.1	Tight and shale gas
The development of tight and shale gas in the Gippsland Basin may require hydraulic fracturing in some locations to increase formation permeability and hence gas production. Modelling of the development scenario proposed for potential tight and shale gas targeted a depth of 400 m across the entire Strzelecki Group for the purpose of this assessment. The vertical hydraulic conductivity of the Strzelecki Group in areas where tight or shale gas is possible is likely to be less than 10–5 m/d. This is because more permeable areas, associated with faulting, natural factures or weathering, are less likely to contain gas resources identified as potential tight or shale gas. The Strzelecki Group is directly overlain by an aquifer of value (the Latrobe Group aquifer). If gas was to be stored at depths less than 400 m the risk to the aquifer would be expected to increase.
Maximum vertical fracture propagation distances throughout North America are typically less than 100 m and are likely to be less than this throughout the Gippsland region (Cook et al., 2013, Nelson et al., 2006). Furthermore, under particular conditions vertical fracture extents great than 100 m have been recorded (e.g. Fisher and Warpinski 2011). While fractures of such distances cannot be completely disregarded, it is possible to mitigate the likelihood of generating such fractures by pre-treatment testing, fracture design, and the implementation of operational procedures such as careful monitoring (Fisher and Warpinski 2011). It has also been noted that in the event of a fracture intersecting zones of high permeability, operators would be able to identify fluid leakage and cease operation. There is little known on the fracture propagation potential and exact location of where gas is stored in the Strzelecki Group, thereby there have been a number of generalisations and assumptions made to determine risk. Furthermore, the likelihood of intersecting such zones can be reduced by fault and fracture mapping. Contamination via the generation of fully penetrating fractures or the intersection between stimulated and pre-existing fractures is unlikely. 
The above information, and the fact that the addition of BTEX chemicals to hydraulic fracturing fluids is banned under Victorian law, suggests the overall risk of groundwater contamination resulting from hydraulic fracturing for tight and shale gas is low. However there is little known on the fracture propagation potential and exact location of where gas is stored in the Strzelecki Group, so that there have been a number of generalisations and assumptions made to determine risk. Key factors to be considered for a site-specific risk assessment are the thickness of the Strzelecki Group overlying the prospective formation, stress regimes in the prospect formation, and the proximity of hydraulic fracturing to existing faults.
[bookmark: _Toc420511014][bookmark: _Toc420572613]4.7.2	Coal seam gas
[bookmark: _Ref406072291]With respect to coal seam gas in the Gippsland region, hydraulic fracturing is not expected to be required. The geomechanical properties of the coal seams are unlikely to be suitable for hydraulic fracturing to be effective. Horizontal drilling techniques could be implemented, which can negate the need for hydraulic fracturing in many cases in coal seam gas development. The current general professional opinion is that hydraulic fracturing would not be required in the coal seams in Gippsland, and therefore there would not be a potential impact in this region (Goldie Divko, pers. comm. 2015). 

[bookmark: _Ref406678319][bookmark: _Ref411534090][bookmark: _Toc420511015][bookmark: _Toc420572614][bookmark: _Toc422818652]5	Induced seismicity risk assessment
This chapter outlines the risk assessment on induced seismicity informed by a literature review.
[bookmark: _Ref406429836][bookmark: _Toc420511016][bookmark: _Toc420572615][bookmark: _Toc422818653]5.1	Seismicity
Seismic events or seismicity, refer to natural events which release energy in the Earth's crust due to tectonic processes such as faulting. This produces seismic wave energy which travels through the crust, producing earthquakes (Geosciences Australia, 2014). The motions of the Earth’s crust during such an event are recorded by seismometers and used to determine the size and location of seismic events. The amount of energy released during an episode is related to the crustal material, movement in the crust and the area over which the movement has occurred.
These features are commonly reported by using either the moment of magnitude (MW) scale (Hanks and Kanamori, 1979) or Richter (ML) scale (Richter, 1935). The Richter scale was designed for measuring earthquakes ranging in magnitude from 3 to 7. Richter's original methodology is not always used as it does not give reliable results when applied to large earthquakes, and it was not designed to use data from earthquakes recorded at epicentral distances greater than about 600 km. The two scales are approximately equal for medium earthquakes (i.e. MW is approximately equal to ML when MW is approximately 5) and in fact most methods for measuring earthquakes are based on Richter’s method.
The United States Geological Survey estimates that several million earthquakes occur in the world each year (USGS, 2014). However, it is likely that many go undetected because they are located in remote areas away from seismometers or are small in magnitude. The USGS’s National Earthquake Information Centre records approximately 50 earthquakes each day, or about 20 000 a year (Figure 50). Earthquakes of a magnitude of 3.4 or lower are typically not felt and are measurable only by seismographs, although exceptions to this may occur if a person is close to the epicentre (Middelmann, 2007). A summary of the likely consequences resulting from earthquakes of different magnitudes is summarised in Figure 51.


[bookmark: _Ref405900086][bookmark: _Ref416353565][bookmark: _Toc420573170][bookmark: _Toc420576472][bookmark: _Toc420576554][bookmark: _Toc420576638][bookmark: _Toc420576994]Figure 50:  Number and magnitude of earthquakes recorded from 2000 to 2012 worldwide and in the USA. (Source: USGS, 2014.)
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[bookmark: _Ref405987009][bookmark: _Toc420573171][bookmark: _Toc420576473][bookmark: _Toc420576555][bookmark: _Toc420576639][bookmark: _Toc420576995]Figure 51:  Earthquake magnitude and typical effect, (Source: Middelmann, 2007.)

Seismic events commonly occur in tectonically active areas such as plate margins where zones of crustal deformation are dominant. In these areas, strain energy accumulates over time until the contact strength between two surfaces is exceeded, resulting in a rupture (a fault) and a seismic event (Ellsworth, 2013). While far more common along plate margins, seismic events also occur within continental plates, as shear stress levels within plate interiors are commonly close to the strength limit of the crust and thus small perturbations that affect fault stability can trigger seismic events.
As Australia is located within a continental plate and away from plate margins, earthquakes occur less frequently than in marginal settings. In Australia a person is likely to experience an earthquake large enough to be felt once in every five to ten years (SRC, 2014). Despite this, regions within Australia remain seismically active, albeit at lower scales of magnitude. In Victoria 608 earthquakes have been recorded since 1990 (Geosciences Australia, 2014). Most seismic events in Victoria range in magnitude from 2.0 to 2.9 (Figure 52) and six earthquakes have recorded a magnitude of 4.0 or greater. 
Within Victoria earthquakes occur throughout the southern portion of the Gippsland region (Figure 53) around the Strzelecki Ranges and the township of Moe. This is understood to be related to the reactivation of Palaeozoic faults due to northeast–southwest compressional stress (McCue et al., 2013).


[bookmark: _Ref405992107][bookmark: _Toc420573172][bookmark: _Toc420576474][bookmark: _Toc420576556][bookmark: _Toc420576640][bookmark: _Toc420576996]Figure 52:  Frequency and magnitude of earthquakes in Victoria from 1990 to 11 December 2014. 
(Source: GA, 2014.)
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[bookmark: _Ref405992407][bookmark: _Ref409625587][bookmark: _Toc420573173][bookmark: _Toc420576475][bookmark: _Toc420576557][bookmark: _Toc420576641][bookmark: _Toc420576997]Figure 53:  Distribution and magnitude of earthquakes in Victoria from 1990 to  2014. (Source: GA, 2014.)
[bookmark: _Toc420511017][bookmark: _Toc420572616]
[bookmark: _Toc422818654]5.2	Induced seismicity
Induced seismicity refers to seismic events that are triggered by human activity, including filling of large water reservoirs, mining, and activities involving pumping fluids or gases into the crust (which includes injection of water and gases). These activities produce changes in stress regimes and fluid or rock characteristics. The most common way to trigger an earthquake is to increase the groundwater pore pressure. Small local earthquakes can be triggered by pumping water into the crust, oil and gas extraction activities, and geothermal energy extraction (NAS, 2013).
It is important to highlight that while induced seismic events are triggered by human activity, they most commonly release pre-existing stresses that have built up between two surfaces (Ellsworth, 2013). Factors that control the probability of inducing a seismic event include the magnitude of the induced stress change, the spatial scale of the change, the natural stress regime of the material affected and the presence of pre-existing structural weaknesses in the subject material. 
Induced seismicity associated with unconventional gas extraction is potentially related to three key activities:
•	hydraulic fracturing
•	gas production
•	coproduced water re-injection.



Figure 54 summarises seismic events related to various forms of energy development, including:
•	the extraction of oil and gas
•	the secondary recovery of hydrocarbons from fluid injection
•	the disposal of co-produced water  via injection
•	the construction of water reservoirs
•	geothermal energy production
•	hydraulic fracturing.
There has been a growing realisation that most of the injection-induced earthquakes associated with hydrocarbon development are associated with the re-injection of co-produced water into deep formations (Ellsworth, 2013). Nine earthquakes attributed to co-produced water re-injection have been felt in the United States of America (NAS, 2013). Seven of these had a magnitude of 4 or greater and the maximum magnitude was 4.8. The major mechanism driving these seismic events was an increase in pore pressure. 
Management of coproduced water, including re-injection, is addressed by existing regulations and requirements for project-specific risk assessments (including the potential for induced seismicity). Therefore the re-injection of co-produced water as a cause of induced seismicity is not discussed further in this section. Instead the section focuses on other potential causes, notably hydraulic fracturing and gas production. 
This distinction between hydraulic fracturing and re-injection of co-produced water is arbitrary, as hydraulic fracturing involves the injection of fluids to increase the pressure to create fractures. The key difference between the two activities relates to the period of time over which the higher pressures are maintained. For hydraulic fracturing the higher pressures are temporary (hours), compared to re-injection of co-produced water for disposal where the higher pressures are maintained over long time scales (i.e. indefinitely).
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[bookmark: _Ref406429515][bookmark: _Toc420573174][bookmark: _Toc420576476][bookmark: _Toc420576558][bookmark: _Toc420576642][bookmark: _Toc420576998][bookmark: _Toc420511018][bookmark: _Toc420572617]Figure 54:  Location and magnitude of seismic events caused by or likely to be related to 
energy development from various energy technologies worldwide. (Source: NAS, 2013.)


[bookmark: _Toc422818655]5.3	Hydraulic fracturing
In prospective onshore gas targets with low permeabilities (i.e. shale gas, tight gas and some coal seam gas targets), fluids may be injected into a target formation under pressure in order to create fractures and increase permeabilities. During this hydraulic fracturing, fracture growth is often mapped using micro-seismic monitoring. This process involves monitoring small movements resulting from fracture growth using arrays of sensitive receivers (geophones or accelerometers) deployed at various depths in nearby wells (Fisher and Warpinski, 2013). During fracture stimulations, hydraulic fracturing intentionally and continuously induces micro-seismic events. Most seismic events associated with hydraulic fracturing have a magnitude of less than 1 (Ellsworth, 2013). 
Continuous monitoring of seismicity and the implication of a traffic light system was recommended by the Royal Society and the Royal Academy of Engineering (RS/RSE 2012), who indicated that for induced seismic events with an ML between 0 and 1.7 operations may continue but monitoring after injections should be continued for at least two days, until the seismicity rates fall below one event per day. For events larger than ML = 1.7 they recommended that injections should be temporarily stopped and flowback induced while monitoring continues. Green et al. (2013) proposed more stringent guidelines (as noted by Frogtech, 2013) as part of a study for the Department of Energy and Climate Change, recommending that operations be halted and remedial actions instituted if seismic events > 0.5 ML are detected.
The Marcellus Shale in the United States extends throughout Pennsylvania, West Virginia, Ohio and 
New York The area is characterised by low levels of seismic activity. The regional seismograph network
in this area systematically logs all earthquakes with a magnitude of greater than 2 and despite thousands 
of fracture stimulations in Pennsylvania since the major development in the field since 2005, six earthquakes with a magnitude greater than 2 ML have been recorded, with a maximum magnitude of 2.3 ML 
(Ellsworth, 2013). 
Of around 35 000 hydraulically fractured shale gas wells which exist in the United States, one case of felt seismicity has been recorded in which hydraulic fracturing for shale gas development is suspected as the cause (NAS, 2013). This event was reported as a sequence of earthquakes in Oklahoma during nearby hydraulic fracturing operations, with a maximum magnitude of 2.9 ML. Holland (2011) reported that despite a clear temporal correlation with hydraulic fracturing, the natural seismicity of the area and limitations in the data made it uncertain whether the source of the seismicity was related to hydraulic fracturing or natural processes. Subsequent work by Kim (2013) indicated that this seismicity was related to the injection of co-produced water and not hydraulic fracturing. 
In British Columbia, Canada, a series of seismic events were recorded in the Horn River Basin associated with the development of shale gas targets in 2009 (BCOGC, 2012). This example is not displayed in Figure 54 as investigations into these seismic events were conducted contemporaneously with the NAS (2013) report. A total of 21 seismic events were recorded with a magnitude of 3.0 ML or larger, however the largest (3.8) was reported as felt by workers. It was determined that the cause of the events was the injection of fluids during hydraulic fracture stimulation in close proximity to pre-existing faults (Ellsworth, 2013). It was also determined that the earthquakes were driven by the movement of previously unknown critically stressed faults that were oriented for failure. These were activated in response to increased fluid pressure communicated through conductive pathways that caused slip via a reduction in the effective normal stress.
In England one case of induced seismicity felt by workers has been confirmed to have been caused by hydraulic fracturing for shale gas development (Green et al., 2013). In April 2011, the Blackpool area experienced a seismic event of magnitude 2.3 ML shortly after hydraulic fracturing in Cuadrilla’s Preese Hall well in the Bowland Shale (RS/RAE, 2012). An additional seismic event 1.5 ML in magnitude occurred in May 2011 following further hydraulic fracturing of the same well. Both Green et al. (2013) and RS/RAE (2012) indicated that hydraulic fracturing was responsible for the induced seismic events as a result of reactivation of a pre-stressed fault.
The United States National Academy of Sciences has suggested that the low number of felt events relative to the large number of hydraulically fractured wells for shale gas is likely due to the short duration of injection of fluids and the limited fluid volumes used over a small spatial area (NAS, 2013).
In New Zealand hydraulic fracturing is a comparatively new technique, the first recorded hydraulic fracturing being undertaken in 1989. Almost all the fracturing undertaken to date has occurred near Taranaki. The New Zealand Parliamentary Commissioner for the Environment commissioned a study to evaluate the environmental impacts of hydraulic fracturing in New Zealand in 2012 (NZPCE, 2012). This study suggested that hydraulic fracturing in New Zealand creates earthquakes with magnitudes less than 2 ML that cannot be felt at the surface. Earthquakes of this magnitude are within the natural variability experienced in the region. However, where injected hydraulic fracturing fluids migrate to an active fault, the fluid can cause movement within the stressed fault which allows the fault to slip. The study infers that it is not possible to trigger significant earthquakes if there is no local active fault and that the chance of inducing an earthquake is influenced by a range of variables, which include the volume of fluid injected, the size of the existing fault and how much stress it is under. The key conclusion of this study, based on records from the earthquake monitoring systems, was that there is no evidence to suggest that hydraulic fracturing around Taranaki has caused induced seismicity that could be felt at the surface. 
In summary, with tens of thousands of hydraulic fracture stimulations globally, two events large enough to be felt by workers have been confirmed as related to hydraulic fracturing. As outlined above, this includes an event in British Columbia, Canada (maximum ML = 3.8) and an event in Blackpool, England (maximum ML = 2.3). Cook et al. (2013) summarised the findings of a number of reports with respect to the risk of induced seismicity presented by hydraulic fracturing and reported that:
•	Seismicity induced by hydraulic fracturing would be no greater than 3 ML and would be felt by few people, resulting in negligible, if any, surface impacts.
•	Hydraulic fracturing itself rarely triggers earthquakes large enough to be a safety concern.
•	Hydraulic fracturing a well as presently implemented for shale gas recovery does not pose a high risk for inducing felt seismic events.
Cook et al. (2013) concluded that despite the relatively low risk presented by hydraulic fracturing itself, real-time seismic monitoring can allow operators to respond to seismic indicators and mitigate the risk.
[bookmark: _Toc409782785][bookmark: _Toc420511019][bookmark: _Toc420572618][bookmark: _Toc422818656]5.4	Gas development
Oil, gas and fluid extraction from a reservoir can cause declines in the pore pressure that can cause induced seismic events (NAS, 2013). Declining pore pressure associated with extraction causes contraction of the reservoir and induces stresses in the surrounding rock. This can increase horizontal stresses above and below the reservoir and increases the potential for reverse faulting. It has been estimated that the withdrawal of fluids from reservoirs can cause earthquakes up to magnitude 5.0 ML (Grasso, 1992).
In a study into induced seismicity related to natural gas extraction, Van Eijs et al. (2006) found three major contributing factors in producing seismicity:
•	pore pressure drop from pumping
•	existing fault density overlying the gas field
•	contrast in crustal stiffness between the reservoir rock and the surrounding rock.
The extraction of fluids and hydrocarbons may cause vertical stress reduction and isostatic uplift (the ascent of underlying rock as a result of the removal of overburden weight) of the lithosphere surrounding gas development (McGarr, 1991). This may induce slip on pre-existing faults at depth. 


The National Academy of Sciences (NAS, 2013) reported that, on approximately 6000 producing oil and gas extraction fields across California, Illinois, Nebraska, Oklahoma and Texas, workers have felt seismic events at 20 locations. Of these, five events have had a magnitude of 4 or greater, and the most significant event had a magnitude of 6.5 ML. The global distribution of seismic events related to oil and gas extraction are illustrated in Figure 54. 
It has been well documented that the Lacq gas field in France provides a good example of induced seismicity resulting from fluid extraction (NAS, 2013). The gas reservoir is a limestone sequence approximately 500 m in thickness and the first earthquake felt at the site occurred after a decrease in pressure of approximately 300 bar (about 3060 mH2O) from 1957 to 1969. Development over the ensuing about 15 years resulted in a further 200 bar pressure drop, accompanied by 800 seismic events with magnitudes up to 4.2 ML. While this provides an example of seismicity related to reductions in pore pressure associated with fluid extraction, it should also be noted that the Lacq gas field is an example of a conventional gas production. The intrinsic differences between conventional and unconventional targets therefore should be accounted for before directly relating such results to unconventional targets. 
Understanding seismicity induced by fluid and hydrocarbon withdrawal requires characterisation of stress changes associated with the large-scale reservoir expansion due to pore pressure reduction and uplift driven by mass removal. Because stress change can take place over large areas (approximate to the size of the oil/gas reservoir) there is potential for event magnitudes to be high. Additionally, unconventional gas is usually targeted over large areas and may induce seismicity over greater spatial scales. However in order to trigger an event, the stress field between two surfaces must be close to critical as stress changes in response to pore pressure reductions are typically small. For example at the Lacq gas field a pressure drop of 300 bar (about 3060 mH2O) was required to increase the maximum shear stress by 1 bar (NAS, 2013).
Cook et al. (2013) also highlighted potential risks associated with pressure changes in gas reservoirs. A review of gas withdrawal and injection history at the Iona facility in southwest Victoria, including modelling of pressure changes, revealed maximum subsidence predictions of 2.5 and 9.0 mm at various stages of gas production from the reservoir. Subsidence was expected to be greatest directly above the reservoir but some displacement was expected up to 2.5 km from the centre of the reservoir. Fault stability during pressure changes was predicted by modelling plastic strain, and a value of 1% strain increase was used to indicate the point at which rock failure becomes elevated.
[bookmark: _Toc406084583][bookmark: _Toc420511020][bookmark: _Toc420572619][bookmark: _Toc422818657]5.5	Qualitative risk assessment 
The development of a qualitative risk assessment for induced seismicity involves the understanding of uncertainties associated with subsurface complexities. At the start of any subsurface project, the uncertainty is broad and is not expected to be fully resolved. The risks associated with induced seismicity include those associated with increased pressure driven by processes such as hydraulic fracturing and decreases in pressure resulting from gas or fluid extraction. These processes could possibly lead to fault reactivation and seismic events.
The likelihood of inducing a seismic event during gas development relies on a number of factors, including the natural level of seismicity in the area, current stress regimes in the target and surrounding formations, the prevalence and proximity of faults and weaknesses to the target, and the nature and operation of the development undertaken (e.g. pressure changes and intensity of development of wells). Using these later criteria, the likelihood of inducing a seismic event can be characterised as low, moderate or high (Table 9).


[bookmark: _Ref406506767][bookmark: _Toc296600011]Table 9:  Proposed likelihood assessment criteria for induced seismicity.
	Induced seismicity likelihood
	Pressure change
	Intensity of development of wells

	High
	High change
	High intensity

	Moderate
	Moderate change
	Moderate intensity

	Low
	Small change
	Low intensity



The consequence of induced seismicity is related to the magnitude or size of the seismic event that has been induced. Events less than 3 ML.4 in magnitude are typically not felt by individuals and usually measurable only with seismometers. Events between and including 3.5 and 4.2 ML in magnitude can be felt by individuals but cause little to no structural damage, while events 4.3 ML or greater in magnitude are typically felt by individuals and have the potential to cause structural damage. These events have been categorised as of low, moderate and high consequence, respectively (Table 10). 
The qualitative risk assessment framework as it relates to coal seam gas and tight and shale gas in the Gippsland region is discussed below.

[bookmark: _Ref406506961][bookmark: _Toc296600012]Table 10:  Proposed consequence scale for induced seismicity.
	Induced seismicity impact
	Low consequence
	Moderate consequence
	High consequence

	Earthquake magnitude
	ML ≤ 3.4
	ML between 3.5 and 4.2
	ML ≥ 4.3



[bookmark: _Toc420511021][bookmark: _Toc420572620]5.5.1	Tight and shale gas
Potential for induced seismicity associated with tight and shale gas development scenarios in the Gippsland Basin would be principally related to the hydraulic fracturing of gas-bearing formations. While a number of fault systems are present throughout the Gippsland Basin, providing potential for fault activation, the likelihood of hydraulic fracturing inducing seismic events large enough to be felt by an individual is highly remote; of the tens of thousands of hydraulic fracture stimulations that have occurred globally, two reports of induced seismicity felt by individuals have been confirmed. Furthermore, the maximum magnitude of these events was 2.3 and 3.8 ML. The risk of tight and shale gas development causing induced seismicity is therefore low.
[bookmark: _Toc420511022][bookmark: _Toc420572621]5.5.2	Coal seam gas
As discussed in Chapter 4, hydraulic fracturing is not expected to be required in the coal seams in Gippsland. Therefore the primary cause of potential induced seismicity in the case of coal seam gas would be related to fluid and gas removal. Gippsland is a moderately seismically active area driven largely by the reactivation of Palaeozoic faults from compressional stresses (McCue et al., 2013), whereby the presence of critically stressed faults throughout the region is possible. Additionally, removal of loads overlying the Palaeozoic fault system via fluid removal may drive increased reverse faulting, which is the major mechanism driving seismicity in the basin. Thus it is moderately likely that fluid and gas removal associated with coal seam gas will induce some level of seismicity.
Based on data from about the last 25 years, the magnitude of most seismic events in Victoria was between 2.0 and 2.9 ML (about 70% of all events), and would generally not be felt by individuals. About 20% of seismic events in Victoria have a magnitude between 3.0 and 3.9 ML (large enough to be felt by some individuals), and less than 1% recorded a magnitude between 4.0 and 4.9 ML (large enough to be felt by most individuals and cause minor damage). 
Groundwater pumping and coal mining in the Latrobe Valley and offshore oil and gas production is currently undertaken in the Gippsland region. These operations drive large-scale depressurisation within target formations similar to those associated with coal seam gas. As a result it is unlikely that coal seam gas development in the Gippsland region would cause seismic events large enough to be felt or cause minor damage, and the overall risk is therefore low.
Onshore natural gas water science studies 
[bookmark: _Ref409686984]
[bookmark: _Toc420511023][bookmark: _Toc420572622][bookmark: _Toc422818658]6	Land subsidence risk assessment
Subsidence refers to the phenomenon of ground level lowering resulting from water (or fluid) removal from the subsurface. It is sometimes referred to as land subsidence. Subsidence is a geomechanical process that can potentially occur when water is withdrawn from an aquifer. One of the impacts that the development of onshore gas could have is to cause drawdown in aquifers in the Gippsland region. This chapter provides a brief review and overview of the process by which drawdown may lead to subsidence and a qualitative assessment of the potential risks that may arise from onshore gas extraction as a result.
[bookmark: _Toc420511024][bookmark: _Toc420572623][bookmark: _Toc422818659]6.1	Summary of subsidence processes
The pressure within an aquifer is caused by a combination of the weight of the sediments and the weight of water (fluid) and the atmosphere. This weight is borne in part by the aquifer sediments and in part by the water (fluid) in the aquifer. For the purposes of this discussion we will refer to the fluid in an aquifer as water. The weight of both the overlying sediment grains and the overlying water contribute to the aquifer pressure in proportion to the mix of water and sediment in the hydrogeological sequence. 
Subsidence is potentially of concern in sedimentary aquifers (Poland, 1984). A sedimentary aquifer can be considered to be a collection of grains of gravel, sands, silt and clay of different sizes that are combined together. In the same way as sand at a beach is composed of small grains of sand that sit on each other, so are the grains in aquifers. Pressure from overlying sediments or rocks and the weight of water are carried by the grains in contact with each other. Increasing pressure will compress the sediments. The rate of compression with increasing pressure is small. It can be measured by taking samples of the sediment and testing in a laboratory.
As sediments are deposited they become progressively buried. The burial process compacts and consolidates the sediment. Over geological time the sediments may be moved or lifted by geological forces. Typically sediments as we find them today have been buried deeper in the earth at some stage in the past. In the Gippsland region most of the sedimentary aquifers and aquitards are currently shallower than their maximum historical burial and have also been subjected in turn to extensional and compressional faulting and deformation however there was considerable ambiguity on possible pre-consolidation stress (Underschultz et al., 2006).
Given that the pressure on an aquifer is carried by both the water and the sediment, when water is withdrawn from an aquifer, the amount of pressure that this carried by the sediment grains at any given depth increases. As a result of this increase in pressure, the sediment can be further compressed (or consolidated) and this compression can result in lowering of the land surface, or subsidence (Bouwer, 1978; Poland, 1984; Underschultz et al., 2006).
Different sediment types compress at different rates for a given additional pressure. Typically clays and fine grained sediments will compress the most and sands and courser grained sediments will compress the least. In any sedimentary sequence it has been observed that the majority of the observed consolidation comes from the fine grained sediments (Poland, 1984). Subsidence is dominated by compaction of the clay and fine grained sediments within a sedimentary sequence. Typically this means that for the aquifers and sediments in the Gippsland region, the aquitards will provide the majority of any potential settlement and thus are likely to be the source of the majority of any subsidence. Fractured rock aquifers are not expected to provide significant settlement.
Land subsidence in the Latrobe valley and in the Gippsland region has been the subject of on-going and long term assessment. Prompted initially by concerns about subsidence caused by dewatering and excavation at the open cut mines (Helm, 1984), further concerns were raised when it was realised that offshore oil and gas extraction may be contributing to onshore water level decline (SKM, 2001b; Hatton et al. 2004). A body of recent work has assessed the likelihood of subsidence in the Gippsland region 
and specifically along the coast, and provides important information for this risk assessment. This is described below.
[bookmark: _Toc409782790][bookmark: _Toc420511025][bookmark: _Toc420572624][bookmark: _Toc422818660]6.2	Subsidence studies in Gippsland
Land subsidence in the Latrobe Valley associated with open-pit coal mining and related groundwater extraction has been recognised for decades, and subsidence of over 2 metres has already been recorded (Hatton et al., 2004; Helm, 1984; Evans, 1983). In the mid 1990s the influence of offshore oil and gas production on declining levels in the Yarram area was recognised and a possible risk to coastal areas was identified should subsidence of any significant amount occur along the coast. A number of studies were undertaken as a result. The key findings from these studies were as follows (Hatton et al., 2004):
•	Ongoing groundwater level decline in the Gippsland aquifers poses a potential risk of land subsidence.
•	Rates of subsidence are likely to be initially low, especially as the sediments in the region that are most affected by drawdown appear to be over-consolidated, both on the basis of laboratory test results and by the observation of no detectable subsidence along the coast to date. 
•	Potential subsidence risk along the coast may be up to hundreds of millimetres.
Additional data were collected in the late 2000s and additional work was done by CSIRO to better define the subsidence risk, particularly along the coast. The conclusions from this work (Underschultz et al., 2006, Freij-Ayoub et al., 2007) were as follows:
•	Within the accuracy of current measurement techniques, no subsidence has been measured along the coast.
•	Realistic subsidence risk along the coast is up to approximately 1.5 m within 50 years.
•	The rate of subsidence is likely to be low initially.
One of the issues identified with the above studies was that the expected subsidence rate is such that the measurement error is a significant factor in the assessment. As a result, further analysis was done to compare the different measurement techniques that could be used to provide a more precise measurement (DEPI, 2014b). This study concluded no subsidence along the coastal zone. The methods used are accurate to within 1–2 mm.
[bookmark: _Toc420511026][bookmark: _Toc420572625][bookmark: _Toc422818661]6.3	Review of risk factors
The key factors that influence the risk of subsidence are:
•	water level drawdown in aquifers
•	compressibility of the aquifer sediments, especially the aquitards (or clay bearing layers) and coal layers
•	ratio of fine-grained (clay) sediments to medium to coarse-grained sediments (sands)
•	length of time that the water level drawdown persists
•	prior compaction (consolidation) history of the sediments.
For the Gippsland region, some of the risk factors are reasonably known and others can only be estimated or inferred. Each of the risk factors is discussed below.
Water level drawdown
The numerical model approach described earlier in this report has been used to estimate the potential drawdown in aquifers in the region as a result of onshore gas development. These drawdown estimates provide an indication of the likely influence of gas developments on regional groundwater systems. Drawdown is reasonably well known for the purposes of subsidence assessment and is not an 
information gap. 

Aquifer and aquitard compressibility
A limited number of key studies have provided actual sediment compressibility characteristics in the broader Gippsland region. The aquifers and aquitards are determined to be over-consolidated, and recompression ratio values are available from laboratory testing. Two key areas have been studied: near the mines, and along the coast. The extent to which these would be more applicable to the rest of the study area is not defined, but it can reasonably be assumed that these values are representative of the aquifers and, critically, the aquitards more widely.
Ratio of clay to sand
In the Gippsland region the stratigraphy is well defined for the Tertiary and overlying sediments. Stratigraphic profiles in the upper part of the sequence are well known. Deeper profiles are known from a limited number of bores, but they are generally well described and the ratios of clay to sand are well known, especially when compared with other parts of the state. The data on sediment size are adequate given the uncertainties in other parameters.
Timing of water level drawdown
The duration of drawdown and recovery is moderately well known. Estimates for onshore gas development are over 30 years and water level recovery in the aquifer sequence (as compared with the gas source rocks) is likely to be in the order of a decade or so. This variable is reasonably well known.
Consolidation history
The prior consolidation and compaction history of sediments is important when predicting subsidence, because their reaction to water withdrawal depends on whether the stress is greater or less than the maximum pressure that had been previously applied to them. Sediments with stresses that are less than the historical maximum are called over-consolidated. Sediments with stresses that are greater than previously applied are called normally consolidated sediments. The compressibility of over-consolidated sediments is about one tenth of the compressibility of normally consolidated sediments (Helm, 1984; Underschultz, 2006).
Laboratory testing and subsidence measurements provide reasonable evidence of the consolidation history that is relevant for assessing subsidence. These should be obtained as part of a site-specific investigation
[bookmark: _Toc420511027][bookmark: _Toc420572626][bookmark: _Toc422818662]6.4	Qualitative risk assessment
The consequence of subsidence depends on the receptor. Built structures have deformation limits; natural systems tend to be more resilient but will still have a limit. For this study the water resources being assessed are aquifers, streams and ecosystems that are dependent on groundwater. The consequence scale needs to be based on the nature of the water resource under consideration. For the purposes of this assessment the DELWP (2015) draft resource share guidance approach has been used as the basis of assessing consequence.
In this study consequence is not able to be determined directly from the drawdown data, as the key parameters to determine potential subsidence and the flow-on consequences require further study and calculations.
The likelihood of subsidence is determined by the nature of the aquifers and how they may respond to drawdown. In effect this means that a likelihood scale is going to be linked to the magnitude of subsidence that may occur. This is a combination of the consolidation parameters of the aquifers and aquitards and the expected drawdown. An approximate likelihood framework is proposed in Table 12.
For the Gippsland region, the drawdown estimates would provide a likelihood rating of low to moderate, depending on the scenario.



[bookmark: _Toc296600013]Table 11:  Proposed consequence scale for subsidence caused by drawdown in aquifers.
	Water resource (asset) group
	Low consequence
	Moderate consequence
	High consequence

	Groundwater users (aquifers)
	Impact of subsidence is within annual variability in function and operating costs of current and future users.
	Without modification, current pumping regime cannot meet water demand due to subsidence.
	Aquifer, without modification of current pumping infrastructure such as deepening bores, cannot meet demand requirements as a result of subsidence.

	Surface water users (rivers)
	Subsidence results in either no change or a material change in river flow, with no measurable impairment of users’ ability to access entitlement.
	Subsidence results in a material change in river flow, with measurable impairment of users’ ability to access entitlement.
	Subsidence results in a material change in river flow, with significant impairment of users’ ability to access entitlement.

	Surface water ecosystems
	Subsidence results in no material change in ecosystem condition, with no measurable impairment of ecosystem function.
	Subsidence results in material change in ecosystem condition, with measurable impairment of ecosystem function.
	Subsidence results in material change in ecosystem condition, with significant impairment of ecosystem function.



[bookmark: _Ref409780956][bookmark: _Toc296600014]Table 12. Proposed likelihood assessment criteria for subsidence as a result of onshore gas development.
	Consolidation response / drawdown range
	LOW
Less than 1 m drawdown over 30 years
	MODERATE
Between 1 m and 10 m drawdown over 30 years
	HIGH
Greater than 10 m drawdown over 30 years

	HIGH
Normally consolidated sediments
	Moderate likelihood
	High likelihood
	High likelihood

	MODERATE
Over-consolidated sediments with >20% clay
	Low likelihood
	Moderate likelihood
	Moderate likelihood

	LOW
Over-consolidated sediments with little clay
	Low likelihood
	Low likelihood
	Low likelihood



[bookmark: _Toc420511028][bookmark: _Toc420572627][bookmark: _Toc422818663]6.5	Summary
For the Gippsland region it is summarised that:
There is a low risk of subsidence from onshore tight and shale gas development.
There is a moderate risk of subsidence within 30 years from coal seam gas development.

[bookmark: _Toc420511029][bookmark: _Toc420572628][bookmark: _Toc422818664][bookmark: _Toc415051237]7	Management and mitigation of potential impacts and risks 
[bookmark: _Toc415051238][bookmark: _Toc420511030][bookmark: _Toc420572629][bookmark: _Toc422818665]7.1	Introduction
This chapter considers options to mitigate inherent potential impacts and risks identified in this assessment. The purpose is to explore the potential to reduce the assessed inherent potential impacts and risks from medium or high to low. Mitigations for low potential impacts and risks have not been assessed for the purpose of this initial assessment because the potential impact or risk is deemed to be negligible or unlikely. 
To understand the reduction in potential impacts and risks, an additional aquifer depressurisation scenario has been modelled, reducing the potential area of gas development to 50% of the original scenario for both the coal seam gas and tight and shale gas scenarios. This reduction in the developed area shows that it is possible to reduce the potential impacts and risks from gas developments. The results from these scenarios are discussed with respect to possible mitigation measures in this chapter, and they are referred to as the 50% scenario. 
The options presented to mitigate the inherent potential impacts and risks associated with development of onshore natural gas resources are consistent with the Australian Standards Risk Management — Principles and Guidelines (AS/NZS 31000:2009) and the Environment Protection and Biodiversity Conservation Act 1999 Environmental Offsets Policy (DSEWPC 2012). The analysis of mitigation and residual risk is based on the assumption that mitigation controls and measures are fully implemented via an effective monitoring and enforcement regime to ensure compliance.
The following matters are considered with regard to assessing potential mitigation measures and inherent potential impacts and risks. The mitigation measures are based on either avoidance or transference of the impacts or risk. Standard practice would require a developer to bear the costs associated with any mitigating activities under the beneficiary pays principle.
[bookmark: _Toc420511031][bookmark: _Toc420572630][bookmark: _Toc422818666]7.2	Possible mitigation measures
Changing the activity
By reducing the scale, timing or location of potential natural gas development it may be possible to avoid or reduce the impacts to groundwater users, surface water users and ecosystems. This could include phasing gas developments during and after exploration, reducing the scale of developments, or introducing area-based limits on the natural gas development.
Managing the operation of groundwater users, surface water users and ecosystems
It may be possible to regulate operations of groundwater users and surface water users. For example, where there is an impact on part of the aquifer that reduces the yield from individual bores, it may be possible to increase the pumping duration to obtain the required volume of water.
In unregulated systems it would be difficult to manage flows which are dependent on baseflow in summer and hence may experience a measurable change in their water security.
In regulated systems it may be possible to meet ecological needs for instream ecosystems and surface water users by modifying flow regimes.
Altering infrastructure of groundwater users and surface water users  
For groundwater users it may be possible to deepen bore casings to allow lowering of pumps to maintain access to groundwater. For surface water users it may be possible to construct or enlarge storage to maintain supply.
Offsets
For groundwater users, surface water users and ecosystems it may be possible to offset the loss of water supply with an alternative water resource. Alternative supplies include surface water supply, or groundwater supplied from a different location or from co-produced water from the gas development.
Compensatory offsets for ecosystems could comprise actions that do not directly offset the impacts on the protected ecosystem, but lead to associated benefits. This recognises that exactly the same biodiversity is not always available for an offset, so offsets can be targeted to equal or higher conservation priorities than the impacted ecosystem. Examples (from DSEWPC 2012) include:
•	creating a new habitat
•	improving an existing ecosystem
•	contributing to an area recognised as important to increasing landscape connectivity, above and beyond what is required by the impacted ecosystem
•	measures that benefit biodiversity but do not specifically involve protecting and managing an impacted ecological site
•	funding for research for a particular ecology or educational program
•	rehabilitation of impacted ecosystem sites where there are good prospects of the biodiversity being restored. 
[bookmark: _Toc420511032][bookmark: _Toc420572631][bookmark: _Toc422818667]7.3	Potential impacts and risks requiring mitigation
The inherent potential impacts and risks identified in this assessment under a 100% development area scenario that are greater than low and hence would require mitigation measures are as follows:
•	Aquifer depressurisation — The inherent potential impact on groundwater users from aquifer depressurisation from coal seam gas development is high, and on surface water users and ecosystems as moderate to high. The inherent potential impact on surface water users and ecosystems from aquifer depressurisation associated with tight and shale gas development is moderate to high. 
•	Land subsidence — The inherent potential impact is moderate for coal seam gas developments. 
In this section mitigation options are explored for these inherent potential impacts and risks for each receptor: groundwater users, surface water users, ecosystems and for land subsidence.
[bookmark: _Toc420511033][bookmark: _Toc420572632]7.3.1	Aquifer depressurisation
Changing the activity
The results of the assessment indicate that there is potential for reducing inherent potential impacts to groundwater users, surface water users and ecosystems. The inherent potential impacts from 50% of the development area are less than the 100% development scenario for coal seam gas (see Figure 55 below for comparison of potential impacts). It is also possible that the inherent potential impact on surface water users could be reduced. For gas development for coal seam gas, further modelling and assessment would be required to determine the threshold that changes the potential impacts from low to moderate.
Exploration activities would be less in volume and scale. Exploration may involve a single bore or a limited bore field to prospect for natural gas and would occur over a time frame of weeks to months with a relatively small volume extracted from groundwater. It is expected that exploration activities would have little potential impact on groundwater users, surface water users and ecosystems for this reason. 
[image: ]            [image: ] 
[bookmark: OLE_LINK1]Key: red = high, orange = moderate, green = low. The hatching shows the area of development for each scenario.
[bookmark: _Ref416353861][bookmark: _Toc420573175][bookmark: _Toc420576477][bookmark: _Toc420576559][bookmark: _Toc420576643][bookmark: _Toc420576999]Figure 55:  Potential impacts from coal seam gas developments: 100% (left) and 50% (right) development scenarios.
For tight and shale gas development a comparison of the 50% and 100% development (Figure 56) shows significant change, such that there is little inherent potential impact at 50% combined development. Similarly, at 100% development there is little inherent potential impact found on the basis of the hypothesised development scenarios.
The assessment indicates that the inherent impacts can be reduced through modification of the scale and timing of natural gas development. 

[image: ]        [image: ]
Key: red = high, orange = moderate, green = low. The hatching shows the area of development for each scenario.
[bookmark: _Ref416353834][bookmark: _Toc420573176][bookmark: _Toc420576478][bookmark: _Toc420576560][bookmark: _Toc420576644][bookmark: _Toc420577000]Figure 56:  Potential impacts from tight and shale gas development: 100% (left) and 50% (right) development scenarios.


[bookmark: _Toc296600015]Table 13:  High inherent potential impact volumes under 100% development scenario.
	Development 
	Water source
	Domestic and stock (ML)
	Irrigation 
(ML)
	Town water supply (ML)

	Coal seam gas 
	Groundwater
	200
	6800
	0

	
	Surface water diversion licences
	30
	1700
	0

	Tight and shale gas
	Groundwater
	0
	0
	0

	
	Surface water diversion licences
	0
	0
	0



[bookmark: _Toc296600016]Table 14:  High inherent potential impact volumes under 50% development scenario.
	Development 
	Water source
	Domestic and stock (ML)
	Irrigation 
(ML)
	Town water supply (ML)

	Coal seam gas 
	Groundwater
	100
	4700
	0

	
	Surface water diversion licences
	30
	1600
	0

	Tight and shale gas
	Groundwater
	0
	0
	0

	
	Surface water diversion licences
	0
	0
	0



Managing the operation of groundwater users, surface water users and ecosystems
During initial start-up of a potential gas development, the inherent impacts may be negligible but would be expected to increase through time, and there is potential to manage the operation of groundwater users’ surface water users and ecosystems during this time. 
The reduced levels in a groundwater users bore may reduce yield but supply is available through longer pumping cycles. In high inherent impact areas full impact of development will make it unlikely this would be possible for existing users, but may still be an option in moderate inherent impact areas. It is possible to manage the regulated systems such as the lower reaches of the Latrobe River, but is not possible for unregulated streams such Merriman Creek in South Gippsland. Supplementary volume of water required for the Latrobe River would need to be purchased from the water market.
Altering impacts on infrastructure of groundwater users and surface water users  
This most likely applies to the groundwater users in moderate inherent impact areas but is unlikely to apply to groundwater users in high inherent impact areas. The number of groundwater users and surface water users are shown in the tables below.

[bookmark: _Toc296600017]Table 15:  Moderate inherent impact volumes under 100% development scenario.
	Development 
	Water source
	Domestic and Stock (ML)
	Irrigation 
(ML)
	Town water supply (ML)

	Coal seam gas 
	Groundwater
	40
	3200
	0

	
	Surface water diversion licences
	100
	1700
	0

	Tight and shale gas
	Groundwater
	0
	0
	0

	
	Surface water diversion licences
	0
	10
	0





[bookmark: _Toc296600018]Table 16:  Moderate inherent impact volumes under 50% development scenario.
	Development 
	Water source
	Domestic and Stock (ML)
	Irrigation 
(ML)
	Town water supply (ML)

	Coal seam gas 
	Groundwater
	20
	5100
	0

	
	Surface water diversion licences
	50
	1300
	0

	Tight and shale gas
	Groundwater
	0
	0
	0

	
	Surface water diversion licences
	0
	10
	0



Offsets
It is expected that the volume of co-produced water (Table 17) from onshore natural gas development and water held under existing entitlements available through trade far exceeds the current groundwater and surface water entitlements that are impacted in moderate and high inherent impact areas. Providing alternative supply may require additional infrastructure including distribution pipe lines, water treatment and storage infrastructure and on-farm infrastructure. There would also be a consequential increase in the costs associated with this supply. 

[bookmark: _Ref418595327][bookmark: _Ref415498355][bookmark: _Toc296600019]Table 17:  Indicative water volumes by source.
	Water source
	Volume
GL/year

	Co-produced tight shale gas
	 ~ 5.6

	Co-produced coal seam gas
	> 500

	Total volume of groundwater entitlements (Gippsland Basin)
	  0.07

	Total volume of surface water entitlements (diversion licences in Gippsland Basin)
	  0.08



With regard to alternative surface water supply, additional surface water entitlements would need to be bought from the market (from the Thompson or Macalister), and a water supply delivery system and on-farm distribution system would be required for distribution of the water. Again, there would be a consequential increase in the cost associated with the supply of this water.
The potential for obtaining groundwater supplies are low as alternative supplies are likely to be poorer in quality and would require treatment, as well as the water supply delivery system and on-farm distribution system.
Given the ecosystems identified are all protected ecosystems, analysis of the regulatory context is also required. Further analysis and assessment would be required on the technical point of view (e.g. the types of ecosystems and water dependency) and the regulatory context to determine whether ecosystem mitigations are feasible in the Gippsland region. 
The site specific nature and scale of such analysis exceeds the time limitations of the water science studies and therefore the feasibility of technical or regulatory options will not be addressed in the impact mitigation chapter. Further modelling and assessment would be required to determine the scale that changes the inherent impact from low to moderate. 
[bookmark: _Toc420511034][bookmark: _Toc420572633]7.3.2	Subsidence
Further information is required to better assess the risks and potential to prevent significant subsidence due to a natural gas development, e.g. clay properties of the aquitards. Information can be obtained as part of a site-specific investigation. The major impact is on roads and pipelines and coastal drainage and inundation. For roads, pipelines and built environment, risks may be managed by design, maintenance and remediation. 
With respect to coastal drainage, the Gippsland Lakes and any coastal inundation is problematic and difficult to imagine any measures can address these. For this reason the residual risk of land subsidence for the Gippsland basin remain as the inherent risk as moderate for coal seam gas.
[bookmark: _Toc420511035][bookmark: _Toc420572634][bookmark: _Toc422818668]7.4	Summary
There are a number of mitigation options that can be applied to the inherent potential impacts and risks to reduce the residual potential impact and risk profile from moderate and high to low. 
The residual potential for impact profile (after mitigation is applied) for aquifer depressurisation due to onshore natural gas development in the Gippsland region is summarised in Table 18.

[bookmark: _Ref418852856][bookmark: _Toc296600020]Table 18:  Residual potential for impact due to aquifer depressurisation from onshore natural gas development in the Gippsland region.
	Natural gas type
	Gas development
(aquifer depressurisation)

	
	Groundwater users
	Surface water users
	Ecosystems

	Tight and shale
	L
	L
	H

	Coal seam gas 
	L
	L
	H



The residual potential risk profile (after mitigation is applied) from chemical contamination of groundwater from hydraulic fracturing fluids, induced seismicity and land subsidence due to onshore natural gas development in the Gippsland region is summarised in Table 19.

[bookmark: _Ref419111696][bookmark: _Toc296600021]Table 19:  Residual potential risk due to hydraulic fracturing, induced seismicity 
and land subsidence from onshore natural gas development in the Gippsland region.
	Natural gas type
	Chemical contamination of groundwater from hydraulic fracturing fluids
	Induced seismicity
	Land subsidence

	
	Groundwater users
	Surface water users
	Ecosystems
	All users
	All users

	Tight and shale
	L
	L
	L
	L
	L

	Coal seam gas 
	N/A
	N/A
	N/A
	L
	M





[bookmark: _Toc420511036][bookmark: _Toc420572635][bookmark: _Toc422818669]8	Conclusions
[bookmark: _Toc420511037][bookmark: _Toc420572636][bookmark: _Toc422818670]8.1	Aquifer depressurisation 
The assessment of the potential impacts of aquifer depressurisation used predicted drawdown results and depth to watertable to determine the potential impact. These results are based on full development of the potential gas resources (i.e. 100% extraction) at 30 years from the start of development. It may be possible to optimise the development case to reduce the potential impact.
Results show that the overall potential impact on all aquifers (confined and unconfined) from development of tight and shale gas in the Gippsland region is low. Potential impacts to surface water resources (including users) and ecosystems are low, with the exception of areas of moderate to high potential impact in the central Latrobe Valley region. Seven surface water licences are located in areas of elevated potential impact.
The potential impact on aquifers from coal seam gas development depends on the distance to the prospective development area. Inside the area of the identified gas development, predicted drawdown in response to gas development will be significant in the overlying confined aquifers, and as a result the potential impacts to aquifers are high. It is possible that an alternative coal seam gas development scenario could result in lower potential impact than shown here, but some potential impact on aquifers is likely.
Potential impacts to surface water resources (including users) and ecosystems are high in areas close to the potential gas development and low elsewhere. There are 243 surface water licences in areas of moderate to high potential impact.
It is concluded that development of coal seam gas in the Gippsland region poses a high potential impact on aquifers and surface water resources in the immediate vicinity of the gas areas. There are large areas of aquifers outside the development area that are classified as low potential impact.
[bookmark: _Toc420511038][bookmark: _Toc420572637][bookmark: _Toc422818671]8.2	Chemical contamination of groundwater from hydraulic fracturing fluids
The risks associated with chemical contamination of groundwater from hydraulic fracturing fluids were assessed based on available literature. The development of tight and shale gas in the Gippsland region may require hydraulic fracturing in order to increase formation permeability and hence gas production. The tight and shale gas development scenario used in this study indicates that the natural gas source is within the Strzelecki Group. The Strzelecki Group is directly overlain by an aquifer of value (the Latrobe Group aquifer), however the upper Strzelecki Group provides a suitable low-permeability formation between the potential gas-bearing units and the overlying aquifer. Given the typical fracture propagation distances of tens of metres, contamination or increased connectivity via the generation of fully penetrating fractures or the intersection between stimulated and pre-existing fractures is unlikely. As such, the aquifer would almost certainly remain unaffected by a potential increased hydraulic connectivity with the gas source formation. Likewise, contaminant migration between gas-bearing formations and adjacent aquifers is unlikely.
Based on the above, and the fact that the use of BTEX in hydraulic fracturing fluids is banned under Victorian law, the overall risk of groundwater contamination resulting from hydraulic fracturing in the Strzelecki Group for tight and shale gas is low. Key factors to be determined for a site-specific risk assessment are the thickness of the Strzelecki Group overlying the prospective formation, stress regimes and proximity to existing faults.
With regard to coal seam gas, hydraulic fracturing is not expected to be required in the coal seams in Gippsland, and therefore would not have a potential impact in this region. 

[bookmark: _Toc420511039][bookmark: _Toc420572638][bookmark: _Toc422818672]8.3	Induced seismicity
Induced seismicity refers to seismic events that are triggered by human activity, including filling of large water reservoirs, mining, and activities involving pumping fluids such as water or gases such as carbon dioxide into the crust. These activities produce changes in stress regimes and fluid or rock characteristics. Risks associated with induced seismicity were informed by a literature review.
The likelihood of inducing a seismic event during gas development relies on a number of factors, including:
•	the natural level of seismicity in the area
•	current stress regimes in the prospective and surrounding formations
•	the prevalence and proximity of faults and weaknesses to the prospective formations 
•	the nature of the development undertaken (i.e. total changes and rates of change in the stress regime). 
The consequence of induced seismicity is related to the magnitude or size of the seismic event that has been induced. 
Gippsland is a moderately seismically active area. Seismic activity there is driven largely by the reactivation of Palaeozoic faults from compressional stresses, which suggests that there may be critically stressed faults throughout the region. The potential for induced seismicity related to possible tight and shale gas development in the Gippsland region would be principally related to the hydraulic fracturing of gas source formations. Given that a number of fault systems are present throughout the Gippsland region, providing the potential for fault activation, the likelihood that tight and shale gas development would cause induced seismicity is moderate. The consequence is low based on the typical magnitudes of induced seismic events. The overall risk of tight and shale gas development causing induced seismicity that could be felt by humans (3.5 magnitude ML and above) is therefore low. 
Induced seismicity related to potential coal seam gas development is more likely to be caused by the predicted large-scale depressurisation inducing changes to stress regimes. Given the area is moderately seismically active, the likelihood that coal seam gas development causes induced seismicity is moderate. The consequence of these events is low, based on the typical magnitude of induced seismic events reported around the world. The overall risk of potential coal seam gas causing induced seismicity that could be felt (3.5 magnitude ML and above) is therefore low. 
[bookmark: _Toc420511040][bookmark: _Toc420572639][bookmark: _Toc422818673]8.4	Land subsidence
Subsidence refers to the phenomenon of ground level lowering resulting from water (or fluid) removal from the subsurface. Subsidence is a geomechanical process that can occur when water is withdrawn from an aquifer. One of the impacts that the development of onshore gas could have is to cause drawdown in aquifers in the Gippsland region.
Land subsidence in the Latrobe Valley associated with open-pit coal mining and the related groundwater pumping has been recognised for decades, and subsidence of over 2 m has already been recorded. Factors that contribute to subsidence include water level drawdown, aquifer and aquitard compressibility, ratio of clay to sand, the timing of water level drawdown and the consolidation history. 
For the Gippsland region it is assessed that:
•	there is a low risk of subsidence from onshore tight and shale gas development
	there is a moderate risk of subsidence within 30 years from coal seam gas development.
[bookmark: _Toc420511041][bookmark: _Toc420572640][bookmark: _Toc422818674]8.5	Summary of potential impacts 
Table 20 is a summary of the potential impacts for aquifer depressurisation from onshore natural gas development in Gippsland.
[bookmark: _Ref415499131][bookmark: _Toc296600022]Table 20:  The potential impacts associated with aquifer depressurisation for each natural gas scenario.
	Natural gas type
	Impacts on users

	
	Groundwater users
	Surface water users
	Ecosystems

	Tight and Shale
	Low
	Low*
	Low*

	Coal Seam Gas (brown coal)
	High
	High
	High


*Localised areas of moderate to high potential impact in the central Latrobe Valley region

Table 21 is a summary of the potential risks from chemical contamination of groundwater from hydraulic fracturing fluids, induced seismicity and land subsidence from onshore natural gas development in Gippsland.
[bookmark: _Ref419111786][bookmark: _Toc296600023]Table 21:  The potential impacts associated with chemical contamination of groundwater from hydraulic fracturing fluids, induced seismicity and land subsidence for each natural gas scenario.
	Natural gas type
	Chemical contamination of groundwater from hydraulic fracturing fluids
	Induced seismicity
	Land subsidence

	
	Groundwater users
	Surface water users
	Ecosystems
	
	

	Tight and Shale
	Low
	Low
	Low
	Low
	Low

	Coal Seam Gas 
	N/A
	N/A
	N/A
	Low
	Moderate



[bookmark: _Toc420511042][bookmark: _Toc420572641][bookmark: _Toc422818675]8.6	Mitigation
There are a number of mitigation options that could be applied to the inherent potential impacts to reduce the residual potential impact profile from moderate and/or high to low.  Table 22 summarises the profile of residual potential for impact (after mitigation is applied) for aquifer depressurisation resulting from onshore natural gas development in the Gippsland region.

[bookmark: _Ref419111882][bookmark: _Toc296600024]Table 22:  The potential impacts of aquifer depressurisation for each natural gas scenario following mitigation.
	Natural gas type
	Impacts on users

	
	Groundwater users
	Surface water users
	Ecosystems

	Tight and shale
	Low
	Low
	
Low*


	Coal seam gas (brown coal) 
	Low
	Low
	High
(unchanged)


*Localised areas of moderate to high in the central Latrobe Valley region

The residual potential risk profile (after mitigation is applied) from chemical contamination of groundwater from hydraulic fracturing fluids, induced seismicity and land subsidence due to onshore natural gas development in the Gippsland region is summarised in Table 23.

[bookmark: _Ref419111972][bookmark: _Toc296600025]Table 23:  The potential for chemical contamination of groundwater from hydraulic fracturing fluids, induced seismicity and land subsidence for each natural gas scenario following mitigation measures.
	Natural gas type
	Chemical contamination of groundwater from hydraulic fracturing fluids
	Induced seismicity
	Land subsidence

	
	Groundwater users
	Surface water users
	Ecosystems
	
	

	Tight and shale
	Low
	Low
	Low
	Low
	Low

	Coal seam gas (brown coal) 
	N/A
	N/A
	N/A
	Low
	Moderate
(unchanged)


[bookmark: _Toc420493567][bookmark: _Toc420493573][bookmark: _Toc420493594][bookmark: _Toc420511043][bookmark: _Toc420572642]
[bookmark: _Toc422818676]8.7	Gaps and uncertainty
This assessment has identified a number of areas of data uncertainty and data gaps. Additional information in the following areas would enable the assessment to be improved. The framework that has been developed is assessed to be valid despite the uncertainties in the data. With the provision of better data and evaluation the framework could be reapplied.
Throughout the report many areas of uncertainty have been discussed. The following areas are assessed to be the key gaps that are a high priority for further data gathering.
Permeability of seal rocks: In the Gippsland region the seal rocks for the gas reservoirs are also the key aquitards that separate the gas reservoirs from the main aquifers. Relatively little is known of the hydraulic properties of the seal rocks as they relate to water movement. Collection of data on the hydraulic performance of the seal rocks would help to refine the impact assessment. In this study a relatively high degree of connection has been adopted and it is possible that less connection exists over much of the area. This would lower the potential impact.
Delineation of potential gas sources:  A licence holder has reported an estimated 2 trillion cubic feet of gas in the Wombat/Trifon/Gangell tight gas fields but commercial production has not taken place. Another licence holder has reported various estimates associated with the coal seam gas in exploration licence 4416, although a gas content has never been recovered from the Traralgon seam coals. For this study, an area of greater geographic extent has been assessed for both tight and shale and coal seam gas types. In this way this assessment envisages a greater scale of development than companies who are currently exploring in these areas would define. Clearly the extent of potential impact and risk is strongly influenced by the extent of the potential development. Better definition of the potential extent of the development, both laterally and vertically, will improve the assessment of potential impacts and risk to water resources.
Compaction and consolidation parameters: The risk of land subsidence is evaluated based on parameters for compaction. These parameters are known at few locations. Improved assessment of the risk of subsidence could be made if more data on the compaction of aquitards (and aquifers) was available.
Relationship between drawdown and river flows: For this assessment, the impact on surface water users has been assessed by inferring impact from the existing depth to watertable and predicted drawdown. Improved conceptualisations of the relationship between depth to watertable, predicted changes in groundwater levels and river flow could be developed. For example, if major river reaches were to have a drawdown sensitivity assigned to flow, then the drawdown estimates could be more readily assessed in terms of the impact on surface water availability. The current study infers that in all areas drawdown will lower surface water availability where the watertable is shallow. This may not be the case in all areas because of the nature of the surface water systems. Better conceptualisation of the link between groundwater and surface water flow would improve the assessment, allowing it to be accurate.
Connection of ecosystems to groundwater: The potential impacts to surface water ecosystems have been inferred from the groundwater depth and predicted groundwater drawdown. As is the case for surface water users, improved conceptualisations of the relationship between depth to watertable, predicted changes in groundwater levels and ecosystem integrity could be developed. The assessment could be improved if a better definition of the response to groundwater level change for different surface water ecosystems was available for Gippsland. This would enable a more accurate assessment to be made.
Overall, these data and knowledge gaps, although important, are not likely to alter the outcomes in
this report.
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[bookmark: _Toc420500915][bookmark: _Toc420511170][bookmark: _Toc420572491][bookmark: _Toc420573080][bookmark: _Toc296599072][bookmark: _Toc422912484]A1.1	Background
Onshore natural gas resources can be broadly classified as conventional and unconventional. Conventional gas refers to gas trapped in multiple, relatively small, porous zone in various rock formations, like sandstone (CAPP, 2012). Conventional gas exists as free gas which has migrated away from its source rock and is trapped in a reserve by an impermeable layer. Conventional gas is significantly easier and more cost effective to extract and has been used in Australia since the mid-1960s (APH, 2008). 
In comparison, unconventional gas remains in-situ in the formation in which it was produced and is held there by hydrostatic pressure. To release the gas, water is pumped from the aquifer to lower the pressure and release the gas (desorb). As water pressure is reduced, gas flow increases and water flow rates decrease over a period of a few months depending on the hydrogeological conditions. In some cases the permeability of the formation is too low to allow the gas to flow, and hydraulic fracturing may be used to increase the permeability. Unconventional gas is typically more difficult and costly to extract and larger volumes of groundwater is also produced (co-produced water) and needs to be managed. Technological advances in horizontal drilling and hydraulic fracturing have made unconventional gas supplies more commercially viable. 
There are three main types of unconventional gas:
•	Coal seam gas (coal seam gas), also known as coalbed methane (CBM), is natural gas found in coal seams. Coal seam gas is typically the shallowest unconventional gas found between 300 m to 1,000 m depth.
•	Tight gas is found in sandstone, sands and carbonate that have a very low permeability and are generally deeper than coal seam gas reserves at depths ranging between 1200 m and 3000 m. The gas is extracted from the formation which has a low permeability and is required to be hydraulically fractured to increase the permeability to release the gas. 
•	Shale gas is found deeper again (2500 to 4000 m) in the fine grained sedimentary rock called shale (APPEA, 2013). Hydraulic fracturing is also required to increase the permeability to release the gas.
Figure A1 shows a conceptual diagram which illustrates the differences between gas sources. Conventional gas sources are shown in red, and unconventional gas sources exist in the shale and coal seams. 
Unconventional gas resources in Australia are at an early stage of maturity (Geoscience Australia and BREE, 2012). Coal seam gas has been commercially produced in Australia since 1996 (Ross, 2013). Some tight gas has been commercially produced but the first shale gas is now starting to be produced in South Australia.
[bookmark: _Toc420500916][bookmark: _Toc420511171][bookmark: _Toc420572492][bookmark: _Toc420573081][bookmark: _Toc296599073][bookmark: _Toc422912485]A1.2	Purpose of the literature review
The literature review is to provide a theoretical and practical basis for the design, development and application of the Qualitative and Quantitative Risk Assessment (QQRA) Framework. The focus of the literature review has been guided by the scope of the QQRA which is designed to assess the risk of onshore gas development, including conventional, coal seam gas, tight and shale, to water resources in the Gippsland and Otway Basins. Potential risks excluded from the scope of the QQRA is outlined in 
Appendix AA.
Conventional gas is held in place by an overlying very low permeability layer which significantly reduces the potential interaction with groundwater resources. In contrast, unconventional gas and coal seam gas. Coal seam gas in particular, may pose a greater risk to water resources as in some cases, significant volumes of groundwater (or coproduced water) are also extracted. Coal seam gas is the shallowest unconventional gas type and therefore may be the closest to the groundwater resources. Consequently in terms of risk assessment frameworks, much of the literature is focussed on unconventional gas development, and coal seam gas in particular. In addition to this, Australia has been focussed on managing impacts associated with coal seam gas development in the last 5 to 10 years, with limited information available in Australia on tight and shale gas development. More information on tight and shale gas is found internationally in particular northern America. As a result, this literature primarily draws on the experience of risk assessment frameworks relating to coal seam gas, however the results are applicable to all onshore gas sources.
[image: ]
[bookmark: _Ref406754574][bookmark: _Toc419969421][bookmark: _Toc420577001]Figure A1:  Conceptual diagram illustrating the differences between gas sources. (Source: CAPP, 2012.)
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The literature review set out to answer the following questions:
1. Is there an off-shelf, proven and widely accepted complete risk assessment methodology that can be adopted largely as is or with minor customisations to meet the purpose of QQRA?
2. What are the key features and components of a risk assessment methodology used to identify and assess the potential risks to water resources within an ‘area/zone’ based on hypothetical onshore natural development scenarios? 
3. Are the features and components of a risk assessment methodology used to assess an application from a Proponent for approval to undertake development applicable/transferable to assessing potential risks of hypothetical development at a broader scale?
4. What specific considerations and criteria have been used to identify, assess and rate potential risks for a hypothetical versus proposed development play?
5. Are there any specific consequence and likelihood considerations or criteria unique to a specific type of gas (shale, tight, coal seam or conventional)?
The literature review has not examined nor reported on the potential or actual impacts of onshore natural gas development on water resources. The QQRA will not assess cumulative impacts; it will assess the impact of an individual development in different locations within an area of interest. The QQRA could eventually be amended to include cumulative impacts.
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The literature review separates findings regarding what risk assessment techniques and approaches have been used to inform Government policy decisions as distinct from an assessment of an onshore natural gas licence (work program) or work plan application. Overall the literature review found regulators in many jurisdictions are seeking to enhance their understanding of risks and define conditions or areas where onshore gas developments may or may not be assessed d. 
The literature review considered frameworks and guidance available for each stage of a risk assessment process including:
•	Sensitive receptors – the review considers how vulnerable regional water-related assets in the area of the development might be identified and what tools may be used.
•	Hazards – the review focuses on how risk frameworks have framed and approached the issue of assessing potential impacts from unconventional gas development on sensitive receptors. 
•	Pathways – the review considers how complex cause-effect relationships has been conceptualised and what if any differences are evident in approaches to assessments for different onshore gas types (tight, shale, coal seam gas). 
•	Thresholds – the review is concerned to evaluate what criteria have been developed to provide guidance on assessing/rating the buffering capacity and resilience of groundwater resources and water-dependent assets. 
•	Standard Controls – the review focuses on what measures are commonly used to avoid or minimise risk.
•	Consequence – the review summarises how risk assessments have approached estimating the level of impact on a water resource.
•	Likelihood – the review examines how probability of impact has been assessed.
•	Risk Rating – what approaches are used to assess ‘retained risk’ after standard controls have been applied and what criteria exist to determine the implication the retained risk.

[bookmark: _Toc420500919][bookmark: _Toc420511174][bookmark: _Toc420572495][bookmark: _Toc420573084][bookmark: _Toc296599076][bookmark: _Toc422912488]A1.5	Approach to the literature review
The methodology used to complete the Literature Review involved identifying literature on the basis of:
•	Resource focus: to the extent possible, preference was given to risk assessment techniques specifically addressing onshore natural gas developments (coal seam gas, tight, shale and conventional). Offshore oil and gas and offshore extractive and mining activities which impact on groundwater were also assessed for completeness. 
•	Jurisdictions: the literature review assessed risk assessment techniques developed in a number of jurisdictions, including England, Germany, United States, Canada and Australia. 
•	Provenance/authorship: the literature review assessed (in order of standing): 
–	peer-reviewed literature published in academic journals
–	government policies or guidelines for conducting risk assessments (either mandated by law or recommended) 
–	literature including reports and papers produced by scientific agencies, Government agencies or peak industry bodies and 
–	publicly available risk assessment techniques used by private-sector proponents.
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The structure of the literature review is as follows:
Chapter 1 – Introduction – background, purpose, key research questions, methodology and references
Chapter 2 – Key Findings – organised by risk assessment phases of identify hazards, identify sensitive receptors, identify and assess pathway between hazard and sensitive receptors, set a threshold for acceptable impact on sensitive receptor(s), apply standard controls to ensure impact is within acceptable limits, assess the potential consequence and likelihood of risk occurring with standard controls in place and rate the retained risk. For each phase of the risk assessment, literature relevant to “policy specific” and “project specific” risk assessments has been analysed. 
Section 3 – Key Implications for QQRA design, development and application – answers each of the key research questions by drawing on the key findings and outlines the key QQRA design and development implications
Appendices:
	AA – Matters out of scope from the risk assessment & literature review
	AB – List of references & sources consulted for the literature review
	AC – Features of onshore gas resources
	AD – Modelling pathways
	AE – Methodologies used to assess groundwater vulnerability 
	AF – Controls
	AG – Consequence.
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The full list of 115 sources consulted is provided in Appendix AA. Of these sources, 19 were deemed to provide direct and relevant material to the key literature review research questions. 
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Key findings have been discussed in terms of risks assessments to inform either government policy or a project scale risk assessment. The key findings for each of the following phases of risk assessment are discussed in the following sections:
•	risk and uncertainty
•	hazards
•	sensitive receptors
•	pathways
•	thresholds
•	standard controls
•	consequence
•	likelihood
•	risk rating.
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A consistent finding arising from the literature review is that understanding of hydrogeological pathways is still evolving and groundwater models need to be refined as more monitoring data becomes available. Most of the literature reviewed, such as Moran and Vink (2010), emphasises that ongoing monitoring of water levels and other characteristics should be compared with modelled predictions to progressively refine models and present the best available representation of risk. The Independent Expert Scientific Committee (2014) proposes several quantitative approaches to assess uncertainty in risk determination for coal seam gas development, including: 
•	Bayesian methods for calculating model structural uncertainties.
•	Stochastic modelling; which may be used to addresses likely inaccuracies in relation to uncertainties around estimated water flow rates and solute transport. It generates multiple hydrogeological scenarios which are run concurrently in a Monte Carlo framework. Statistical analysis is conducted on each result (Cook, 2003).
•	Random domain decomposition. For example, Guadagnini et al (2003) focused on analysing two dimensional flow in a system where hydraulic properties and spatial distribution are known statistically but are otherwise uncertain.
•	The transition probability approach which considers relative frequency of transitions from one state to another in a system consisting of multiple states (Elfeki et al, 1997:67).
•	Decision theory to assist with risk management. 
The simplifying assumptions underlying groundwater models are highlighted by the IESC (2014) and should be considered in both project and strategic level risk assessments. It provides a valuable summary of use of MODFLOW and FEFLOW groundwater models for project risk assessments in the United States and Australia. It shows there are limitations in how sources and pathways are conceptualised, even if most projects do seek to consider how uncertainty is assessed in each risk assessment. The report provides an evaluation of strengths and drawbacks of different types of modelling techniques (analytical, regional groundwater impact assessment, axisymmetric and reservoir assessments) in capturing potential impacts and groundwater processes. Full details are provided in Appendix D.
The temporal component to risk analysis is a key uncertainty factor. Potential changes to groundwater quality/quantity may take years to decades to develop depending on a variety of factors, including the proximity of an aquifer to a coal seam reservoir. Impacts may also persist for prolonged periods after potentially hazardous operations have ceased.
It is commonly agreed that the limitations and assumptions underpinning risk assessments should be subject to sensitivity analysis. For example, the Queensland Department Natural Resources & Mines Healthy Headwaters coal seam gas study (Worley Parsons, 2013) recommended that a sensitivity analysis be undertaken on the ranking and weighting criteria adopted by the panel of experts. In relation to  coal seam gas water production, uncertainty could also be presented visually by means of an attribute layer to show the limits of current understanding around pathways, for instance in terms of interactions between Condamine Alluvium and the Walloon Coal Measures in the Surat and southern Bowen Basins, Queensland.
[bookmark: _Toc420500924][bookmark: _Toc420511179][bookmark: _Toc420572500][bookmark: _Toc420573089][bookmark: _Toc422912493]A2.2	Hazards
A hazard is a source of potential harm or a situation with a potential to cause loss (negative consequence). Hazard identification is first stage of any risk assessment process and should be used to inform preliminary investigations of potential impacts from onshore natural gas.
[bookmark: _Toc420572656]Risk assessment to inform government policy
The literature review did not identify any particular techniques for hazard identification at a policy level different to those techniques used to identify hazards for project risk assessments, which are outlined in section 0 below.
[bookmark: _Ref406753898][bookmark: _Toc420572657]Risk assessment to inform project scale developments
In their paper prepared as part of the independent review of coal seam gas activities in NSW, Anderson et al (2013) group hazards on the basis of their contamination potential or contribution to depleting water resource aquifers and surface waters. Contamination issues are further disaggregated into operational hazards (e.g. extraction) and those associated with changes in hydrogeological environments. Potential consequences of depletion are impacts on Groundwater Dependent Ecosystems (GDEs) from movement of groundwater towards the depressurised coal seam gas formation. Seepage may also occur from surface water assets to depleted watertable aquifers.
Specific coal seam gas activities that may present hazards are provided in the methodology for conducting Bioregional Assessments by Barrett et al[footnoteRef:1] (2013) including depressurisation and dewatering of coal seams; potential regulated and unregulated discharge of stored worked water on mine sites; and fate of coal seam gas permeate and brine derived from treatments of associated water. The size and extent of a zone of depressurisation is influenced by a variety of factors including the size of the seam, its storage capacity, the pumping rate, initial pressure, recharge rates, geology and the flow of water through the seam. [1:  Methodology for Bioregional Assessments produced for the Independent Scientific Committee on coal seam gas and Large Coal Mining Development] 

Most sources consulted list potential hazards based on the activity source (specific actions taken in the course of onshore gas development). Wilson et al (2014) identify discharges to surface water, evaporation ponds, groundwater dewatering and extraction, hydraulic fracturing, in-situ gasification, managed aquifer recharge, overburden management, surface water diversion and capture and well drilling as potential hazards. 


Identifying the potential direct and indirect effects on characteristics of groundwater resources is alternative approach used by IESC (2013) which provides a greater level of detail on the range of possible hazard scenarios; for example:  
•	Direct impacts are changes to physical/chemical characteristics of groundwater/surface water as a result of dewatering processes, and include loss of pressure in an aquifer, changes in groundwater chemistry from change in hydraulic relationship and changes in aquifer hydraulic properties such as porosity due to pressure reduction
•	Indirect impacts to receptors occur through a pathway of cause and effect, such as the direct impact loss of pressure head in an aquifer has on dewatering on a gaining or losing stream; drying of agricultural wells or natural springs and the salinisation of freshwater aquifers from depressurisation of coal seams.
Arrow Energy (Coffey Environments, 2012) used the same framework of direct/indirect impacts as IESC to assess the potential impacts of the depressurisation of Walloon Coal Measures. However they conceptualise it somewhat differently. Impacts of depressurisation of aquifers to Walloon Coal Measures through the removal of gas and water is classified as a direct impacts whereas indirect impacts are potential consequences on aquifers above and below the measures. Groundwater drawdown resulting in a reduction in the supply to existing or future users and groundwater dependent ecosystems reliant on the Walloon Coal Measures is thus a direct impact. In contrast, groundwater flux and drawdown in adjacent aquifers causing water quality and supply impacts to existing and future users and groundwater dependent ecosystems, changes in inter-aquifer flows or subsidence are indirect impacts. 
Hazards from other unconventional gas resources may vary as certain key characteristics (depth, permeability, groundwater take and need for hydraulic fracturing) are different for shale, tight and coal seam gas. A summary of these is provided in Appendix C. For instance, local hydrogeological characteristics between and within shale reserves will influence the volumes of water withdrawals required. 
A conceptual approach to hazard identification is provided by NOPSEMA (2012) which gives an overview of the benefits and drawbacks of different hazard identification techniques; including HAZOP, historical records, Failure Modes, Effects and Criticality Analysis (FMECA) and Failure Modes and Effects Analysis (FMEA) as well as Fault Tree and Event Tree Analysis in the context of assessing risks from offshore oil and gas exploration and development.
These hazard identification techniques are applied to determine what could result in equipment or procedure failure (e.g. well drilling, well casing etc.) and therefore resulting in uncontrolled releases of dangerous additives.
[bookmark: _Toc420500925][bookmark: _Toc420511180][bookmark: _Toc420572501][bookmark: _Toc420573090][bookmark: _Toc422912494]A2.3	Sensitive receptors
Sensitive receptors are entities (members of the public, environmental values, water resources, third party infrastructure etc.) that could potentially be exposed to adverse impacts resulting from a hazard. This Literature Review is solely focused on water resources (aquifers, rivers, springs, wetlands and lakes).
[bookmark: _Toc420572659]Risk assessments to inform government policy
The Literature Review found no clear differences between the types of water resource assets included in a risk assessment used to inform policy decisions and a risk assessment used to assess and determine a licence/work plan application. Techniques to identify sensitive receptors are relevant to both types of assessment.
[bookmark: _Toc420572660]Risk assessment to inform project-scale developments
The literature review found two ways by which water resources are commonly identified: the sensitivity of the resource to potential impacts and the value of the water asset.
Most jurisdictions approach classification of water assets by considering both sensitivity and value. For instance NSW’s Aquifer Interference Policy has numeric quality and quantity criteria which must be achieved to be a highly-productive resources. This binary categorisation is further disaggregated according to source characteristics (alluvial, fractured rock etc.) which provides a measure of sensitivity. Victoria’s State Environmental Protection Policy (SEPP) for both Groundwater and Surface Waters similarly establishes minimum water quality thresholds for different Beneficial Uses, thereby incorporating a measure of value and sensitivity. The New York Department of Environment SGEIS evidences that it considers aquifer vulnerability on a combination of value and sensitivity-based criteria, although less detail is provided around specific values. 
However, risk assessments for specific projects will usually go a step further and consider secondary impacts arising as a consequence of changes in quantity/quality of water (first-order impacts) e.g. to ecosystems, local communities and cultural values, existing or potential land uses and their economic implications including agriculture, tourism and recreation. The extent of investigation is likely to be at least partly determined by any relevant impact assessment pathway or applicable environmental regulations. 
At a policy and project level, identification of sensitive receptors in relation to potential risks associated with onshore gas developments should consider the physical characteristics that determine sensitivity and value of the resource in terms of both the cultural and the ecological services they provide. 
Queensland Department of Resources and Mines Healthy Headwaters study (2012) states that aquifers can be both receptors and pathways for potential impacts. The Guidelines for Groundwater Protection in Australia (1995) list potential attributes and techniques to underpin a classification of aquifer vulnerability as a receptor. Aquifer value is measured qualitatively based on its:
•	designated beneficial use
•	water quality (usually in terms of Total Dissolved Solids)
•	social value
•	economic value
•	ecosystem values
•	vulnerability to contamination
•	current and planned land tenure and use
•	availability of alternative sources
•	current extent of contamination 
•	potential for successful clean-up
•	hydraulic relationship with other resources (surface and groundwater).
NYSDEC consider the inherent susceptibility of the aquifers on the basis of:
•	groundwater productivity
•	aquifer vulnerability
•	natural water quality
•	whether the aquifer is confined or unconfined
•	whether the aquifer is contained in bedrock or unconsolidated material. 
This draws on pre-existing NYSDEC (1990) criteria that distinguished ‘principal aquifers’ from primary water supply aquifers’ based on aquifer area, thickness of saturated deposits and maximum obtainable well yields (actual or estimated)[footnoteRef:2].  [2:  High productivity aquifers must be at least 5 to 10 square miles of contiguous area, with a thickness of saturated deposits  should average at least 20 feet through most of the area, and at some locations be at least 50 feet thick and sustained yields to individual wells should be 50 gallons per minute or more from sizeable areas] 

The New South Wales Aquifer Interference Policy (2012) appears to place greater emphasis on value to distinguish between “highly productive” and “less productive” groundwater resources. This is on the basis of specific water quality and quantity standards — highly productive resources have less than 1500 mg/L total dissolved solids (TDS) content and yield water at a rate in excess of 5 L/s. Water quality, pressure and watertable criteria for highly productive groundwater resources are then tailored to different aquifer types (e.g. alluvial, porous, and fractured).
Guidance issued by NSW Office of Water (2014) for prospective mining and petroleum extraction activities, may also be relevant to identifying receptors to groundwater impacts from onshore natural gas developments. They outline that ‘proponents must identify sensitive receptors, which can include groundwater users, groundwater dependent ecosystems (GDEs), culturally significant sites (CSS), connected groundwater and surface water sources’. These can be defined as the ecological, economic or cultural characteristics of the bioregion. They can be assigned a defined value, and used (either directly or indirectly) to assess impact on water quantity or quality. 
The Bureau of Meteorology’s Atlas of Groundwater Dependent Ecosystems identifies potential subsurface and surface expression of groundwater, and can help inform identification of sensitive receptors. The available information can be used as a starting point to study cause and affect pathways. 
The New South Wales Office of Water (2012a) also classifies groundwater dependent ecosystems according to whether they are considered:
•	sub-surface dependent (karst and caves, subsurface phreatic aquifer ecosystems, baseflow streams) or
•	surface-dependent (groundwater dependent wetlands; baseflow streams; estuarine and near shore marine ecosystems and phreatophytes or groundwater dependent terrestrial ecosystems). 
The NSW Office of Water collaborated with the NSW Division of Resources and Energy to develop the NSW Gas Plan. The Gas Plan was released in November 2014 and is framework to identify, study and protect groundwater in NSW, which will initially focus on basins that present the greatest potential for development to large-scale coal mining and onshore gas industry (NSW Government, 2014). 
Spatial and temporal information is required about a receptor to determine potential impacts from natural onshore gas developments (DOE, 2013). Santos commissioned several studies in the Surat and Bowen basins in Queensland illustrating how impacts can vary both spatially and temporally (Golder Associates, 2009; Arrow Energy, 2012). Their findings predicted impacts on groundwater drawdown could extend for decades, even hundreds of years after operations cease. Arrow Energy (2012) considers the magnitude of potential impacts in terms of severity, duration and geographical extent, highlighting that impacts vary on the basis of distance from zone of depressurisation and the individual groundwater system. 
In assessing groundwater dependent ecosystems, the Queensland Department of Resources and Mines Healthy Headwaters study (2012) determined flow-path lengths was a key factor in explaining why recharge springs have greater resilience to potential coal seam gas water extraction impacts than discharge springs.
The IRGC (2013)[footnoteRef:3] advises that baseline assessments or preliminary studies are required to identify receptors, and determine what an acceptable level of impact is. It considers that preliminary studies should focus on: [3:  http://www.indiana.edu/~spea/faculty/pdf/IRGC-Report-2013.pdf] 

•	groundwater quality and quantity
•	existing pollution levels and sources
•	flow and contaminant transport and biogeochemical interactions. 
Combined these will determine the vulnerability of groundwater to contamination from onshore gas development activities. 
The US state of Connecticut has a four-tier groundwater classification system. The system uses water usage arrangements rather than discharge criteria to determine the value and sensitivity of an aquifer resource. The system details the designated usage, relevant discharges that may be permitted and water quality criteria that must be achieved. These are set out in Table AE3.
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A risk assessment should identify causal pathways through which a harmful event could lead to an adverse outcome (impact) for a receptor. 
The IESC (2013) bioregional assessment methodology highlights the role of pathways in linking cause and effect, by distinguishing between activities that give rise to direct effects as opposed to indirect and cumulative impacts.
[bookmark: _Toc420572662]Risk assessment to inform government policy
No significant differences were identified between types of data required for pathway characterisation at a project and policy level. Data requirements for informing identification of pathways for policy and project risk assessments may be partially met by the Bioregional Assessments which are currently underway in Queensland, New South Wales and Victoria. 
Internationally, the province of Alberta (Canada) targets its regulatory framework to assess the specific risks of a proposed development. The Energy Resources Conservation Board conducts an initial strategic risk assessment of a proposed development on the basis of the known or estimated oil or gas accumulation and geographic, geologic and temporal properties that exist at the development site (e.g. source rock, migration pathways, timing, trapping mechanism and hydrocarbon type). The strategic risk assessment is used to profile the proposed development as being potentially low, medium or high risk and therefore what assessment standard should be met by the proponent in preparing their licence application (ERCB, nd).
In Germany, on the basis of modelling of fluid flow dynamics and pathways in key basins, Ewen et al (2012) recommend that a statutory land-use framework be established, informing areas where fracking will and will not be permitted. A panel of experts used a strategic environmental risk assessment to recommend the following areas where fracking or deep-injection disposal would not be permitted. For example:
•	Zone I and II drinking water protection areas
•	thermal spring conservation areas
•	areas exhibiting pressurised artesian/confined deep groundwater as well as continuous transparent pathways (marked by porous faults or having a history of disturbance) 
•	areas characterised by critical underground tectonic stress/upheavals.
The methodology used to undertake the strategic environmental risk assessment has not been made publicly available. 
The New York State Department of Environmental Conservation (NYSDEC, 2011)[footnoteRef:4] use the source-pathway-receptor model in their assessment of potential impacts to drinking water from higher risk/high-volume hydraulic fracturing in the large and sensitive Marcellus Shale. The NYSDEC Draft Supplemental Generic Environmental Impact Statement or SGEIS  (2009) reports that hydraulic fracturing does not present a ‘reasonably foreseeable’  risk of significant adverse impacts to potential freshwater aquifers from migration of fracturing fluids out of the target fracture formation, where the following conditions exist:  [4:  http://www.dec.ny.gov/data/dmn/ogprdsgeisfull.pdf ] 

•	maximum depth to the bottom of a potential aquifer ≤ 305 m
•	minimum depth of the target fracture zone ≥ 610 m
•	average hydraulic conductivity of intervening strata ≤ 1 x 10–5 cm/sec
•	average porosity of intervening strata ≥ 10%.
The United States Environment Protection Authority identifies that man-made sub-surface disturbances (drinking water wells, exploratory wells, production wells, abandoned wells (plugged and unplugged), injection wells, and underground mines) may also act as conduits for contaminants. For shale gas the distance to drinking water reserves and the geochemical and transport processes occurring in intermediary strata are key determinants of level of risk of fluid leak off to those assets.
The Namoi Catchment study (Eco Logical Australia, 2012) considers that all types of resource extraction (coal seam gas, open cut and long-wall mining) are likely to have some level of impact on groundwater drawdown. The study established qualitative criteria for each asset such as depth to groundwater, connectivity, status, major recharge area, groundwater dependent ecosystem potential. The criteria were used to assign a score on a scale of 0–3. These were then combined and averaged to give final sensitivity values, from very high (> 1.5), high, moderate, low and very low (< 0.50). 
The study found sensitive areas tend to be characterised by shallow watertable, areas that were isolated from surface flow (thereby increasing the importance of groundwater) and groundwater recharge areas.
The Queensland Department of Environment & Heritage Protection (nd) suggest the likelihood of impacts (i.e. pathways) arising on groundwater assets will be influenced by:
•	the level of development
•	the drawdown in the source aquifer of individual springs
•	the degree of aquifer connectivity
•	the potentiometric surface at individual springs.
Queensland Department of Natural Resources and Mines (2013) state aquifers are pathways for impacts. The study in the Surat and Bowen Basins in Queensland examined how hydrogeological properties (e.g. storativity, and transmissivity) influences the aquifer’s intrinsic vulnerability. Worley Parsons (2013) identify that flow of water in a groundwater system (aquifers and aquitards) is determined by two processes: hydraulic conductivity and hydraulic diffusivity. Hydraulic diffusivity determines the rate the pressure effects travels through the overlying aquifers, and laterally along the aquifer/coal seam.
Frogtech (2009) identify two groups of specific pathway assessment factors: 
•	Inter-aquifer connectivity — faults, fractures, and over- and under-lying gas shales (sources). Moran and Vink (2010) emphasise these must be accounted for in the models, or at least signalled as areas of concern.
•	Risk assessments should consider the hydrogeological conditions of permeability, porosity and groundwater quality and flow direction. DOE (2013) also identify that aquifer pressure and pressure relationships between aquifers; watertable and potentiometric surface levels; groundwater-surface interactions may warrant consideration.
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The Australian Office of Water (2014) outlines two types of monitoring to be undertaken by proponents in relation to understanding potential pathways and water-related risks from other onshore extractive industries (petroleum and mining). They are:
Aquifer testing to understand hydraulic features and interaction with other aquifers and surface assets. This can minimise the need to ‘calibrate’ models and improves reliability of results and may include: pumping drawdown and recovery tests, slug tests, packer tests and laboratory core testing. Testing over longer periods through pump tests can help to elicit pathways to overlying surface water and alluvial systems, in parallel with a study of surface water chemistry. 
Hydrogeochemical analysis (e.g. environmental isotopes) can be sampled to improve understanding of aquifer recharge and discharge processes, aquifer interconnectivity, groundwater-surface water interaction and groundwater dependent ecosystems, as well as specific consideration given to groundwater dependent ecosystem monitoring
Proponents are directed to estimate the likely water take from an aquifer or connected water surface over the duration of the project. The following guidance is also taken from the Office of Water and provides an indication of what conceptual models should consider:
•	the location, timing, volume and method of take and use of water (and the prospective future take and use of water) by the proponent and other users of water sharing the resource
•	the potential to base the conceptualisation on existing geological models presumably developed for the resource investigation phase
•	detailed cross sections or three-dimensional block diagrams showing stratigraphy, major aquifers, aquitards, flow paths and groundwater levels
•	groundwater level contour maps
•	time-series groundwater level and stream gauge data
•	groundwater and surface water quality data
•	aquifer characteristics including porosity, hydraulic conductivity, storativity and transmissivity
•	groundwater age, residence time, recharge and discharge processes
•	topographic and geomorphic information including stream locations and bed elevations.
Approaches to assess source -pathways - receptor vary considerably according to Daly and Warren (1998). Daly and Warren note there is considerable variability in models in terms of the number of vulnerability categories that are identified and the scale of spatial representation that is used (from less than 1:10 000 to in excess of 1:500 000). 
Studies may seek to model pathways for a range of hazards or concentrate on individual potential impacts, such as contamination. Myers (2012) conceptualise potential natural pathways and necessary conditions for water contamination from shale gas developments and proposes several potential transport scenarios based on hydrogeological conditions in the Marcellus shale. He tests potential impacts (transport times under different conditions and the time taken for the system to revert to steady-state) by varying scenarios according to whether there are individual or multiple gas developments, and whether or not there is in-situ fractures and potential connectivity. He notes limited data availability constrains the application of certain modelling tools, concluding that mapping of subsurface faults and establishing deep and shallow monitoring wells are two key requirements prior to significant resource development occurring (further details about the study are provided in 0).
The benefits and limitations of a number of commonly used groundwater solute transport models to understand potential pathways is provided Worley Parsons for the Queensland Department of Natural Resources & Mines (2013) in the context of coal seam gas in the Surat and Southern Bowen Basins. A fuller assessment of the components they consider and approaches used to classify risk to water resources are outlined in 0. Two drawbacks that are identified about groundwater solute transport models are:
•	They all focus on risk of contamination to water sources where an impact is occurring at the surface and may travel horizontally or vertically through the system, whereas in coal seam gas production  hazards can arise at considerable depths below the surface, and spread outwards from the source with the potential to eventually manifest themselves as impacts to groundwater resources. 
	Most are static (or point-in time) and typically do not fully factor in groundwater process or geological/hydrological pathways. 
The alternative hybrid technique put forward in the study (the ‘Groundwater model and multi criteria analysis methodology) was established by consensus between a technical reference group of experts. It combines overlay methods used in multi-criteria analysis (similar to the methodologies above) with process-based (quantitative) information drawn directly from groundwater modelling conducted by Queensland Water Commission. Source, pathway and receptor attributes are selected for the specific basin study area in terms of risks to groundwater systems, and then overlaid by different vulnerability and consequence measures. These are ranked according to asset properties and weighed to inform the relative importance to overall calculation.
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To understand the significance of a predicted or observed impact, thresholds are required to be defined. For this section specific quantifiable criteria and the rationale for their use were sought wherever possible. The measures used to set level of unacceptable impact tend to be changes in water quantity/quality or deviation from an accepted norm (taking into account natural factors such as seasonal variability). There does not appear to be a difference in the thresholds used for project and policy risk assessments. 
A common recommendation across government reports and within the academic literature is that more rigorous catchment-level risk assessment frameworks are required to inform future onshore gas development, and that key to this is the sharing of information between proponents and regulators. 
In Queensland’s Department of Environment and Heritage Protection, the Department administers quantitative thresholds for protection of water assets under the Water Act 2000. Specific quantitative thresholds are set for coal seam gas project-related water declines in bores and reduced aquifer levels feeding natural springs. They are:
•	If the projected decline from a bore exceeds the minimum threshold of a 5m reduction in water level for consolidated aquifers (e.g. sandstone) or a 2m reduction in water level for unconsolidated aquifers (i.e. shallow alluvial aquifers), then further investigation is required. If coal seam gas activities are determined to be responsible, then the Proponent is responsible for ‘making good’ the impact.
	For springs, a spring impact management strategy is required to determine potentially affected springs, investigate risks and develop a management strategy to address these if the water level in the aquifer is expected to decline by more than the spring trigger threshold of 0.2 metres in the source aquifer (unless otherwise defined) at the location of the spring (EHP, n.d.).  
The New South Wales Aquifer Interference Policy (2012) establishes quantitative thresholds for watertable and groundwater pressure, drawdown and groundwater and surface water quality changes in relation to highly productive and less productive groundwater sources. The thresholds have due regard to the geology of the water source (e.g. alluvial, coastal sands, porous rock, fractured rock). Refer to Appendix AF for tables listing these.
The Australian Council of Learned Academies Shale Gas report[footnoteRef:5] (2012) suggests thresholds for cumulative impacts at a catchment scale could be the use of groundwater extraction for shale gas as a proportion of total groundwater extraction and the proportion of shale gas water that contributes to surface water flow to nationally important wetlands.  [5:  Ecological Australia (2012) Shale Gas Development in Australia: Potential Impacts and Risks to Ecological Systems. Final report prepared for the Australian Council of Learned Academies (ACOLA). January 2013.] 

The National Water Quality Management Strategy has published Guidelines for Drinking Water and Fresh and Marine Water Quality in Australia. These guidelines may be used for both project and policy risk assessments. The guidelines define several beneficial use or environmental values categories:  aquatic ecosystems, drinking water; cultural and spiritual values; primary industries (including agriculture and general water uses, stock drinking water, aquaculture); recreation and aesthetics and industrial water. All of these, except industry and cultural/spiritual values have water quality guidelines based on numerical concentration limit or a narrative statement recommended to ensure the designated use is protected. 
In Victoria groundwater protection legislation defines groundwater categories according to beneficial use and water quality criteria (SEPP, 1997). The concentration of Total Dissolved Solids (an indicator of salinity measured in mg/L) is used. Further information on beneficial uses and values is provided in Appendix F. 
Exceedance of environmental values set out in the Water Quality Guidelines (ARMCANZ and  ANZECC 2000) indicate potential for impact can be categorised as ‘slightly to moderately disturbed’; ‘highly disturbed ecosystems’ and ‘high conservation/ecological value ecosystems’. Water Quality Guidelines (ARMCANZ and  ANZECC 2000) also recommend biological indicators should be used to complement the use of chemical indicators. 
Guidance is available to help determine:
•	acceptable level of change against relative condition categories of the ecosystem
	applicability of different biotic taxa as indicators of aquatic ecosystem health (e.g. physical and chemical stress such as nutrients, dissolved oxygen, salinity, temperature, pH, optical properties and environmental flows).
Default trigger values are provided if locally-derived thresholds cannot be determined. The Commonwealth Department of Environment (2013) states that where no local/regional quality objectives exist, thresholds should be set in accordance with guidelines under National Water Quality Management Strategy and in consultation with the local water authority.
The Guidelines provide information on good-practice for conducting toxicology studies. Guidance is provided about factors affecting individual element toxicity and the level of confidence that can be derived depending on data used. 
Setting triggers for further assessment is one of the recommendations in relation to risk from chemical constituents of fracking fluids by Ewen et al (2012)[footnoteRef:6]. Under the proposed system, a substance can be identified as hazardous by one of three forms of assessment: [6:  Study conducted in the context of Germany, with EU and national legislation governing chemical use.] 

Classification by the European Union’s Regulation on Classification, Labelling and Packaging of Substances and Mixtures
Failure to meet Germany’s drinking water regulation requirements (limit of 0.1 µg/l of organic biocides)
Determine the hazard quotient which represents the ratio of potential exposure to the substance and the level at which no negative consequences are anticipated. If the hazard quotient value is greater than 1, adverse health effects are possible.
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Risk controls are the part of risk management that involves the provision of policies, standards and procedures that describe measures, techniques and practices to eliminate, avoid or minimise adverse risks. A standard control is a standard accepted onshore natural gas industry practice for addressing a potential impact on a sensitive receptor. Industry recognised and endorsed procedures, guidelines and methodologies may exist for a standard control. 
The literature review found no distinct difference between the types of standard controls applied in a risk assessment to inform government policy and a risk assessment used to assess licence/work plan application.
There are many different types of standard controls that are adopted. The literature reviewed shows many jurisdictions are seeking to regulate aspects of onshore natural gas development activities through existing permitting regimes, and setting triggers under which proponents must conduct further monitoring and management (CRS, 2014)[footnoteRef:7].  [7:  http://fas.org/sgp/crs/misc/R43148.pdf] 

For the purpose of this discussion standard controls have been broadly categorised as operational controls, land use planning controls, and monitoring controls and are discussed below.
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Operational controls
Several sources consulted provide an overview of the legislative measures to minimise risk associated with onshore natural gas developments in the United States, Europe and Australia. For example Anderson et al (2013) classify the options available to minimise or offset impacts from onshore natural gas into strategic land use planning, codes of practice, managed aquifer recharge, ‘make-good’ arrangements, security bonds, improved technologies and research methods, groundwater remediation. 
Well integrity, wastewater management and regulating chemical compounds used in hydraulic fracturing are the onshore natural gas hazards commonly targeted by mandatory regulation or best practice guidance for proposed projects that could impact on water resources across the UK, US and Australia. 
In the United Kingdom, the Environment Agency (2011) requires any activity that proposes discharges to groundwater to produce management options such as enhancing the engineering measures or tightening operational and aftercare controls. The UK Onshore Operators Group (UKOOG) has produced Shale Gas Well Guidelines which sets out what proponents must comply with under various regulations and permitting systems. This includes legislation relating to well construction and design (to be informed by assessment of geological conditions), well control equipment, availability of competent personnel and the proponent making provision for independent well examinations.
In the United States, Worldwatch (2010) finds many state regulators often require compliance against standards set by the American Petroleum Institute (API, 2009) or other organizations which develop and update standards on recommended practice for oil and gas exploration and production activities. These include the API’s Hydraulic Fracturing Operations — Well Construction and Integrity Guidelines (HF1), Water Management Associated with Hydraulic Fracturing (HF2), and Practices for Mitigating Surface Impacts Associated with Hydraulic Fracturing (HF3).
The Commonwealth Government’s National Harmonised Framework for Coal Seam Gas (2012) has produced a list of 18 leading practices which can help to reduce risks associated with well integrity, hydraulic fracturing, chemical use and water management in coal seam gas operations. Further detail on these is provided in Appendix F.
The Queensland Department of Environment & Heritage Protection[footnoteRef:8] requires applicants to develop management criteria to ensure quantity and quality of co-produced water at critical control points:  injection to aquifers, storage of produced water, transmission through pipelines, treatment of coal seam gas water and water quality acceptance criteria, beneficial use and management of produced waste. Queensland also has a Code of Practice for Constructing and Abandoning Coal Seam Gas Wells (DEEDI, 2011). [8:  https://www.ehp.qld.gov.au/management/non-mining/documents/coal seam gas-water-measurable-criteria.pdf] 

New South Wales Trade & Investment (2012)[footnoteRef:9] references good industry practice and relevant standards and specifications to be complied with, in respect of human and technological-based controls. Well integrity is the focus of one of two New South Wales Division of Resources and Energy Codes of Practice for coal seam gas, along with guidance to proponents on hydraulic fracturing. Coal seam gas titleholders are required to comply with both NSW Codes to assure coal seam gas activities are compliant with the Petroleum (Onshore) Act 1991. [9:  https://www.nsw.gov.au/sites/default/files/coal seam gas-wellintegrity_sd_v01.pdf] 

AEA provide suggested or existing technology-based controls in United States jurisdictions relating to permanent well abandonment (minimum depth of cement for plugging), storage of waste-water and extent of production casing. The rationale used to determine these specific values is not provided.


DNV (2013) provides guidance to proponents around preventative risk management practices for shale gas development and operations. For instance, in order to avoid possible groundwater contamination from induced fractures, the operator should estimate:
•	the minimum required vertical separation between the deepest groundwater formation boundary and the shallowest edge of induced fracture
•	the minimum required distance between the wellbore above the prospective shale gas formation and the nearest edge of an induced fracture
•	the minimum required distance between the outermost edge of an induced fracture and any nearby wellbore
•	the minimum required distance between any identified pre-existing faults or fractures to the nearest edge of an induced fracture.
Risk management is often conceived as a hierarchy, with emphasis on minimising opportunity for hazards to arise (e.g. through timing or spacing of certain activities), providing mitigation appropriate to the hazard profile, and offsetting any remaining impacts. A common tool to minimise manageable risks is through operation-based regulations or referring proponents to best-practice codes or guidelines. These are to be regularly reviewed on the basis of the “As Low as Reasonably Practical” principle. Offshore oil and gas regulations are consistent with this regulatory approach.
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The National Conference of State Legislatures (2012) provides a broad overview of state-based legislative measures to minimise risk of impact to water quality across the United State[footnoteRef:10]. These include setbacks or location restrictions to create buffers between drilling and public drinking water resources. Specific distances and criteria are not specified. [10:  http://www.ncsl.org/documents/energy/frackingguide_060512.pdf] 

The New York Department of Environment and Conservation has banned unconventional gas development in the New York City and Syracuse watersheds (with suitable buffer areas), public water supplies, primary aquifers and certain state lands. Further controls (e.g. restrictions and setbacks) are recommended to restrict development in areas close to public water supplies, principal aquifers and other sensitive assets. Details are provided in Table AE1. 
New South Wales similarly defined coal seam gas exclusion zones as part of their Strategic Regional Land Use Policy late last year focused on existing residential areas, which were updated earlier this year in relation to future growth areas and key industry clusters. In New South Wales coal seam gas development proposals on strategic agricultural land need to be assessed by a gateway panel before they are lodged. Gateway assessments are conducted by an independent panel of scientific experts and provide an additional level of scrutiny of a proposal’s land and water impacts, including consideration of potential effects of the proposal on aquifers against the Aquifer Interference Policy.
Examples of specific buffer zone distances from private wells, surface watercourse, and drinking water supplies that are proposed or recommended by authorities and natural resource management agencies in the United States are summarised by a report prepared for the for the European Commission by AEA (2012). Also collated by the AEA is the minimum depth or minimum separation between strata required for hydraulic fracturing to take place. These measures are recommended or mandated across different States, however the rationale used to determine these specific values was not provided.
[bookmark: _Toc420572668]Monitoring controls
The Queensland Water and Other Legislation Amendment Bill 2011 makes a range of changes to the Water Act 2000. In addition to an obligation on coal seam gas companies to enter into formal arrangement with landholders to ‘make good’ any impairment on landholder’s bores prior to these impacts actually occurring, it also mandates the “production of underground water impact” reports at no more than three yearly intervals. This is firmly based on adaptive management, as proponents are required to review monitoring results, produce predicted water level impacts using progressively updated groundwater flow models, write up a spring impact management strategy, and provide an updated water monitoring strategy. 
Well integrity inspections are another feature of the United Kingdom regulatory framework designed to minimise risks and ensure construction is in accordance with standards (HSE, nd).
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The potential consequence (adverse impact) of the risk identified occurring with standard controls in place should be assessed. Consequence (adverse) can typically range from critical through to negligible. The criteria used to determine potential impact can often be subjective and contentious.
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The Commonwealth of Australian Government’s National Partnership Agreement defines qualitatively what significant direct and indirect impacts on water assets and water-dependent would be. Some of these – ecological impacts, coastal and inland processes, heavy metal accumulation and water availability – are outside the scope of the risk assessment framework. The pertinent impacts are provided below and the full list is available in 0:
•	result in substantial change in the quantity, quality or flow regimes of surface water or groundwater
•	substantially alter groundwater pressure and/or watertable levels
The literature review did not identify any unique consequence -rating criteria applied to determine consequences used to specifically inform a government policy decision. The IESC (2014) provides consequence tables which vary in complexity depending on whether consequence (and likelihoods) can be defined in quantitative or qualitative terms.
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The significance of the impact on a receptor depends on the sensitivity to the impact as well as the value of the receptor.
The Department of Environment (2013)[footnoteRef:11]  provides general guidance to proponents on what level of impact may be deemed significant in terms of the hydrological characteristics of water resources. These are:  [11:  Significant Impact Guidelines] 

•	changes in water quantity.
•	modified integrity of hydrological or hydrogeological connections (including substantial structural damage e.g. large scale subsidence)
•	altered area or extent of a water resource at a sufficient scale/intensity to significantly reduce current or future use for third party users.
In New South Wales, most waterways are protected on the basis of being ‘slightly to moderately disturbed ecosystems’ and thus a significant impact is likely if the expected change in water quality exceeds this level, as contained in relevant local or regional water quality objectives. These objectives are typically the 80% to 95% ecosystem protection values listed in the Australian Water Quality Guidelines (ARMCANZ and  ANZECC 2000). Waterways which flow through relatively undisturbed national parks, World Heritage Areas or Ramsar-listed Wetlands(Matters of National Environmental Significance) benefit from more stringent thresholds and are deemed of ‘high conservation value’. 
The Aquifer Interference Policy sets out the minimum levels (level 1) of groundwater protection a proposed development must achieve for specific groundwater sources. The level of protection will differ depending on whether the asset is a ‘highly productive’ or ‘less productive’ groundwater sources. Indicative minimum impact considerations for alluvial water sources are provided below and full details are available in 0:
•	variation from watertable levels within 40m of high priority groundwater dependent ecosystems or high priority culturally significant sites
•	pressure head declines of not more than 40% of post-water sharing plan levels
•	changes in groundwater quality should not reduce beneficial use beyond 40m of the activity 
•	not contribute to more than 1% increase in salinity in highly-connected surface water at closest point to the activity.
DMITRE (2013) provide guidance on criteria used to assess level of environmental impact from under Petroleum and Geothermal Energy Act 2000. The framework is based around the concepts of manageability and predictability of a given impact:  
•	The predictability criterion is a function of size, scope, duration, likelihood/frequency and stakeholder concerns associated with potential impacts. 
•	The manageability criterion is based on the assumption of the event occurring, and is a consideration of the extent to which consequences can be avoided or minimised in terms of size, scope and duration. It too considers likelihood/frequency of the event occurring and stakeholder concerns, but additionally requires consideration and estimation of the potential for cumulative impacts. 
The level of confidence in each of these criteria, as rated on a scale of 1 to 5, are the two decisive determinants in the environmental significance matrix (see Figure A2 below). 
[image: ]
[bookmark: _Ref406754652][bookmark: _Toc419969422][bookmark: _Toc420577002]Figure A2:  Matrix to determine level of environmental significance (DMITRE, 2013).

The circumstances outlined below determine the significance scores that should be applied:
•	1 – where potential adverse consequences can be completely avoided, there are no adverse consequences or low likelihood of an event (which would lead to adverse effects) occurring. 
•	2 – where potentially adverse consequences cannot be entirely avoided, or likelihood of being realised is not low but these can be managed to occur only in the near term. 
•	3, 4 – if impacts are expected to occur over a longer period, but they can be confined to a relatively small area in relation to surrounding environment, then a significance score of 3 can be given. If this is not the case a level of 4 should be applied. A score of 4 should also be given if impacts considered to be level 1 or 2 can have cumulative impacts with other existing activities. 
•	5 – where consequences are potentially catastrophic with respect to scale or irreversibility or major concerns are raised by other stakeholders. 
The Queensland Water Commission (2012) underground water impact report for the Surat and Bowen basins, assessed and ranked risks to springs on a level of 1 to 5. The level is determined on the basis of likelihood of reduced water flows, and on the resulting impact to spring values should this eventuate. For each spring vent, a risk level between 1 (lower) and 5 (higher) were assigned on the basis of the likelihood of there being reductions in the flow of water and likely consequences on spring values if a reduction in flow was to arise. 
The Queensland Water Commission study (2012) used two criteria to assess consequence of impacts to springs. The two criteria were:
•	conservation value – the updated conservation ranking for each spring informed by the spring survey
•	proximity of the spring to the recharge area of the spring’s source aquifer, as an indicator of the ecosystem’s resilience to changes in terms of availability of water to the spring. 
Cultural heritage values were not assessed in the study. The study did also not explicitly consider all factors that could influence groundwater drawdown propagation such as faults and wellbore pathways, and focussed entirely on springs and did not consider the potential sensitivity of the aquifers and groundwater users[footnoteRef:12]. [12:  Healthy HeadWaters coal seam gas Water Feasibility Study, Activity 5 Groundwater Risks Associated With Coal Seam Gas Development in the Surat and Southern Bowen Basinshttp://www.dnrm.qld.gov.au/__data/assets/pdf_file/0020/106148/act-5-groundwater-risks-report.pdf ] 

Techniques to determine consequence
NSW DPI Office of Water (2012b) Risk assessment guidelines for groundwater dependent ecosystems provides a process to identify, evaluate and assess the consequence of impacts to groundwater dependent ecosystems which explicitly recognises the inherent interconnectedness of groundwater and surface water assets – the process is summarised in Appendix G.
Multiple attributes are used to inform the consequence of impacts to four key aquifer assets. These are water quantity, water quality, aquifer integrity and biological integrity assets. High, medium and low impacts to water quantity and quality are determined in accordance with:
· Water quantity:
Reduction or fluctuation in groundwater levels or piezometric pressure beyond seasonal variation, leading to loss of or alteration to habitat type. If permanent, high impact; if temporary, medium impact. No change to aquifer water levels or pressure is a low impact.
Reversal of base flow conditions – if permanent, high impact; if temporary reversal exceeding seasonal variation, medium impact. No change in direction of flow is a low impact.
· Water quality:
Change in chemical conditions (e.g. in pH, DO, nutrients, temperature and/ or turbidity), if permanent, high impact. If temporary, medium impact. If negligible (<5%) it is a low impact
Permanent change in location or gradient of salt/freshwater interface
Reduction in water quality for identified trigger parameters– if beyond designated Beneficial Use category it is high impact; if within designated BU category medium impact. Negligible change for identified triggers is low impact (<5%)
· Aquifer integrity: If permanent destruction of aquifer matrix through major fracturing of bedrock, stream bed leading to dewatering of groundwater dependent ecosystems, then a high impact is determined. Moderate impacts are temporary adjustment to aquifer matrix, with minor fracturing leading to partial dewatering of groundwater dependent ecosystems. Low impacts must register no change in geologic structure from the activity.
· Biological integrity:
1	> 10% reduction in number of native species within groundwater dependent communities is a high impact. 5–10% is a moderate impact and no reduction is a low impact
2	>10% change to species composition is high impact, 5–10% is moderate impact, and no change is a low impact. 
3	Risk of increasing the presence of exotic species is high if large populations of one or more species are recorded, moderate if species in small numbers are noted and low risk if no exotic species exist
4	Risk of removing or altering groundwater dependent ecosystem subtype habitat is high if there is >20% loss or change to habitat area, moderate if there is 10–20% change and low if there is no removal or alteration of habitat. 
If proponents provide ‘unknown’ against more than half of these considerations, then the risk is high until evidence can be shown to prove otherwise. 
Current measures to manage impacts to Groundwater Dependent Ecosystems largely fall under Water Management Act 2000, which provides for monitoring of impacts against change in groundwater extraction relative to extraction limit, change in climate-adjusted water levels, change in ecological condition of the aquifers and dependent ecosystems and change in water quality.
The Water Quality Guidelines (ARMCANZ and ANZECC 2000) provide guidance on performance indicators and trigger values for impacts to aquatic ecosystems in terms of physical/chemical stress. For some water quality indicators, the Water Quality Guidelines (ARMCANZ and ANZECC 2000) indicate there is a need to establish reference condition against which to measure impacts, which may be derived from on-site historic data or spatial data from reference/proximate sites. 
The UK Royal Society of Engineering (2012) recommends that all shale gas operations be subject to an Environmental Risk Assessment, which provides better opportunity to prioritise and manage risks more proportionately than Environmental Impact Assessments, which do not consider event likelihood. ERAs should assess risks across the entire lifecycle of shale gas extraction to include waste disposal and well abandonment. However, no further specific information however was given about the form of risk assessment that should be undertaken.
[bookmark: _Toc420500930][bookmark: _Toc420511185][bookmark: _Toc420572506][bookmark: _Toc420573095][bookmark: _Toc296599085][bookmark: _Toc422912499]A2.8	Likelihood
The next step in a standard risk assessment process is to evaluate qualitatively or quantitatively the probability of a hazardous event occurring. The likelihood of the consequence is typically based on the frequency of the sensitive receptor being exposed to the risk.
[bookmark: _Toc420572673]Risk assessment to inform government policy
The literature review did not identify any different techniques or criteria used to assess likelihood in the context of a risk assessment to inform government policy than those that are commonly used for project risk assessments.
[bookmark: _Toc420572674]Risk assessment to inform project-scale developments
Gormley et al (2011)[footnoteRef:13] suggest conceptualising likelihood in terms of three factors which should be addressed in risk assessments at a project level: the probability of an initiating event occurring, the probability of exposure to the hazard and probability of receptors being affected by the hazard (resilience/vulnerability). These may be assessed together or separately. [13:  Guidelines for Environmental Risk Assessment and Management, Green Leaves III] 

The Queensland Water Commission (2012) use three equally weighed criteria to assess likelihood. They involve use of predicted water pressure impacts in aquifers made using the regional groundwater flow model, the proximity of a spring to development areas, and the stratigraphic separation of a spring’s source aquifer from the prospective resource formations.
One technique for conceptualising likelihood and significance of impact is in relation to the worst case scenario. In terms of probability bounds analysis, a qualitative description of a worst case scenario for coal seam gas groundwater pumping is provided by Anderson et al (2013), and would involve: 
•	loss of the same volume of beneficial groundwater from an overlying aquifer as a result of enhanced flow along any geological pathways and/or leakage through pores and transmissive fractures or faults
•	leakage along/through coal seam gas well casing if perfect seal was not achieved, the well casing materials shrink or well construction materials break/become permeable with time
•	changes in groundwater chemistry and beneficial use due to mixing from different aquifers and aquitards
•	deterioration of groundwater quality in beneficial aquifer to the point at which quality no longer meets requirements of groundwater users/beneficial use category as set out by authorities
•	depletion of groundwater in the beneficial aquifer to a level/pressure preventing other users/uses from accessing groundwater entitlement for its intended purposes. 
Historical trends and data may be used to assess event likelihood. For instance, Gross et al (2013) reviewed data on groundwater spills from storage and production facilities at active wells, finding relatively low likelihood of spills occurring. Whilst the crude oil compounds (benzene, toluene, ethylbenzene and xylene) exceeded national drinking water standards in 18-90% of recorded instances, subsequent measures were successful in remediating impacts in 87% of cases. 
Riha and Rahm (2010) distinguish between gas drilling impacts that are deterministic, events that are certain to occur and a direct function of extent and pace of development and probabilistic, which may occur but whose occurrence and consequence is spatially and temporally unclear. Deterministic events can be foreseen, planned for and regulated, whereas probabilistic events must be inferred from historical data. 
There are several approaches to estimating likelihood that generate semi-quantitative estimates of frequency of potential impacts being realised. In relation to project-level risk assessments for the offshore oil and gas industry, ABS (2000) propose the use of event tree analysis (modelling possible outcomes of an event against the end state), which may be particularly useful where multiple controls are in place to minimise risk. Fault-tree analysis is also suggested as a means of modelling complex interactions to determine how relationships between technological failure, external events and human error can interact. Finally, human reliability analysis can be used to identify areas of potential human error, and re-evaluate high risks according to impact that an individual could have in completing the scenario. 
In the absence of historical records and given complexity of interactions between human, hydrological and geological components, the approach used by Rozell and Reaven (2012)[footnoteRef:14] may be the most useful. They apply probability bounds analysis (best and worst case scenarios) to investigate likelihood of possible water pollution in the Marcellus Shale by assessing contamination risk and epistemic uncertainty associated with five pathways: transportation spills, well casing leaks, leaks through fractured rock, drilling site surface discharge, and wastewater disposal. [14:  Water Pollution Risk Associated with Natural Gas Extraction from the Marcellus Shale] 



[bookmark: _Toc420500931][bookmark: _Toc420511186][bookmark: _Toc420572507][bookmark: _Toc420573096][bookmark: _Toc296599086][bookmark: _Toc422912500]A2.9	Risk rating
Risk estimation is the final step in a risk assessment, and is determined from the likelihood and consequences of an adverse outcome (with due regard to uncertainty) should the impact be realised. Retained risk assesses the residual impact after standard controls have been implemented.
[bookmark: _Toc420572676]Risk assessment to inform government policy
Risk rating: considerations
For the purpose of producing bioregional assessments, IESC (2014) states risk matrices and consequence tables, which may be quantitative, semi-quantitative or qualitative depending on the degree of confidence regarding likelihood and potential impacts, should consider residual impacts on the basis of likelihood of event occurrence, impact uncertainties and information from risk registers. 
Risk registers are one component of the proposed centralised Risk Management and Prediction Tool for extractive industries recommended by the NSW Chief Scientist and Engineer (2014). It would also feature a database of event histories, and previous trigger action response plans, which in addition to improving review of proposed developments for government, would help to improve the ability to predict risk likelihoods and consequences of potential impacts in risk assessments.
Criteria and techniques
The literature review identified a couple of techniques to assist with a strategic planning risk assessment risk rating approach. 
The Namoi Cumulative Risk Assessment Tool (NCRAT, Ecological Australia 2012) is a spatial tool which was developed for Namoi CMA to assess cumulative risk from mining and coal seam gas on ten natural resource assets at the strategic landscape scale. It focuses on relative risk from different development scenarios (e.g. risk level between site A and B) as opposed to absolute risk at the project level, which would need to be informed by more specific site-relevant data. 
Sensitivity classes (very low, low, moderate, high and very high) were developed using thresholds identified by Namoi Catchment Action Plan. These set out immediate impacts and input layers required and developed rules for assigning scores. For instance, three forms of spatial data underlie representation of groundwater quality: coal resource potential (which indicates development feasibility), distribution of alluvial aquifers (risk will be greater where alluvial aquifers are above coal beds) and density of agricultural bores (to proxy for water demand by agriculture). 
Sensitivity to groundwater drawdown was determined on the basis of 4 components: coal and gas potential, distribution of major groundwater aquifers in the catchment (and associated data regarding status – recovering, stable or declining - and groundwater connectivity -connected, transition, disconnected); groundwater depth data and groundwater dependent ecosystem potential.
Risk rating matrices were then developed for each type of impact – an example of which is provided in Section 2.10. The cumulative risk framework produced provides an indication of the relative risk of a scenario to the underlying asset, although it is noted that risk tables are not final and may be modified as improved data comes to hand.
Another approach to assessing vulnerability of water assets to hydrological change is provided by Wilson et al (2014) who apply the pressure-stressor-response model[footnoteRef:15] in the South Australian context. Rather than seek to identify impacts to individual assets, they develop classes based on their hydrology and potential for hydrological change. The component attributes used by Wilson et al are water source (which can be combination of surface and groundwater) and water regime (prevailing mode of flow in terms of magnitude, duration, frequency, seasonality).  [15:  Pressure being the coal seam gas activity, stressor the potential hydrological change caused by the pressure and response the change in environmental, social or economic values.] 

Table A1: Qualitative impact categories for impacts to water resource asset classes. (Source: Wilson et al, 2014.) shows they developed qualitative impact categories on a scale of ‘negligible’, ‘low’, ‘moderate’ and ‘high’ for hydrological integrity, asset resilience and time to recovery of system criteria. These were rated for each combination of asset class, activity and effect. Unknown and not applicable impact ratings were also identified.
[bookmark: _Ref406754712]Table A1: Qualitative impact categories for impacts to water resource asset classes. (Source: Wilson et al, 2014.)
	Qualitative impact categories
	Changes to hydrological integrity
	Resilience
	Time to recovery

	High
	Change in ‘state’ (i.e. different asset class)
	No return or transition back to previous hydrology or asset class 
	Permanent or non-permanent change

	Moderate
	Change to hydrology
	No return or transition back to previous hydrology
	Permanent change

	Low
	Change to hydrology
	Return to expected/previous hydrology
	Rapid

	Negligible 
	No change to hydrology 
	Return to expected/previous hydrology
	Not relevant

	N/A
	Not relevant
	Not relevant
	Not relevant

	Unknown
	Unknown
	Unknown
	Unknown



These impact ratings describe the potential change in hydrological characteristics of an asset caused by an activity and were assigned through a collaborative expert elicitation process combining knowledge from surface water hydrology, ecology of water dependent ecosystems and hydrogeology.
Considered alone, it does not represent a true risk assessment framework as it does not assess likelihood of coal seam gas and coal mining activities, values attached to water assets, acceptability or tolerability of vulnerabilities. However, it provides a starting point for considering potential scenarios of hydrological impacts based on a general asset type and coal seam gas or large coal mine activity, without factoring in local circumstances affecting vulnerability, such as asset-specific features or risk control measures that may already be in existence.
[bookmark: _Toc420572677]Risk assessment to inform project-scale developments
Risk rating criteria
The number of criteria comprising a risk assessment rating varies from study to study but impacts are usually represented using a 3 by 3 or 5 by 5 risk rating matrix. 
Moran and Vink (2010) assign processes of water recharge, discharge and redistribution from coal seam gas activities a rating of ‘no significant changes', 'minor changes' 'intermediate' and 'significant changes/local risk' based on impacts to surface and groundwater assets. Flows between components of the system were categorised into ‘significant’, ‘intermediate’ and ‘minor’ changes. 
The Alberta Ministry of Environment and Sustainable Resource Development, in Canada has developed a 3 stage, three tier risk rating tool which helps Proponents determine the level of analysis/investigation required for a licence application for oilfield injection activities (ERSD, 2006) . The three tiers, with increasingly stringent requirements for investigation are qualitatively described as:
Step 1 involves determining whether the project will likely have a minor, moderate or major consequence based on numeric and qualitative criteria for safe, secure drinking water supply (water supply effects up to x km, negligible, local or community supply constraints); healthy aquatic ecosystems (measurability of effect, in -stream flow needs, existence of cumulative effects) and reliable water supplies for a sustainable economy (degree of development pressure, competition for supply). 
Step 2 involves rating of likelihood against probability criteria which are: ‘remote’ (practically impossible, occurrence of 1 in 100 years or less) ‘unlikely’ (conceivable but very unusual, occurrence is 1-10 in 100 years) or ‘likely’ (would happen often, more than 10 occurrences in 100 years). 
Step 3 provides the risk matrix for self-assessment of retained risk and guidance on information that must be provided and measured   Proponents complete a water allocation licence application for one of three tiers, based on project scale[footnoteRef:16]. Each tier specifies management aims and what data must be collected and the measures taken to conserve and prevent excessive water use.  [16:  ERSD anticipate that around 80% of ER projects are small-scale and may be categorised as Tier 1, except in water-short and potentially-water-short areas of Alberta. These projects account for approximately 20 per cent of water use. Large-scale projects (Tier 2 or Tier 3) are expected to use around 80 per cent of non-saline water use for oilfield injection.] 

Water-short areas are determined on the basis of low natural runoff potential (‘exceptionally dry’ being less than 5mm of runoff, and ‘potentially water short’ 5-10mm of runoff), and existing human use and administrative restrictions (3 categories are identified: water-short, which are closed to most new applications). 
The report for ACOLA (2013) creates risk tables for each potential impact to ecological systems from shale gas development, assuming best practice measures are used to minimise spills, leaks and incidents and mitigate indirect impacts. In relation to surface water abstraction or drawdown of sub-surface water, it concludes there is a moderate risk of impacts to aquatic ecology based on the combined likelihood of impact occurring and consequences should this impact arise. Uncertainties are qualitatively captured on a scale of ‘high’, ‘medium’, ‘low’ based on ‘reliability’ of event likelihood and impact consequence. A description to support the rating is provided where needed. Refer to 0 for the risk tables.
[bookmark: _Toc420500932][bookmark: _Toc420511187][bookmark: _Toc420572508][bookmark: _Toc420573097][bookmark: _Toc296599087][bookmark: _Toc422912501]A2.10	Presentation of risk assessment findings
[bookmark: _Toc420572679]Risk assessment to inform government policy
Multiple sensitivity layers were developed for the Namoi Catchment Management Authority by Eco Logical Australia (2012) to inform a cumulative risk assessment of different mining scenarios on ten types of natural resource assets found in the catchment. Table shows the relative risks posed by coal seam gas, open-cut mining and long wall mining to groundwater drawdown and quality at different locations in the Namoi catchment. 
Owing to the study’s scope which assessed risks to both terrestrial and aquatic ecosystems, the risk assessment is focused on the potential footprint of mining (area requiring clearing) relative to catchment area. 
[bookmark: _Ref406754846]Table A2: Risk matrix showing sensitivity of water assets at different scales of coal seam gas, Long-Wall Mining and Open-Cut Mining Development. (Source: Eco Logical Australia, 2012.)
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As shown in Figure A3 the relative risk water assets from different development scenarios is assessed to be greatest from large-scale coal seam gas development owing to the proximity to groundwater resources and the volume of co-produced water generated. Similar conclusions were drawn for sensitivity of groundwater quality to coal seam gas development, as shown in the top right diagram of Figure A3, due to the fact that coal seam gas has a relatively greater concentration of wells and holding ponds than open-cut or long-wall mining. This finding is relevant to considering relative risks from onshore unconventional gas to conventional gas development, which typically will involve gas extraction from a single rather than multiple wells. 
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[bookmark: _Ref406754895][bookmark: _Toc419969423][bookmark: _Toc420577003]Figure A3: Sensitivity to Groundwater Drawdown under Coal Seam Gas, Open Cut Mining and Long Wall Mining Development. (Source: Eco Logical Australia, 2012.)

In Western Maryland, the Marcellus Shale Safe Drilling Initiative was designed to inform policymakers and regulators to determine whether and under what circumstances gas production can proceed without presenting unacceptable health and safety and environmental risks. 
A qualitative risk assessment for unconventional gas well development was conducted by technical teams who reviewed available literature and identified potential risks across well lifecycle from site identification to abandonment/reclamation. Risks were assigned to categories, two relevant to this literature review being “potential impacts to surface and ground waters” and “water withdrawal”.
The risk assessment was based on two development scenarios: 25% extraction and 75% extraction levels of available natural gas resource. Table A3 below shows the assumptions underlying these scenarios. 
[bookmark: _Ref406754976]Table A3: Development scenario assumptions. (Source: Maryland Department of Environment, 2014.)
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Risk impacts included direct and indirect impacts to human, community, ecological and recreation receivers. The likelihood (low, medium or high) and consequence (minor, moderate or serious) evaluated and combined to inform an assessment of a low, moderate or high risk rating for each risk (see Table).

[bookmark: _Ref406755029]Table A4: Risk ranking matrix. (Source: Maryland Department of Environment, 2014.)
[image: ]
The risk assessment assigns a rating to each risk category by phase of well development (e.g. water withdrawal for drilling, water withdrawal for hydraulic fracturing), based on assumptions around the scale of development and ability of current regulatory framework to manage development. 
However, it is not geographically-focused i.e. does not seek to evaluate risks under different hydrogeological conditions or to specific groundwater assets. 
In Alberta, the Ministry of Environment and Sustainable Resource Development (ERSD) uses a qualitative 
3 by 3 risk matrix (Table A5) as the basis for its guidelines around information which must be provided to support a Licence Application for oilfield injection. It instructs proponents to plot qualitative impacts (on a scale of minor, moderate and major) and probability ratings (remote, unlikely, likely) to determine the Tier level and corresponding technical, economic and net environmental effects which proponents must be characterised for the project.

[bookmark: _Ref406755091]Table A5: Risk-based tier selection: determining the appropriate Tier Level. (Source: ERSD, 2006.)
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Table A6 and Table A6 provide high-level guidance to determine probability and impact and inform the selection of the appropriate tier level.
[bookmark: _Ref406755159]Table A6: Risk-based tier selection: scale of impact against ‘Water for Life’ goals. (Source ERSD, 2006.)
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Table A7: Risk-based tier selection: determining probability of impacts. (Source: ERSD, 2006.)
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[bookmark: _Toc420500933][bookmark: _Toc420511188]

[bookmark: _Toc420572509][bookmark: _Toc420573098][bookmark: _Toc296599088][bookmark: _Toc422912502]A3	Implications for the design of QQRA
There is no fit-for-purpose risk assessment methodology that is suited to analysing risks at a policy-making/strategic land use level to water resources from unconventional onshore gas developments. 
Many jurisdictions use their existing regulation frameworks to manage risks from onshore gas development including water supply requirements, discharges to environment and well integrity. 
Land use planning around onshore gas appears to be based on a precautionary approach to risk, given there is still considerable uncertainty around precise pathways for cause and effect. As pathways are highly site specific it is difficult to generalise likelihood of impacts across larger areas. Consequently, several regulators at both state and national level have delineated exclusion zones around pre-existing determinations of sensitive assets. For instance, New South Wales share the New York State Department of Environmental Conservation’s concern regarding protecting drinking water from principal and primary aquifers. However there are a number of studies and research programs to improve understanding and frameworks to manage impacts associated with onshore gas development e.g. Bioregional Assessments, Cumulative Management Areas (Queensland). 
Components of project risk assessments are often transferable to assessing risk at a strategic level. This is particularly the case when considering the scale of unconventional gas developments in comparison to traditional conventional gas. Conventional gas typically involves relatively few wells, whereas unconventional gas, in particular coal seam gas involves many wells, sometimes 1,000s of wells over large areas. This blurs the distinction between project and regional scale assessments. In light of this, through the National Harmonised Framework the Federal Government requires that proponents assess cumulative impacts from other gas developments and/or different existing/potential land uses.
Common elements and differences between the two scales of risk assessments are discussed below.
[bookmark: _Toc420500934][bookmark: _Toc420511189][bookmark: _Toc420572510][bookmark: _Toc420573099][bookmark: _Toc296599089][bookmark: _Toc422912503]A3.1	Common elements
Common to all risk assessment methodologies at either a project or hypothetical level is the characterisation of the existing hydrogeological conceptual model and establishing a baseline from which to assess potential impacts and identifying sensitive receptors (water resources and water-dependent assets). There is scope to integrate data from asset registers/natural resource management authorities (IESC, 2013). 
Whilst numerical modelling is typically carried out for project level risk assessments, lack of sufficient data at a regional level to support strategic planning risk assessments means conceptual models and qualitative or semi-quantitative criteria are often adopted until better information becomes available. The exception to this is Queensland, where the Office of Groundwater Impact Assessment has commissioned numerical modelling of the cumulative management areas to understand predicted impacts across the region to inform government policy.
Another common element is the principle of hazard identification (i.e. the source-pathway-receptor). However hazard identification at a strategic planning scale will invariably have to make assumptions around onshore gas development in order to infer potential impacts (e.g. location, extent). This introduces an added dimension of uncertainty which needs to be factored into risk ratings or made clear in the limitations and assumptions section of a report. 
In terms of understanding potential hydrogeological pathways, at both the project scale and the regional scale they are often described conceptually as there is rarely sufficient information to identify to describe them more in more detail and specifically. 
Thresholds for significant impact are similar between project-based and strategic land-use planning risk assessments, and will depend on whether individual or cumulative impacts are being factored into consequence ratings. 
The criteria used to identify water resources and water-dependent assets – typically value and sensitivity - are relevant to risk assessments for both actual and hypothetical developments. Arguably there has been greater focus on assessing sensitivity than value. At a strategic planning level, the scale and number of receptors involved means it may be necessary to group receptors into ‘asset classes’ according to common characteristics and pathways through which they could experience adverse impacts.
[bookmark: _Toc420500935][bookmark: _Toc420511190][bookmark: _Toc420572511][bookmark: _Toc420573100][bookmark: _Toc296599090][bookmark: _Toc422912504]A3.2	Key differences
There are a couple of differences between project scale and strategic planning scale such as the project scale risk assessment will be required to consider potential impacts on a broader range of assets (terrestrial ecosystems, local communities etc.) as required under existing regulatory frameworks. 
Also assessment of likelihood differs between hypothetical onshore gas development and actual proposed activity-based risk assessments. Likelihood at strategic planning level relates to the understanding of direct and indirect impacts between source and receptor. Likelihood for particular development would consider this, but also take into account project-specific considerations (control standards used, confidence around numerical modelling, expected development lifespan, current state of development) 
In terms of risk identification considerations, hazards will vary according to the type of gas; the key risk for coal seam gas development relates more to depressurisation although hydraulic fracturing can be an issue in some cases. For developments targeting tight and shale gas the risks will primarily relate to potential impacts from hydraulic fracturing. 
Strategic level risk assessments will have to give due regard to key differences in typical characteristics of different gas types (notably depth and permeability of overlying layers) and this will determine pathways by which potential impacts on water assets are realised. However, this is just one side of the equation and the characteristics of sensitive assets (confined/unconfined aquifers, perennial/ephemeral streams) will also have to be taken into consideration to determine likelihood of potential impacts being realised. 
Thresholds could be alike between tight, shale and coal seam gas if they are outcome-focused, i.e. linked to changes in the quantity/quality of the water asset assessed, rather than the level or type of activity. 
Risk rating is based on likelihood and consequence. As described above, pathways will determine likelihood of impacts at a strategic land use planning level so criteria used may differ between gas resources. However consequence is linked to potential for significant adverse effect on the receptor and criteria used is based on the threshold level of impact, which is common to the different types of gas that are targeted.
[bookmark: _Toc420500936][bookmark: _Toc420511191][bookmark: _Toc420572512][bookmark: _Toc420573101][bookmark: _Toc296599091][bookmark: _Toc422912505]A3.3	Key conclusions
Individual jurisdictions are managing risks associated with onshore gas development differently as indicated by the following examples. 
ERCB in Alberta (Canada) has developed generic risk profiles (geographic, geologic, temporal properties such as source rock, migration pathways, timing, trapping mechanisms and hydrocarbon type) and standard resource plays to inform if proposed development is likely to be a low, medium or high risk.
Queensland have used a regional numerical model to predict impacts within the defined Cumulative Impact Area. Even though threshold criteria have been defined, these are being challenged as further technical work is undertaken.
NSW has recently released the NSW Gas Plan which outlines the key actions already implemented such as the Strategic Regional Land Use Policy, the Aquifer Interference Policy and codes of practice for well integrity and hydraulic fracturing. The majority of other actions outlined in the plan are directed and reducing the number of exploration licences and ensuring the community benefits from gas development.
South Australia released a Roadmap for Unconventional Gas Projects in South Australia in late 2012. Five working groups were established in 2013, one is focused on pooling together water use forecasts for basin wide modelling in Cooper-Eromanga basin as an initial step towards life-cycle catchment planning (DMITRE, 2014). Groundwater assessment projects have also been conducted in Arckaringa and Pedirka basins (Wohling et al, 2013), owing to significant potential for large-scale mining or coal-seam gas development, the findings will be to inform further resource characterisation and testing.
Western Australia, the EPA is assessing hydraulic fracturing for shale and tight gas projects on a case-by-case basis as for petroleum and mining to date. Government agencies will in parallel periodically review and refine the regulatory framework, for instance the Department of Mines and Petroleum is revising regulations for well design and operation and the Department of Water is reviewing current water legislation (DMP, 2014).
In terms of approaches to risk assessments, the key conclusions from the literature review are outlined below:
•	The literature review found many jurisdictions are seeking to enhance understanding of risks and define under what conditions or in what areas onshore gas developments may be considered.
•	5  5 consequence and likelihood criteria and risk rating scales require detailed data and/or extensive quantitative/numerical modelling and project specific risk assessments which treat consequence (direct, indirect, financial and non-financial etc) and likelihood (probability, historical instances of failure) differently  (DMITRE, 2013)
•	Two most common ways by which water resources are commonly identified are the vulnerability/sensitivity of the resource (physical characteristics) to potential impacts and the value of the water asset.
Risk assessments used to answer/inform strategic planning and policy questions typically involve cumulative impacts and the most similar approach to this project is the Namoi CMA (Eco Logical Australia 2012). Key components of the approach in the Namoi catchment are:
•	spatial tool to assess cumulative risk from mining and coal seam gas on ten natural resource assets at strategic landscape scale.
•	focuses on relative risk between site A and B, not absolute risk
•	five classes of sensitivity (VL, L, M, H, VH)
•	sensitivity was determined by:
–	coal and gas potential
–	distributions of major groundwater aquifers in catchment and connectivity
–	groundwater level data
–	groundwater dependent ecosystems potential
–	qualitative risk matrices developed for each aquifer.
The proposed approach for the QQRA has not been implemented at a regional scale anywhere in the world where all the components of the risk assessment framework (consequence, likelihood and hence risk) can be assessed qualitatively and semi-quantitatively using existing information and eventually quantitatively as more accurate information becomes available.
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The literature review has been guided by the scope of the QQRA, as such the following hazards, receptors and impacts identified in Figure AA1 below have not been the primary focus for analysis. 
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Quantitative Risk Assessment (QQRA) Framework.
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The distinction drawn between conventional and unconventional gas is linked to the cost, difficulty and techniques required to extract the resource. Table AC1.
Table AC1: Characteristics of Unconventional Gas Resources.
	
	Coal seam gas	
	Shale gas
	Tight gas

	Source and reservoir rocks 
	Low rank Coal  both the source and the reservoir
	Low permeability fine grained sedimentary rocks constitute both the source and the reservoir
	Various source rocks have generated gas that has migrated into low permeability sandstone and limestone reservoirs

	Depth
	Shallower
300-1000 m
	Deeper 
1000–2000+ m[footnoteRef:19] 
2000–4000 m[footnoteRef:20] [19:  Barrett et al  (2013)]  [20:  ACOLA (2013)] 

	In excess of 1000 m

	Permeability 
	Lower flow rate (permeability) than conventional gas, higher density of wells required to develop a resource[footnoteRef:21] [21:  http://www.parliament.vic.gov.au/publications/research-papers/8927-unconventional-gas-coal-seam-gas-shale-gas-and-tight-gas] 

	Harder than coal, very low permeability
	Very low permeability 

	Hydraulic fracturing
	Whether or not fracking is required is dependent on the nature and depth of the coals. Not needed for shallow brown coal
	Most often required to increase the permeability. High pressure required ( due to depth of rock, strength of shale) 

	Extraction technology
	Vertical or directional wells; if required,generally low numbers of fracks per well
Dewatering of coals an essential feature of most coal seam gas developments.
Gas is adsorbed onto the coal
	High volume/pressure hydraulic fracturing required and directional or horizontal wells are usually necessary
Wells may need to be fracked multiple times. 
Shales have diverse reservoir properties, and a wide array of drilling, completion, and development practices may be applied to exploit them[footnoteRef:22] [22:  Energy Resources Division Department for Manufacturing, Innovation, Trade, Resources and Energy (2012) First draft: Roadmap for Unconventional Gas Projects in South Australia http://www.petroleum.pir.sa.gov.au/__data/assets/pdf_file/0006/170889/Combined_doc_19_April.pdf] 

In the US almost all shale gas is extracted from horizontal wells and vertical induced fractures. In Australia the stress field is often compressive, and fracking in vertical wells may be necessary.[footnoteRef:23] [23:  Cook, P.J. (2003) Life Cycle of Coal Seam Gas Projects: Technologies and Potential Impacts Report for the New South Wales Office of the Chief 
Scientist and Engineer http://www.chiefscientist.nsw.gov.au/__data/assets/pdf_file/0010/31321/Life-Cycle-of-Coal-Seam-Gas-Report_FINAL_PJC.pdf] 

	Large scale hydraulic fracturing treatments. required and horizontal wells may be necessary.[footnoteRef:24]  [24:  http://www.petroleum.pir.sa.gov.au/__data/assets/pdf_file/0006/170889/Combined_doc_19_April.pdf] 

Hydraulic fracture stimulation (single or multi-stage) is necessary to produce from tight gas reservoirs via vertical, slanted and horizontal wells[footnoteRef:25].  [25:  Energy Resources Division Department for Manufacturing, Innovation, Trade, Resources and Energy (2012) First draft: Roadmap for Unconventional Gas Projects in South Australia] 


	Water usage
	If hydraulic fracturing is necessary, some water would be required for the fracturing process.
	Large volumes of water are required for hydraulic fracturing
Estimates of water requirements vary depending on rock formation, the number of stages that are fractured, whether vertical or horizontal wells are drilled and also between operators. Additionally, much of the water is or can be recycled water.
Indicative figures from Nicot and Scanlon (2012) of water use for shale-gas production in 3 major plays in Texas, the major shale gas producer in the US:
– Eagle Ford Shale: 4.3 m gallons (1040 wells)
– Barnett Shale:  2.8 m gallons (15 000 wells in mid 2011)
– Haynesville Shale: 5.7 m gallons (390 wells)
Note: Figures are based on well completion data.

	Co-produced Water
	Water must be pumped from seams to reduce reservoir pressure and allow gas to flow.
Dewatering may produce significant volumes, although highly variable according to stage of gas extraction. 
	Low volumes of produced water, insignificant in many cases,  than coal seam gas



Adapted from Cook (2003), Barrett et al. (2013)
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Methods of assessing groundwater attributes

[bookmark: _Toc296600026][bookmark: _Toc420511301][bookmark: _Toc420573200]Table AD1: Groundwater assessment methods. (Source: Anderson et al 2011.)
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Groundwater vulnerability assessment models
The following methodologies have been developed in the European and US contexts of minimising contamination risks to sensitive groundwater systems and in some cases as a basis for defining spatial controls (zoning) for land use development. 
GOD (measuring Groundwater occurrence (including recharge), Overlying lithology rating, and Depth to water rating (Foster, 1987) was one of the earliest indexing methods developed in the UK context. Key components are: ground A result of less than 0.3 is low, 0.3-0.5 moderate, 0.5 high and >0.7 extreme. 
DRASTIC is a methodology developed by the US EPA and has been more widely used. It comprises 7 parameters: Depth to groundwater, net recharge, aquifer media, soil media, topography, influence of the vadose zone media, and hydraulic conductivity of the aquifer (Aller et al., 1987). Van Stempvoort et al note there is some overlap between certain criteria. Weights are assigned to each parameter on a scale of 1 to 5 – with depth to water the greatest significance (5) and topography the least (1). 
The AVI (Aquifer Vulnerability Index)[footnoteRef:26] implicitly considers parameters used by DRASTIC (with the exception of topography and aquifer media). It seeks to estimate hydraulic resistance of aquitards to vertical flow using water well records, according to two parameters: thickness of sedimentary layers (gravel, sand, fractured till clay or shale at 0-5m; 5-10m and >10m from surface, massive till,  mixed sand-silt-clay, massive clay or shale) above the shallowest aquifer and b) judge the hydraulic conductivity of each layer.
Regions are then contoured according to relative level of hydraulic resistance (isovulnerability) on a scale of 1 to 5  (extremely low, low, moderate, high and extremely high)  which can be understood in terms of what the minimum thickness a particular layer must be to have a” less than extremely high vulnerability to impacts”. [26:  Stempvoort et al (1993) Aquifer Vulnerability Index: A GIS-Compatible  Method for Groundwater Vulnerability Mapping, Canadian Water Resources Journal, 18 (1) ] 

Van Stempvoort et al suggest these can be used to help and thus delineate groundwater protection zones or be used for screening potential land uses. However they also recognise certain limitations: exclusion of aquifer media from assessment criteria is significant, as it influences the rate at which groundwater contamination can spread. Detailed information would be required on boundaries, flow paths and would need to be gathered from studies in-situ or data on major aquifer systems, Other parameters that are omitted are porosity and water content of the porous media, and reactivity of the layers. Each aquifer is assigned the same value, and the model does not seek to measure determinants of aquifer quality. 
EPIK – Epikarst, Protective cover, Infiltration conditions and Karstic network development (Doerfliger and Zwahlen, 1998; Doerflinger et al., 1999) have been used to assess groundwater vulnerability in karst areas. For example it has been applied by the Swiss Agency for the Environment, Forests and Landscape as a standard tool for groundwater Protection zone delineation in these areas. It considers development of epikarst, effectiveness of the protective cover, conditions of infiltration and development of the karst network. Again, relative weights are assigned to each component and an equation is used to give an overall value of protection (Abdullahi, 2009).
Pathways and conditions for contamination from high volume hydraulic fracturing (shale gas) – Myers (2012)
In relation to high volume hydraulic fracturing of shale gas in the Marcellus Shale, Myers (2012) seeks to identify potential natural pathways and necessary conditions for contaminants to adversely impact water resources. Travel times of contaminants through bedrock are also estimated based on hydraulic parameters. 
Several potential transport scenarios are developed based on pre-development baseline conditions and which are refined once fracturing has commenced:
1	natural upward advective flow from head drop of 30m from shale to ground surface
2	same conditions as (1) with vertical fracture connecting the surface, simulating flow into alluvial aquifers near stream channels
3	study effect of more extensive fracturing on a regional shale – considering effects on changes in flows and time to reach steady-state equilibrium
4	same conditions as (3) but with vertical fault as in (2)
5	simulate actual injection of 13-15 million litres of fluid over a 5 day period, into fractured shale from a horizontal well with and without a fault and potentiometric surface and flux changes.
Potential pathways include advective transport through sedimentary rock, fractures and faults, and abandoned wells or open boreholes. The latter pathway is not considered in his study. Myers (2012) considers actual changes in gradient and potential for buoyancy (created by difference in mass/density of water due to high TDS content) forcing water upwards as factors affecting fluid flow and concludes the potential for contaminants to enter into contact with overlying formations can occur as a result of: 
•	fracking out of formation 
•	the creation of links between fractures in the shale to overlying bedrock, or 
•	displacing ﬂuids from the shale into the overburden. 
In reality the risk of the latter is assessed to be very low, as there is virtually no naturally permeability to allow fluids to move into the overburden except as a result of a poorly completed well, a risk which is outside the scope of the Risk Assessment (see Appendix A – Matters out of Scope for the Literature Review). 


The applicability of different methodologies to conceptualise pathways such as MODFLOW-2000 and dual porosity modelling are reviewed by Myers in light of data availability and knowledge of hydrogeological conditions. Assumptions underpinning modelling in relation to geological characteristics and resource depth are set out. 
Myers concludes fracking can alter the shale and overburden hydrogeology, releasing fluids and contaminants from the shale which can also result from injected ﬂuid forcing other ﬂuids out of the shale. High pressure is generated from injection of fluid, which dissipates over distance and time, key estimates of these are provided below:
•	•Pressure drops back to pre-injection level within 300 days, suggesting that impacts of fracking extend beyond time at which fracking ceases.
•	Potential surface contamination from advective transport could take up to tens of thousands of years however fracking could reduce this to tens or hundreds of years, and shorter lags could be experienced from preferential flow through conductive faults or fracture zones. 
•	Vertical ﬂow be affected over large areas depending on the density of wells that are developed in region. 
A caveat with the analysis is that there is no data to verify either the pre- or post-fracking properties of the shale and hence a number of recommendations are made to improve detection of contaminant transport including mapping of subsurface faults, establishing setbacks between fracking operations and faults, establishing deep and shallow monitoring wells prior to significant resource development occurring.
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Modelling regional impacts
Table AD2: Modelling Approaches, Simplifications and Uncertainty Analysis at a Project Level. (Source: Commonwealth of Australia, 2014.)
	Coal seam gas Project
/Author
	Modelling tool used
	Modelling approach
Processes involved
	Simplifications/
Assumptions
	Uncertainty Analysis

	Arrow Energy Surat Gas Project, Australia (Arrow Energy Pty Ltd, 2012)
	
MODFLOW
	 Regional groundwater model (120,000 km2 model domain)
Well field represented by individual abstraction wells
Cumulative impacts assessed (including other coal seam gas developments)
	Dual-phase and unsaturated flow, geomechanical effects, and dual porosity nature of coal all assumed insignificant
Assessed to be limited groundwater–surface water interaction – simple (non-coupled) approach to groundwater–surface water interaction adopted
Coal horizontal anisotropy not modelled
Coal seams not modelled independently of coal measures
Hydraulic connectivity of geologic structural features ignored
(Hydraulic fracturing not proposed to be undertaken by Arrow, thus its potential impact was not required to be assessed)
	Deterministic uncertainty analysis only: Sensitivity analysis for specific aquifer parameters and multiple aquifers. Effect of sensitivity-adopted parameter values on calibration performance discussed
Indicated significance of hydraulic parameters and range of drawdown magnitudes

	Australia Pacific LNG 
Project, Australia (Australia Pacific LNG, 2010; Geoscience Australia and Habermehl, 2010)
	FEFLOW
	Regional groundwater 
Model (172,740 km2 model domain)
Finite element method 
(FEFLOW) allows improved definition of complex geology
Dual-phase flow implicitly accounted for by reducing coal seam permeability
Cumulative impacts assessed (including other coal seam gas developments)
	Geomechanical effects, and dual porosity nature of coal all assumed insignificant
Simple (non-coupled) approach to groundwater–surface water interaction adopted
Coal horizontal anisotropy not modelled
Coal seams not modelled independently of coal improved definition of complex geology
Dual-phase flow implicitly accounted for by reducing coal seam permeability
Cumulative impacts assessed (including other coal seam gas developments)
	Deterministic uncertainty analysis only: Sensitivity analysis (two extreme cases only) for aquifer, recharge and stream conductance parameters.
Effect of sensitivity-adopted parameter values on calibration performance discussed
Indicated significance of hydraulic parameters and range of drawdown magnitudes

	Santos Gladstone LNG Project, Australia (Santos, 2009)
	Analytical model (Roma field), 
MODFLOW 
(Comet Ridge field)
	Regional groundwater model 
Model domain limited to project area
Time-varying constant head boundary condition used to represent well field (rather than pumping/flow rates) for MODFLOW model; 
constant pumping rate used to represent well field in analytical model
	Model not calibrated
Dual-phase flow, coal dual porosity and anisotropy, and Geomechanical effects not included
Coal seams not modelled independently of coal measures
Vertical movement of groundwater not well constrained
Aquifer confinement and interconnection simplified
Effects of geological faults assumed insignificant
Analytical modelling did not account for size of well field
Apparently no accounting of groundwater–surface water interaction
	Limited deterministic uncertainty analysis: 
Sensitivity analysis (four cases) for specific aquifer parameters and recharge for the MODFLOW model, and for storativity for the analytical model
Coal seam gas well fields were modelled separately and cumulative impacts associated with other developments assessed on a qualitative basis

	Surat Basin (QGC, 2009)
	 MODFLOW
	Regional groundwater model – coal seam gas region divided into three subdomains (hydraulic compartmentalisation assumed)
Time-varying constant head boundary condition used to represent well field (rather than pumping/flow rates)
	Dual-phase flow, coal dual porosity and anisotropy, and geomechanical effects not included
Coal seams not modelled independently of coal measures
No consideration of rainfall recharge
Simplified geology, homogeneous isotropic conditions
Cumulative impacts not assessed
Apparently no accounting of groundwater–surface water interaction
	None

	Queensland Water Resources (CWC, 2012)
	MODFLOW
	Regional groundwater model (300,000 km2 model domain)
	Modelling of historical coal seam gas operation, included simulation of multiple coal seam gas operations, was used to develop and assess cumulative impacts and aggregate groundwater extraction associated with coal seam gas extraction
	Uncertainty analysis was carried out using multiple simulations incorporating changes to the model. The results of this analysis were used to assess uncertainty in the predicted impacts

	Namoi Catchment (Schlumberger Water Services, 2012)
	
	Regional groundwater model (30,000 km2 model domain)
coal seam gas well fields modelled 
using a specified extraction rate over each well field modelled
Cumulative impacts assessed (existing and proposed developments)
	Separate model of surface water system
Multi-layered model to address future coal seam gas and coal mine development. Modelling of existing, planned and possible development
Cumulative effects assessed through multiple model analyses by comparing the results for a range of alternate development scenarios with a base case of limited development
Groundwater impacts on surface water obtained using nominated head boundaries to represent permanent 
Water courses
	Sensitivity analyses carried out to assess uncertainty associated with rock permeability and recharge values adopted

	Powder River Basin, Montana, US (Myers, 2009)
	MODFLOW
	Regional groundwater model 
(1240 km2 model domain)
Subregional constant head boundary condition used to represent coal seam gas well field
	Dual-phase flow, coal dual porosity and anisotropy not included. 
Geomechanical effects assumed to have no impact
Coal seams not modelled independently of coal measures
Cumulative impacts not assessed Implicit (uncoupled) groundwater–surface water interaction
	None
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Table AD3: Evaluation of modelling approaches. (Source: IESC, 2014.)
	Modelling approach/ purpose
	Advantages
	Disadvantages
	Appropriate application 

	Analytical
	Efficient and simplified analysis of all potential impacts to groundwater resources
Useful when data is limited and/or geological and hydraulic conditions are relatively simple
	Unable to capture complex geologic geometries (e.g. non-uniformly layered geology) or hydraulic conditions (e.g. coal anisotropy) 
May oversimplify hydraulic processes 
	Screening or preliminary assessment (particularly where data is severely limited) 
Can be a valuable tool for modelling flow in the vicinity of individual wells

	Axisymmetric
	Useful for modelling relatively symmetric conditions (e.g. in vicinity of coal seam gas wells where geological conditions are axisymmetric)
	Not suitable for regional scale assessment 
Available tools do not consider gas desorption and migration, dual phase flow or coal dual porosity, which may pose inaccuracies in predicting impacts 
Not capable of assessing cumulative impacts
	Assessment of impacts in the near-well (or near-field) under axisymmetric conditions 
Can be a valuable tool for modelling flow in the vicinity of individual wells

	Reservoir assessment
	Designed (and therefore best suited) to predict produced water volumes and depressurisation and in the near-field.
Can model near-field produced water re-injection. 
Tools do not consider groundwater–surface water interaction 
Most tools account for geomechanical processes, gas desorption and migration, dual phase flow and coal dual porosity, as well as complex geological conditions 
	Reservoir assessment
	Assessment of impacts to groundwater (not surface water) in the near-field (but not water quality) 
Used for design of coal seam gas well networks

	Regional Groundwater Impact Assessment
	Tools practicable for regional scale impact assessment 
Capable of representing complex geology, assessing cumulative impacts and changes to groundwater quality 
	Generally ignores geomechanical processes, gas desorption and migration, dual phase flow and coal dual porosity; this may create inaccuracies 
	Regional-scale assessment of impacts,  water quality, re-injection and cumulative impacts 
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Victoria – State Environment Protection Policy
The State Environment Protection Policy (Groundwaters of Victoria) 1997 establishes water quality objectives and indicators based on Total Dissolved Content concentrations for various Beneficial Uses of groundwater as outlined in tables AE1 and AE2 below.
[bookmark: _Toc420511302][bookmark: _Toc420573201][bookmark: _Toc296600027]Table AE1: SEPP Beneficial Uses to be Protected and Groundwater Quality Indicators (mg/L of Total Dissolved Solids), (source: Victorian Government Gazette, 1997).
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Table AE2: Groundwater quality indicators and objectives by beneficial use. (Source: Victorian Government Gazette, 1997.)
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Connecticut’s groundwater classification system
Connecticut’s Water Quality Standards comprise three components:
· Standards, which assign water quality goals, allowable discharges
· Classification and Criteria, which set out water quality classes, designated uses and criteria that must be achieved (chemical or physical levels, or bacterial concentrations)
· Classification maps, illustrating what classification is assigned to specific surface or groundwater assets based on their designated use. 
The water quality classification system is comprised of several classes for different types of water resources, including 5 classes for inland surface waters, and 4 classes for ground water (GAA, GA, GB, and GC) – see Table AEAE3.
[bookmark: _Ref404024534][image: ]Table AE3: Connecticut’s Groundwater Quality Classes. (Source: Connecticut Environmental Conditions Online, 2010.)
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Setback distances from sensitive receptors in the US
[bookmark: _Toc296600028][bookmark: _Toc420511303][bookmark: _Toc420573202]Table AF1: Setback distances from water resources and private dwellings in various US states. (Source: NYSDEC, 2009.)
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Technical assistance provided to the New York State Department of Environmental Conservation (NYSDEC, 2009) by ICF included a review of setback distances from water resources and private dwellings across several US states – see Table AF1. 
The following section transcribes the NYSDEC (2009) proposed setback distances in relation to well drilling and high-volume hydraulic fracturing[footnoteRef:27]. [27:  Original distances specified in NYSDEC (2009) are in feet, not metres. ] 

“An application for a permit to drill less than 305 metres from a municipal water supply well be considered "always significant" and requires a site-specific supplemental EIS to assess groundwater hydrology, potential impacts and propose mitigation measures.
Site disturbance[footnoteRef:28] for multi-well pads and high-volume hydraulic fracturing be prohibited within 610m of any public (municipal or otherwise) water supply well, reservoirs, natural lake or man-made storage system.  [28:  excluding engineered impoundments constructed for fresh water storage associated with fracturing operations] 

For at least two years the surface disturbance associated with high-volume hydraulic fracturing, including well pad and associated road construction and operation, be prohibited within the boundaries of primary aquifers and outside but within 120 metres of their boundaries. 
A site-specific SEQRA review (Environmental Impact Assessment) be required for high-volume hydraulic fracturing projects at any proposed well pad within 120 metres of the boundary of a Principal Aquifer.
It will not issue well permits for high-volume hydraulic fracturing within 120 metres of a private water well or domestic-supply spring, unless waived by the landowner.
The preliminary revised draft SGEIS document[footnoteRef:29] (2011) confirmed that irrespective of the intended formation and number/direction of wells to be drilled, site-specific environmental assessments and SEQRA determinations of significance would be required for the following types of HVHF applications: [29:  http://www.dec.ny.gov/data/dmn/ogprdsgeisfull.pdf] 

1	Any proposed high-volume hydraulic fracturing where the top of the target fracture zone is shallower than 610 metres along a part of the proposed length of the wellbore 
2	Any proposed high-volume hydraulic fracturing where the top of the target fracture zone at any point along the entire proposed length of the wellbore is less than 305 metres below the base of a known fresh water supply 
3	Any proposed well pad within the boundaries of a principal aquifer, or outside but within 150 metres of the boundaries of a principal aquifer
4	Any proposed well pad within 45 metres of a perennial or intermittent stream that is not a tributary to a public drinking water supply, storm drain, lake or pond 
5	A proposed surface water withdrawal that is found not to be consistent with the Department’s preferred passby flow methodology 
6	Any proposed well location within 305 metres of New York City Department of Environmental Protection’s subsurface water supply infrastructure.”
Principles for mitigating coal seam gas impacts
The National Harmonised Regulatory Framework sets out 18 principles for managing potential coal seam gas impacts across the lifecycle of a typical development. Most of these practices would address risks to more than one of the four areas of concern: well integrity, water management, hydraulic fracturing and chemical use. See Table AF2 below for further details. 
Table AF2: Leading practices to mitigate potential impacts from coal seam gas. 
(Source: SCER, 2013.)
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Principles to define significant impact – National Partnership Agreement
According to the National Partnership Agreement, a significant impact on water resources is caused by an action (or the effect of several actions) – that would directly or indirectly:
•	result in substantial change in the quantity, quality or flow regimes of surface water or groundwater
•	substantially alter groundwater pressure and/or watertable levels
•	alter the ecological character of a wetland that is state or nationally significant or Ramsar-listed
•	divert or impound rivers or creeks or substantially alter drainage patterns
•	reduce biological diversity or change species composition or ecosystem processes
•	alter coastal processes and inland processes, including sediment movement or accretion, or water circulation patterns
•	result in persistent organic chemicals, heavy metals or other potentially harmful chemicals accumulating in the environment such that biodiversity, ecological integrity, human health or other community and economic use may be adversely affected, or 
•	substantially increase demand for – or reduce the availability of water for – human consumption or ecosystem services.


[bookmark: _Toc420577005]Figure AG1: Ecological Valuation and Risk Assessment process. (Source: NSW Office of Water, 2012.)

NSW aquifer interference policy: Minimal impact considerations for aquifer interference activities
The following tables sourced from the NSW Aquifer Interference Policy provide quantitative thresholds against key water characteristics (level, pressure, quality) for highly productive and less productive groundwater resources (refer to ‘Receptors’ section in body of the Literature Review for a definition of these) in different groundwater systems.
Note that individual criteria have been established for the Great Artesian Basin groundwater sources on the basis of its particular hydrogeology and management profile.

Table AG1: Minimal impact considerations for watertable, pressure and quality thresholds by category of highly productive groundwater sources (alluvial, coastal sands, porous rock, fractured rock and Great Artesian Basin). (Source: NSW Office of Water, 2012.)
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Table AG2: Minimal impact considerations for watertable, pressure and quality thresholds by category of less productive groundwater sources (alluvial, porous rock, fractured rock). (Source: NSW Office of Water, 2012.)
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DMITRE (2013) Manageability and predictability criteria as determinants of environmental significance.
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[bookmark: _Toc420577006]Figure AG3: Guidance to determine manageability score (source: DMITRE, 2013)
Tools to inform impact analysis IESC (2014)
IESC (2014) outlines that impact analysis should draw on conceptual models, analysis of thresholds, carrying capacity and ecotoxicology, numerical modelling of direct impacts, and numerical and conceptual modelling of pathways to assess indirect and cumulative effects. 
•	Direct impacts should be assessed using satellites and ground movements from Geodetic GPS systems, such as InSAR.
•	Indirect impacts should be considered through impact pathways, via model functions which quantitatively link influence of direct impact on indirect impacts of each receptor. Confidence in determined impact level can be assessed through an impact analysis model.
Table AG4: Qualitative risk matrix example (source: ACOLA, 2013).
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[bookmark: _Toc420573111][bookmark: _Toc296599099][bookmark: _Toc422912334][bookmark: _Toc422912514]B1	Introduction
This report describes the method used for the impact assessment of possible future onshore natural gas developments in the Gippsland region. The assessment framework was informed by a literature review on approaches to impact and risk assessments for onshore gas development, which is presented in Appendix A of the main report.
A key assumption for the assessment is that existing regulations and guidelines (based on leading practices) are applied which ensure that operational impacts are manageable. The assessment therefore conveys the residual impacts of a gas development activity that is established and operated in accordance with current regulations. The assessment of potential impacts on water resources will be based on normal operations. This project is not considering potential impacts associated with failures of process or controls, such as poor well integrity.
[bookmark: _Toc420511095][bookmark: _Toc420572694][bookmark: _Toc296599100][bookmark: _Toc422912335][bookmark: _Toc422912515]B1.1	Onshore natural gas resources
The impact assessment has assessed hypothetical development of the following potential onshore natural gas resources in the Gippsland region:
•	tight and shale gas (i.e. assessed as a single resource)
•	coal seam gas (from brown coal deposits).
Figure B1 shows the areal extent of the hypothetical gas development scenarios adopted for this assessment (from Goldie Divko, 2015). Further information on potential gas resources is included in the conceptual model description in Chapter 4 of the main report. 
Hypothetical development of onshore conventional gas, and coal seam gas from black coal, is not included in this impact assessment, as there is significant geological uncertainty associated with the prospectivity and location of such gas types in the Gippsland Region. 

[bookmark: _Ref283585334][image: ]
[bookmark: _Ref420054237][bookmark: _Toc419969425][bookmark: _Toc420577007]Figure B1: Extent of potential tight and shale gas in Gippsland. (Source: Goldie Divko, 2015.)

[bookmark: _Ref283585318][image: ]
[bookmark: _Toc419969426][bookmark: _Toc420577008]Figure B2: Extent of potential coal seam gas in Gippsland. (Source: Goldie Divko, 2015.)
[bookmark: _Toc409687101][bookmark: _Toc420500947][bookmark: _Toc420511096][bookmark: _Toc420511202][bookmark: _Toc420572523][bookmark: _Toc420572695][bookmark: _Toc420573112][bookmark: _Toc296599101][bookmark: _Toc422912336][bookmark: _Toc422912516]B2	Hazard/pathway/receptor model
The impact assessment framework is based on the hazard/pathway/receptor model to assess the potential impacts on receptors (water resources) resulting from possible future onshore gas development. For a potential impact to exist, all three components need to be present: a hazard, a receptor that could potentially be adversely affected, and a pathway to link the two. 
[bookmark: _Toc420511097][bookmark: _Toc420572696][bookmark: _Toc296599102][bookmark: _Toc422912337][bookmark: _Toc422912517]B2.1	Hazard
Four key hazards for water resources have been assessed in the Gippsland region:
1	aquifer depressurisation
2	chemical contamination of groundwater from hydraulic fracturing fluids
3	induced seismicity
4	land subsidence.
Depressurisation of aquifers associated with onshore gas development is the key hazard assessed in this impact assessment. For the development scenarios, numerical modelling was undertaken to assess aquifer depressurisation and resulting drawdown, which then feeds into the impact assessment. The modelling method is described in Section 2.3. 
While changes in aquifer pressure are also associated with hydraulic fracturing, induced seismicity and land subsidence, these hazards have multiple causes (i.e. well failure and re-injection of coproduced water) that are more appropriately assessed within the project-specific approvals process. Due to the broad context of this study, the assessment of causes of potential impacts associated with these hazards have been based on a review of international literature review rather than a modelling approach. 
[bookmark: _Toc420511098][bookmark: _Toc420572697][bookmark: _Toc296599103][bookmark: _Toc422912338][bookmark: _Toc422912518]B2.2	Pathway
The hazards associated with gas extraction arise largely because of the possibility that altered fluid pore pressure in a gas source formation which may be transmitted to overlying (or underlying) aquifers or aquitards. The impact pathway is determined by the potential for pressure reductions in the gas source formation to propagate through the adjacent hydrogeological units and cause drawdown in overlying or underlying aquifer(s). For drawdown to adversely impact receptors, it must occur in the aquifer that supports the receptor. This means that a surface water receptor can be impacted only if there is a pathway that allows drawdown to propagate from the gas source to the watertable aquifer. 
A hydrogeological conceptual model was produced in order to understand the hydrogeological pathways that have the potential to connect possible gas developments with overlying water resources. The hydrogeological conceptual model outlines:
•	stratigraphy and gas source formations for onshore gas extraction, key usable aquifers in the basin and significant groundwater dependent assets (receptors)
•	potential hydrogeological pathways between the source and the receptors
•	potential low permeability layers between the source and the receptors
•	aquifer parameters (e.g. Kh, S and Kv).
The hydrogeological conceptual model informs the impact assessment approaches and is presented in Chapter 2 of the main report. 
[bookmark: _Toc420511099][bookmark: _Toc420572698][bookmark: _Toc296599104][bookmark: _Toc422912339][bookmark: _Toc422912519]B2.3	Receptors
This assessment considers the potential impacts of onshore gas development in three types of water resources, or receptors:
•	aquifers (which support groundwater users)
•	rivers (which support surface water users and ecosystems)
•	water bodies (wetlands and lakes which support surface water users and ecosystems).
The water resources included in the impact assessment are identified by the following attributes:
•	surface water assets (rivers and water bodies) as listed in the Victorian Water Assets Database (VWAD)
•	aquifers as defined in the Victorian Aquifer Framework (VAF) and incorporated into the DEPI SAFE scheme with a mapped salinity less than 3500 mg/L.
The surface water resources assessed in this assessment are shown in Figure B3. These assets have been generated using the Victorian Water Assets Database, which is a geospatial database of water asset features that has attributes disaggregated from the Water Asset Identification Project database(GHD, 2014). The surface water resources shown in Figure B3 includes all rivers and creeks but exclude those classified as irrigation channels, drains, structures or farm dams. 
In this study the potential impacts on springs are not specifically assessed. Instead it is assumed that wherever an impact on a surface water asset and the watertable is high, impacts to springs are also high.
Terrestrial vegetation has also been excluded, because dependence on groundwater is highly variable and site-specific. Further work is required to accurately identify and characterise terrestrial vegetation ecosystems to incorporate them into the assessment framework.

[bookmark: _Ref283585386][image: ]
[bookmark: _Ref420061620][bookmark: _Toc419969427][bookmark: _Toc420577009]Figure B3:  Gippsland study area potential onshore gas development locations and surface water resources.
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[bookmark: _Toc420511101][bookmark: _Toc420572700][bookmark: _Toc296599106][bookmark: _Toc422912341][bookmark: _Toc422912521]B3.1	Introduction
[bookmark: _Ref409454742]Aquifer depressurisation can affect water resources by changing the groundwater level in adjacent aquifers. This water level change occurs if water drains from aquifers into gas source formations when pressure is reduced in the source formation by gas and water extraction. The change in water level is normally expressed as drawdown, or a change in the pressure level in an aquifer. For example in the watertable, the drawdown would be expressed as the drop in the level of the watertable, in metres. 
To assess the potential impact of aquifer depressurisation on water resources it is necessary to assess:
•	the potential hydraulic connection between groundwater and receptors
•	the potential drawdown that may result from gas development. 
[bookmark: _Toc420511102][bookmark: _Toc420572701][bookmark: _Toc296599107][bookmark: _Toc422912342][bookmark: _Toc422912522]B3.2	Definition of impact
The potential impact on a receptor class from aquifer depressurisation is based on the potential for the receptor class to be connected to groundwater (represented by depth to watertable in metres), and the potential effect of aquifer depressurisation (represented by predicted drawdown in metres). 
The impact matrix showing the combinations of potential connection and effect of aquifer depressurisation to evaluate overall potential impact is presented in Figure B4. If a receptor class has a low potential connection to groundwater (deep watertable) and drawdown is predicted to be low, the potential impact on the receptor class is considered to be low. Conversely, the potential impact on a receptor class with high connection (shallow watertable) and a high potential drawdown will be high.
Further information on the criteria adopted for defining connection and drawdown is presented in the following sections.
The potential impacts to receptor classes have been assessed for hypothetical gas field development scenarios over a timeframe of 30 years, as this is an indicative project life cycle of possible future natural gas developments. Different potential effects may result if a longer time frame was to be used.
The results are presented in summary figures in this report. The full set of potential connection, effect and overall impact is available as a separate volume.

	Connection between receptor class and groundwater
	High 
	HC / LD
	HC / MD
	HC / HD

	
	Moderate 
	MC / LD
	MC / MD
	MC / HD

	
	Low 
	LC / LD
	LC / MD
	LC / HD

	
	
	Low 
	Moderate 
	High 

	
	Groundwater drawdown


[bookmark: _Ref418595626][bookmark: _Ref417370710]Key: HC = high connection, MC = moderate connection,  LC = low connection 
HD = high drawdown,  MD = moderate drawdown,  LD = low drawdown
[bookmark: _Ref420489584][bookmark: _Toc419969428][bookmark: _Toc420577010]Figure B4:  Potential impact on receptors due to aquifer depressurisation.

The potential impacts on water resources have been assessed for full gas field development over a timeframe of 30 years, as this is an indicative project life cycle of possible future natural gas developments. Different impacts may result if a longer time frame was to be used.
The impact assessment process for aquifer depressurisation requires the initial or current depth to watertable (to indicate potential connection) and both mean and maximum predicted drawdown (to indicate potential effect) for a gas development scenario. 
For surface water receptors, combining the rankings for connection and drawdown at 100 m2 resolution across the region delivers the inherent impact ranking for surface water resources in that local 100 m2 area. For aquifers only drawdown is used to indicate impact, as all aquifers are inherently connected to groundwater. 
[bookmark: _Ref416691733][bookmark: _Toc420511103][bookmark: _Toc420572702][bookmark: _Toc296599108][bookmark: _Toc422912343][bookmark: _Toc422912523]B3.3 Hydraulic connection between groundwater and receptors
In this assessment the potential hydraulic connection between groundwater and receptors is represented by depth to groundwater. The use of this metric is consistent with other groundwater dependent ecosystems studies, including the groundwater dependent ecosystems Atlas (Bureau of Meteorology, 2012) and the groundwater dependent ecosystems Toolbox study (NWC, 2011).
In the case of surface water receptors (rivers, lakes and wetlands), the potential connection to groundwater is classified as:
•	low for deep watertables 
•	moderate for moderate depth watertable
•	high for shallow watertables. 
In the case of aquifers, connection to groundwater is inherent and therefore the potential connection is always high. 
The rules for defining these three categories are outlined in Table B1. These rules were defined based on whether the surface water resource was expected to be gaining, variable gaining and losing, or losing or disconnected (DELWP pers. comm. 2015). 
For shallow watertables (< 2 m below the surface) there is a high potential connection with surface water; that is, surface water bodies may gain water from groundwater. Where the watertable is more than 6 m below the surface, surface water has a lower potential connection to groundwater. 

[bookmark: _Ref409593570]Table B1:  Rules for defining the potential connection of water receptors to groundwater. 
	Water receptor
	Low connection
	Moderate connection
	High connection

	Rivers
	Initial depth to watertable (before gas development) is greater than 6 m
	Initial depth to watertable (before gas development) is between 2 and 6 m
	Initial depth to watertable (before gas development) is less than 2 m

	Water bodies (lakes, wetlands)
	
	
	

	Aquifers
	n.a.
	n.a.
	Inherent connection to groundwater



The depth to watertable data used for this project is the mapping developed as part of DELWP’s SAFE database. The data has a resolution of 100 m2 grid cells and was classified into the hydraulic connection categories of low (> 6 m), moderate (between 2 and 6 m) and high (< 2 m).
Compilation of the watertable geometry (elevation and depth) required a number of data types. Principal among these were well-distributed bore readings of watertable depth and a model of the terrain surface. For the methodology adopted for this project, broad mapping of the surface aquifers across the project area was also required. 
Surface aquifer mapping was sourced from the Victorian component of the National Groundwater Information System. Bore readings were obtained from a number of existing Sinclair Knight Merz (SKM) projects specific to regions within the state and the Victorian Stratigraphic Database, compiled for the Victorian component of the National Groundwater Information System (SKM and GHD 2010). To ensure only bores suitable for modelling the watertable were adopted, data from the database was limited to those bores less than or equal to 50 m deep.
Compilation of the watertable geometry utilised two main methodologies. The first involved a terrain 
analysis technique based on the premise that the watertable is a smoothed and subdued reflection of topography. Within the basement areas of the watertable aquifer the result of this analysis was adopted as the watertable model. The second method involved using the available bore data and the output from the first method as input to the surface modelling utility ANUDEM (Ref. ANU001) to generate the watertable model for each CMA.
Figure B5 shows the data classified according to the connection categories. As discussed above, in the case of aquifers, connection to groundwater is inherent and therefore the potential connection is always high.
[image: ]
[bookmark: _Ref409789593][bookmark: _Toc419969429][bookmark: _Toc420577011]FigureB5:  Depth to watertable in the Gippsland study area (initial conditions for this project), derived from DELWP’s SAFE project data (source: SKM and GHD 2010)

[bookmark: _Ref416691745][bookmark: _Toc420511104][bookmark: _Toc420572703][bookmark: _Toc296599109][bookmark: _Toc422912344][bookmark: _Toc422912524]B3.4 Definition of drawdown
For this assessment the potential effects on water resources of aquifer depressurisation is based on the predicted drawdown. 
Rules were defined which classified the effect on water resources of drawdown from each hazard as Low, Moderate or High. These rules are outlined in Table. For surface water receptors, the delineation of the ‘Low’ category (i.e. 0.1 m) was based on the minimum change in water level that could reasonably be expected to be measured in the field (DELWP pers. comm. 2015). The potential for a material adverse effect on a surface water receptor due to a drawdown of less than 0.1 m is considered to be low. 
The upper limit of 2.0 m is based on previous studies which measured a maximum annual variation in water level of 2.0 m in south-western Victoria (Dresel et al., 2012). In the case of aquifers, the definitions of categories were based on advice from DELWP (pers. comm. 2015).

[bookmark: _Ref405320844][bookmark: _Ref416942075]Table B2:  Rules for defining the potential effect on water receptors of groundwater drawdown.
	Water receptor
	Low drawdown
	Moderate drawdown
	High drawdown

	Rivers
	Drawdown in watertable aquifer < 0.1 m after 30 years
	Drawdown in watertable aquifer between 0.1 m  and 2 m after 30 years
	Drawdown in watertable aquifer > 2 m after 30 years

	Water bodies (lakes, wetlands)
	
	
	

	Unconfined aquifer
	Drawdown < 2 m after 30 years
	Drawdown between 2 m and 15 m after 30 years
	Drawdown > 15 m after 30 years

	Confined aquifer
	Drawdown < 10 m after 30 years
	Drawdown between 10 m and 75 m after 30 years
	Drawdown > 75 m after 30 years



Drawdown was modelled for the Gippsland region using a numerical model by Beverly et al., (2015, in prep). The next section describes the modelling method used to predict drawdown. 
Numerical modelling approach for predicting drawdown 
A numerical model was developed for the Gippsland region to assess potential groundwater drawdown due to possible onshore gas development. With reference to Table, this was done by: 
· Modelling and calibrating a “baseline” scenario of existing groundwater use in a dry climate 
· Modelling hypothetical onshore gas development scenarios in combination with the baseline scenario
· Comparison of the hypothetical onshore gas development scenarios against the baseline scenario to assess potential groundwater drawdown due to possible onshore gas development.
The model predicts the amount of drawdown in aquifers and the watertable that could be caused by depressurising the gas source formations. Drawdown results from the model were provided using a 29 layer model with a 100 m by 100 m scale for hypothetical development of tight and shale gas and coal seam gas in Gippsland.
Groundwater use has remained fairly steady over the 10 years from 2002 to 2012 (Beverly et al., 2014). A dry climate (based on 2006 data for rainfall and temperature) was used over the 30 year modelling period. As groundwater use is not expected to increase significantly in the future and the purpose of the modelling is to assess the potential impacts on onshore gas developments, the baseline groundwater use was based on:
licensed entitlement: the average use over the period 2002 to 2012 
domestic and stock: 1.5 ML/year for each bore that is less than 30 years old.
Six potential development scenarios were modelled for the Gippsland region, as shown in Table that included the existing offshore oil and gas and the Latrobe Valley mine operations. For the impact assessment the 50% and full development scenarios (TableB3) have been used to assess potential impacts. The predictions were run for a 30 year period from 1 January 2013, which assumes that the baseline and potential gas developments were fully established from 1 January 2013.

[bookmark: _Ref406417218]Table B3:  Development scenarios tested in the Gippsland numerical model. For the impact assessment, scenarios 2 and 4 have been used.
	Scenario
	Climate
	Latrobe Valley coal mines
	Other groundwater licence entitlement
	Offshore oil and gas
	Onshore natural gas project

	1	(baseline)
	Dry
	Average usage over 10 years
	Average usage over 10 years
	Average usage over 10 years
	None

	2	(coal seam gas)
	
As above
	As above
	As above
	As above
	Coal seam gas, 100% of available gas extracted

	3	(coal seam gas 50%)
	
As above
	As above
	As above
	As above
	Coal seam gas, 50% of available gas extracted

	4	(tight and shale)
	
As above
	As above
	As above
	As above
	tight and shale, 100% of available gas extracted

	5	(tight and shale, 50%)
	
As above
	As above
	As above
	As above
	tight and shale, 50% of available gas extracted

	6	(coal seam gas  & tight and shale, 50%)
	Dry
	As above
	As above
	As above
	Coal seam gas & tight and shale, 50% of available gas extracted



The aquifer and aquitard structure and parameters are defined in the numerical model (Beverly et al. 2014, in prep). A summary of the model layers is provided in Appendix C of the main report. 
Although in some cases there are multiple aquifers and aquitards within a single Victorian Aquifer Framework layer, the drawdown is presented as the mean drawdown for each Victorian Aquifer Framework aquifer layer. The mean drawdown is considered the best approach for assessing potential impact, however to demonstrate the variation in drawdown predictions, the maximum drawdown is also included in Appendix D that accompanies this report.
The drawdown results from the numerical modelling are presented in Appendix D of the main report, and have been used directly in the assessment of potential impacts associated with aquifer depressurisation at the regional scale. 
The impact assessment utilised drawdown results from Scenario 2 (100% coal seam gas development) and Scenario 4 (100% tight and shale gas development) compared to the baseline (Scenario 1) drawdown results and are presented in Chapter 3. The results from the other scenarios at reduced development also used to assess implications to inform mitigation of potential risks in Chapter 7 of the report.
Numerical modelling of long term impacts
In order to assess the long term impact of a development scenario, the model run was extended to determine water level trends 100 years after the end of the 100% coal seam gas development scenario and the results are provided in the model report. 
Results based on 766 groundwater calibration bore hydrograph trends estimate that 74% of calibration bores return to baseline or improved trends following cessation of coal seam gas abstractions after 100 years. 
[bookmark: _Toc420500949][bookmark: _Toc420511105][bookmark: _Toc420511204][bookmark: _Toc420572525][bookmark: _Toc420572704][bookmark: _Toc420573114][bookmark: _Toc296599110][bookmark: _Toc422912345][bookmark: _Toc422912525]B4	Chemical contamination of groundwater from hydraulic fracturing fluids
The approach to assessing potential impacts associated with chemical contamination of groundwater from hydraulic fracturing fluids assumes that hydraulic fracturing is conducted according to the appropriate regulatory guidelines and that appropriate controls are in place during a fracture episode.
The potential impacts from hydraulic fracturing on reservoirs and aquifers is an area of intense study and the subject of many published reports. Importantly, the actual impact of fracturing depends on a number of elements that are very specific to a well, in particular the specific site and most especially the well construction methods and hydraulic fracturing operations. Given the site specific nature of the potential risks associated with hydraulic fracturing, the qualitative risk assessment is based on international literature. 
The impact assessment describes the features and elements of hydraulic fracturing that lead to the creation of a pathway or the enhancement of a pathway between the gas source and the water resources. In cases where hydraulic fracturing has caused adverse impacts, the primary cause has been attributed to surface infrastructure failure, poor well integrity or insufficient monitoring during the hydraulic fracturing operations to alert operators to an issue. The purpose of the literature review is to determine if there are any cases where fractures have propagated beyond the target formation, and whether any conclusions have been drawn on maximum fracture propagation distances, minimum thicknesses of overlying aquitard or distance to nearest high value groundwater resource. The key impact assessed is that hydraulic connection between the gas source and the adjacent aquifer is significantly increased as a result of hydraulic fracturing.
The findings in the main report use literature to assess the in-situ hydrogeological factors that may contribute to fracture propagation beyond the target zone and an assessment of their distribution across each region.


[bookmark: _Toc420500950][bookmark: _Toc420511106][bookmark: _Toc420511205][bookmark: _Toc420572526][bookmark: _Toc420572705][bookmark: _Toc420573115][bookmark: _Toc296599111][bookmark: _Toc422912346][bookmark: _Toc422912526]B5	Induced seismicity
Induced seismicity has been detected at a number of locations around the world and is typically associated with re-injection of co-produced water. Given the range of causes of induced seismicity, the potential impact of induced seismicity has been assessed through a review of international literature. Recent publications have documented the international literature and reviewed key risk factors for induced seismicity and how they can be managed. These are described in the specific context of the Gippsland region so that the elements that influence induced seismicity can be put into context.
The findings in the main report use the literature to assess the potential for induced seismicity across 
each region.
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The potential impacts of land subsidence as a result of gas extraction are assessed through a literature review. The literature review uses a number of recent literature reviews undertaken for the Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining Development that reports to the Federal Government in addition to studies undertaken in Gippsland. 
The findings in the main report assesses the potential for land subsidence as a result of aquifer depressurisation in the Gippsland region.
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Data from numerical modelling
This appendix presents data and information that has been provided by the Gippsland Basin Numerical groundwater model. The model has been developed by DELWP and information from the model was provided to Jacobs (DEPI, 2015 in prep).
Table C1: Description of numerical model layer structure.
	Layer
	VAF no.
	Coal name
	Comment
	VAF HGU
	Layers1  
	Aquifer  type2 
	Ss3,4
	Sy3,4
	Kxy (m/d) 3,4
	Reference

	1
	
	
	Marine water thickness
	N/A
	N/A
	N/A

	(1.0E-5)
	(1.0)
	(100)
	

	2
	101
	
	Quaternary
	Various Aeolian deposits
(1001), various fluvial,
lacustrine, alluvial and
colluvial sediments (1002)
	1
	UC
	(1.0E-5)
	0.04–0.25
(0.07)
	0.1–100
(2.01)
	Schaeffer (2008); GHD (2008a, 2010); Dahlhaus et al. (2004); Mollica (1991)

	3
	102
	
	Haunted Hill Formation
	Haunted Hill Formation
(1015), Eagle Point Sand (1016)
	1
	UC
	(1.0E-5)
	0.05–0.2
(0.1)
	0.2–50
(2.01)
	Schaeffer (2008); GHD (2008a, 2010); Dahlhaus et al. (2004)

	4
	103
	
	Nuntin clay
	Boisdale Fm (Nuntin Clay)
(1017), Jemmys Point
Fm (1061), Sale Grp (1061)
	1
	C/UC 
	1.0E-7 to 1.0E-5
(1.0E-6)
	0.005–0.1
(0.04)
	0–0.5
(0.23)
	Schaeffer (2008); Walker & Mollica (1990); GHD (2008a, 2010)

	5
	105
	
	Boisdale Formation
	Boisdale Fm (Wurruk
Sand) (1036), Unnamed Tertiary Sands, Gravels and Clays (1082)
	1
	C/UC
	1.0E-5 to i1.0E-3
(1.0E-4)
	0.1–0.2
(0.1)
	1–30
(12.38)
	Schaeffer (2008); Nahm (1977); Nahm & Reid (1979a); SKM (1999); Walker & Mollica (1990); GHD (2008a, 2010)

	6
	106
	
	Jemmy’s Point Formation and upper Hazelwood Formation
	Jemmy’s Point Formation (1061) and upper Hazelwood Formation
	1
	C/UC  
	1.0E-5 to 5.0E-4
(2.0E-5)
	0.1–0.2
(0.1)
	0.2–13
(0.23)
	Schaeffer (2008); Nahm (1977); Nahm & Reid (1979a); GHD (2010)

	7
	106
	Yallourn Coal Seam
	Y, Y1a, Y1b, Y2, Y1;    y_all
	Yallourn Formation (1058)
	2
	C/UC (Aquitard)
	1.0E-5 to 5.0E-4
(2.0E-5)
	0.001–0.05
(0.02)
	<0.0001–1
(0.00005)

	Schaeffer (2008); Brumley et al. (1981); PDA (2006); Aquaterra (2008); Harlow & LeCain (1993); USQ (2011).

	8
	106
	Yallourn Aquifer & interseam
	Hazelwood Formation; y_all floor & M1a_all top
	Hazelwood Formation (1056), Yallourn Formation (1058)
	3
	C/UC  
	1.0E-05 to 1.0E-04
(1.0E-5)
	0.05–0.1
(0.1)
	0.2–8
(2.44)
	Schaeffer (2008); GHD (2008a, 2010); SKM (1999); Blake (1972)

	9
	107, 108
	Lower M2 interseam, 
	Balook Formation Tambo River, Wuk Wuk Marl, Gippsland Limestone, 
	Balook Fm (1060), LVG: Yarragon Fm,  Alberton Fm (1064), Cobia Subgroup, Gurnard Fm, Turrum Fm, Tambo River Fm, Gippsland Limestone (1063), Giffard Sandstone
Member, Middle  Lakes Entrance Fm (1062)
	9 
	C/UC  
	1.0E-06 to 1.0E-04
(5.0E-6)
	0.04–0.06
(0.05)
	2–57
(3.53)
	Schaeffer (2008); GHD (2008a, 2010); Reid (1985); Golder Associates (1990); SKM (1999); Brumley et al. (1981); Thatcher (1976)

	10
	
	M1A coal
	Yarragon Formation, M10, M1a, M1b2, ML, M12;  M1a_all
	Yarragon Formation (1057), Upper Gippsland Limestone
	4
	C/UC  (Aquitard)
	1.0E-6 to 5.0E-4
(1.0E-5)
	0.001–0.05
(0.02)
	<0.0001–1
(0.00005?)
	Schaeffer (2008); SKM (1999); Brumley et al. (1981); PDA (2006); Aquaterra (2008); Harlow & LeCain (1993); USQ (2011).

	11
	
	Morwell 1A interseam/ aquifer
	M1a_all_floor & M1b_top
	Morwell Formation (1059), Middle Gippsland Limestone
	5
	C/UC  
	1.0E-05 to 1.0E-04
(5.0E-6)
	0.05–0.1
(0.1)
	0.2–8
(2.44)
	Schaeffer (2008); GHD (2008a, 2010); SKM (1999); Nahm (1972)

	12
	
	Morwell 1B coal
	M1b, M1b1, M1b2, ML, M12
	Morwell Formation / Morwell seams (1059), Lower Gippsland Limestone
	6
	C/UC (Aquitard)  
	1.0E-6 to 5.0E-4
(5.0E-6)
	0.001–0.05
(0.02)
	<0.0001–1

(0.00005)
	Schaeffer (2008); Brumley et al. (1981); PDA (2006); Aquaterra (2008); Harlow & LeCain (1993); USQ (2011).

	13
	
	Morwell 1B interseam
	Floor M1b_all & M2_all top
	Morwell Formation / Morwell seams (1059), Upper Lakes
Entrance Formation
	7
	C/UC  
	9.35E-09 to 1.0E-04 
(4.0E-6)
	0.06–0.1
(0.1)
	0.01–48
(0.97)
	Schaeffer (2008); GHD (2008a, 2010); Nahm (1977); Fraser (1980); Barton (1971); Golder Associates (1990); SKM (1999); Golder Brawner (1970)

	14
	
	Morwell 2
	M2, M2A, M2B coal; M2_all
	Morwell Formation / Morwell seams (1059), Middle Lakes
Entrance Formation
	8
	C/UC  (Aquitard)
	1.0E-5 to 5.0E-4
(1.0E-5)
	0.001–0.05
(0.02)
	<0.0001–1
(0.42)
	Schaeffer (2008); Brumley et al. (1981); PDA (2006); Aquaterra (2008); Harlow & LeCain (1993); USQ (2011); GHD (2008a, 2010)

	15
	108
	
	Lake Entrance Formation
	Lakes Entrance Fm (1062)

	10?
	C/UC  (Aquitard)
	1.0E-5 to 5.0E-4
(1.0E-5)
	0.001–0.05
(0.02)
	<0.0001–2
(0.5)
	Schaeffer (2008); GHD (2008a, 2010)

	16
	109
	
	M2c aquifer/Seaspray sands
	LVG: M2C aquifer, Seaspray Sand (1062), Lower Lakes Entrance Fm (1062), Seaspray Sands

	11, 12, 13
	C/UC  
	1.0E-06 to 1.0E-03
(3.0E-5)
	0.03–0.1
(0.1)
	0.15–76.06
(1.63)
	Schaeffer (2008); GHD (2008a, 2010); Nahm (1973a, 1973b, 1977); Brumley et al. (1981); Thatcher (1976); Geo-Eng (1993; 1996; 2001); Reid (1985); Barton (1971); Golder Associates (1990); SKM (1999); Fraser (1980);

	17
	112
	
	Thorpdale volcanics
	ThorpdaleVolcanics (1112)
	9, 11?
	C/UC  
	5.0E-06 to 3.0E-04
(1.0E-5)
	0.015–0.1
(0.1)
	0.03–1.11
(0.51)
	Schaeffer (2008); GHD (2008a, 2010); Thatcher (1976); Reid (1985a; 1985b); Golder Associates (1990); SKM (1999); Nahm & Reid (1979a, 1979b); GHD (2010); Pratt (1985)

	18
	111
	
	Upper Latrobe Group 
	Childers Fm (1107), M2 / M2C aquifer (when basal
aquifer), Honeysuckle Gravels (1106), Yarram Fm (1105)
	13?
	C/UC  
	1.0E-06  to 1.00E-03 
(1.0E-4)
	0.03–0.1
(0.1)
	0.22–32.35
(1.63)
	Schaeffer (2008); GHD (2008a, 2010); Brumley et al. (1981); Thatcher (1976); Geo-Eng (1993; 1996; 2001); Reid (1985a; 1985b); Golder Associates (1990); SKM (1999); Fraser (1980); Nahm (1974); Nahm & Reid (1979a, 1979b); GHD (2010); Pratt (1985)

	19
	111
	T1 coal
	TP, T1, TRU, TRM, TRL
	Traralgon Fm/Burong Fm (1108), Carrajung Volcanics
	14
	C/UC  (Aquitard)
	1.0E-6 to 5.0E-4
(1.0E-5)
	0.001–0.05
(0.02)
	<0.0001–0.1
0.0025
	Schaeffer (2008); Brumley et al. (1981); PDA (2006); Aquaterra (2008); Harlow & LeCain (1993).

	20
	111
	T1 interseam
	Floor  T1_all & Top T2_all
	Traralgon Fm/Burong Fm (1108)
	15
	C/UC  
	1.5E-06 to 1.0E-04
(1.0E-4)
	0.015–0.1
(0.1)
	2–48.26
(2.02)
	Schaeffer (2008); GHD (2010); Nahm (1977); Nahm & Reid (1979b, 1979c, 1979d; 1979e); Brumley et al. (1981); Geo-Eng (1993; 2001); Golder Associates (1990); SKM (1999); GHD (2008)

	21
	111
	T2 coal
	
	Traralgon Fm/Burong Fm (1108)
	16
	C/UC  (Aquitard)
	1.0E-6 to 5.0E-4
(1.0E-5)
	0.001–0.05
(0.02)
	<0.0001–0.1
0.0025
(0.0025)
	Schaeffer (2008); GHD (2008a, 2010); Brumley et al. (1981); PDA (2006); Aquaterra (2008); Harlow & LeCain (1993).

	22
	111
	T2 interseam
	Lower Latrobe Group; T2_all floor &
	Lower Latrobe Group; T2_all floor & Traralgon Fm/Burong Fm (1108)
	17
	C/UC  
	1.0E-06 to 1.5E-05
(7.0E-6) 
	0.015–0.1
(0.1)
	0.11–24.65
(2.02)
	Schaeffer (2008); GHD (2008a, 2008b, 2010); Brumley et al. (1981); Thompson (1968); SKM (1999).

	23
	114
	
	Strzelecki top
	Strzelecki top
	18
	C/UC  
	>1.0E-8 to 6.0E-4
(1.0E-6)
	>0.01–0.1
(0.02)
	>0.0001–1
(0.002)
	GHD (2008a, 2010); Dahlhaus et al. (2004); Shugg & Harris (1975); Szabo (1979)

	24
	114
	
	Strzelecki 500m; >0-500m
	Strzelecki 500 m; >0500 m
	18
	C/UC  
	>1.0E-8 to 6.0E-4
(1.0E-6)
	>0.01–0.02
(0.02)
	>0.0001–1
(0.002)
	GHD (2008a, 2010); Dahlhaus et al. (2004)

	25
	114
	
	Strzelecki 1km; >500 & <=1000
	Strzelecki 1 km; >500–1000
	18
	C/UC  
	>1.0E-8 to 6.0E-4
(1.0E-6)
	>0.01–0.02
(0.02)
	>0.0001–1
(0.0004)
	GHD (2008a, 2010); Dahlhaus et al. (2004)

	26
	114
	
	Strzelecki 1p5 km; >1000–15000 m
	Strzelecki 1p5 km; >1000–15000 m
	18
	C/UC  
	>1.0E-8 to 6.0E-4
(1.0E-6)
	>0.01–0.02
(0.02)
	>0.0001–1
(0.0004)
	GHD (2010); Dahlhaus et al. (2004)

	27
	114
	
	Strzelecki 2 km
	Strzelecki 2 km
	18
	C/UC  
	>1.0E-8 to 6.0E-4
(1.0E-6) 10-5

	>0.01–0.1
(0.02)
	>0.0001–1
(0.0004)

	GHD (2008a, 2010); Dahlhaus et al. (2004)

	28
	114
	
	Strzelecki 3 km
	Strzelecki 3 km
	18
	C/UC  
	>1.0E-8 to 6.0E-4
(1.0E-6)
	>0.01–0.02
(0.01)
	>0.0001–1
(0.0004)
	GHD (2008a, 2010); Dahlhaus et al. (2004)

	29
	
	
	Strzelecki 4 km; >4000 m
	Strzelecki 4 km; >4000 m
	18
	C/UC  
	>1.0E-8 to 6.0E-4
(1.0E-6)
	>0.01–0.02
(0.01)
	>0.0001–1
(0.0004)
	GHD (2008a, 2010); Dahlhaus et al. (2004)

	30
	
	
	Palaeozoic basement 200 m  thick
	
	18
	
	>1.0E-8 to 6.0E-4
(1.0E-6)
	>0.01–0.02
(0.02)
	>0.0001–0.003
(0.0004)
	GHD (2008a, 2010)


1  Schaeffer (2008)
2  UC = unconfined, C/UC = confined/unconfined
3  The ranges of aquifer parameter values were obtained from the publications listed in the table
4  The aquifer parameter values in bracket are the initial values for the groundwater model in the study. They are primarily sourced from the previously calibrated groundwater models (GHD 2008a, 2010).
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[bookmark: _Toc420577014][bookmark: _Toc422858105]Figure D2: Depth to watertable in the Gippsland study area.
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[bookmark: _Toc420577015][bookmark: _Toc422858106]Figure D3: Gippsland coal seam gas scenario extent.
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[bookmark: _Toc420577019][bookmark: _Toc422858110]Figure D7a: Tight and shale gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577020][bookmark: _Toc422858111]Figure D7b: Tight and shale gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577021][bookmark: _Toc422858112]Figure D7c: Tight and shale gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577022][bookmark: _Toc422858113]Figure D7d: Tight and shale gas watertable drawdown in Gippsland region.
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[bookmark: _Toc420577023][bookmark: _Toc422858114]Figure D8a: Potential impact of tight and shale gas development on aquifers in Gippsland region.
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[bookmark: _Toc420577024][bookmark: _Toc422858115]Figure D8b: Potential impact of tight and shale gas development on aquifers in Gippsland region.
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[bookmark: _Toc420577025][bookmark: _Toc422858116]Figure D8c: Potential impact of tight and shale gas development on aquifers in Gippsland region.
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[bookmark: _Toc420577026][bookmark: _Toc422858117]Figure D9: Potential impact of tight and shale gas development on surface water users in Gippsland region.
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[bookmark: _Toc420577027][bookmark: _Toc422858118]Figure D10a: Tight and shale gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577028][bookmark: _Toc422858119] Figure D1b: Tight and shale gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577029][bookmark: _Toc422858120]Figure D10c: Tight and shale gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577030][bookmark: _Toc422858121]Figure D11: Tight and shale gas watertable drawdown for Gippsland region.
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[bookmark: _Toc420577031][bookmark: _Toc422858122]Figure D12a: Potential impact of tight and shale gas on aquifers in Gippsland region.
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[bookmark: _Toc420577032][bookmark: _Toc422858123]Figure D12b: Potential impact of tight and shale gas on aquifers in Gippsland region.
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[bookmark: _Toc420577033][bookmark: _Toc422858124]Figure D12c: Potential impact of tight and shale gas on aquifers in Gippsland region.
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[bookmark: _Toc420577034][bookmark: _Toc422858125]Figure D13: Tight and shale gas impact assessment for surface water users in Gippsland region.
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[bookmark: _Toc420577035][bookmark: _Toc422858126]Figure D14: Potential impact of tight and shale gas on surface water ecosystems in Gippsland region.
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[bookmark: _Toc420577036][bookmark: _Toc422858127]Figure D15: Potential impact of tight and shale gas on surface water ecosystems in Gippsland region.
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[bookmark: _Toc420577037][bookmark: _Toc422858128]Figure D16a: Coal seam gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577038][bookmark: _Toc422858129]Figure D16b: Coal seam gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577039][bookmark: _Toc422858130]Figure D16c: Coal seam gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577040][bookmark: _Toc422858131]Figure D16d: Coal seam gas watertable drawdown for Gippsland region.
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[bookmark: _Toc420577041][bookmark: _Toc422858132]Figure D17a: Potential impact of coal seam gas on aquifers in Gippsland region.
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[bookmark: _Toc420577042][bookmark: _Toc422858133]Figure D17b: Potential impact of coal seam gas on aquifers in Gippsland region.
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[bookmark: _Toc420577043][bookmark: _Toc422858134]Figure D17c: Potential impact of coal seam gas on aquifers in Gippsland region.
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[bookmark: _Toc420577044][bookmark: _Toc422858135]Figure D18a: Potential impact of coal seam gas on surface water users in Gippsland region.
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[bookmark: _Toc420577045][bookmark: _Toc422858136]Figure D18b: Potential impact of coal seam gas on surface water ecosystems in Gippsland region.
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[bookmark: _Toc420577046][bookmark: _Toc422858137]Figure D19a: Coal seam gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577047][bookmark: _Toc422858138]Figure D19b: Coal seam gas maximum drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577048][bookmark: _Toc422858139]Figure D19c: Coal seam gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577049][bookmark: _Toc422858140]Figure D19d: Coal seam gas drawdown for aquifers in Gippsland region.
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[bookmark: _Toc420577050][bookmark: _Toc422858141]Figure D20a: Potential impact of coal seam gas for aquifers in Gippsland region.
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[bookmark: _Toc420577051][bookmark: _Toc422858142]Figure D20b: Potential impact of coal seam gas for aquifers in Gippsland region.

[image: ]
[bookmark: _Toc420577052][bookmark: _Toc422858143]Figure D20c: Potential impact of coal seam gas for aquifers in Gippsland region.
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[bookmark: _Toc420577053][bookmark: _Toc422858144]Figure D21: Potential impact of coal seam gas for surface water users in Gippsland region.
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[bookmark: _Toc420577054][bookmark: _Toc422858145]Figure D22: Potential impact of coal seam gas in Gippsland region.
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[bookmark: _Toc420577055][bookmark: _Toc422858146]Figure D23: Potential impact of coal seam gas on surface water ecosystems in Gippsland region.
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[bookmark: _Toc420577056][bookmark: _Toc422858147]Figure D24: Potential impact of coal seam gas on surface water ecosystems in Gippsland region.
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Identify the type and location of GDEs


Apply management actions, including mitigation associated with each ‘box’ in the risk matrix.
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Identify High ecological Value Assets of aquifer
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Determine ecological value of GDEs and the associated aquifer.


Determine the impact of an activity to identified GDEs


Determine the magnitude of the risk to identified GDEs. 
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MAGNITUDE EFFECTS

<34 Recorded only by seismographs
3542 Felt by some people who are indoors

4348 Felt by many people, windows rattle

49-54 Felt by everyone, dishes break and doors swing

Causes slight building damage, plaster cracks and bricks fall

62-69 Causes much building damage, houses move on their foundations
7073 Causes serious damage, bridges twist, walls fracture and many masonry buildings collapse
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Highly Productive Groundwater Sources

‘Water Table

Water Pressure

Water Quality

1. Alluvial Water | 1
Sources

These
considerations
apply to all highly
productive alluvial
groundwater
sources except
those listed at
item 1.1

1.1 Lower
Murrumbidgee

Groundwater
source

Less than or equal to a 10% cumuiative variation in
the water table, allowing for typical climatic ‘post-water
sharing plan”® variations, 40m from any-

(a) high priority groundwater dependent ecosystem;
or

(b) igh priority culturally significant site;

listed in the schedule of the relevant water sharing
plan; or

A maximum of a 2m decline cumulatively at any water
‘supply work

f more than 10% cumulative variation in the water
table, allowing for typical climatic “post-water sharing
plan variations, 40m from any:

(a) high priority groundwater dependent ecosystem;
or

(b) high priority culturally signficant site;

listed n the schedule ofthe refevant water sharing
plan then appropriate studies® wil need to
demonstrate to the Minister's satisfaction that the
variation will not prevent the long-term viabiliy of the:
dependent ecosystem or significant site.

If more than 2m decline cumulatively at any water
‘supply work then make good provisions should apply.

A cumuative pressure head decine of not more
than 40% of the "post-water sharing plan"®
pressure head above the base of the water
source to amaximum of a 2m decline, at any
water supply work

Ifthe predicted pressure head decline is greater
than requirement 1. above, then appropriate:
studies are required to demonsrate to the
Minister's satisfaction that the decline wil not
prevent the long-term viability of the affected
water supply works unless make good provisions
apply.

A cumulative pressure head deciine of not more
than 40% of the “post water sharing plan”
pressure head above the top of he relevant
aquifer” to a maximum of a 3m decline, at any
water supply work.

Ifthe predicted pressure head decline is greater
than requirement 1. above, then appropriate:
studies are required to demonsrate to the
Minister's satisfaction that the decline wil not
prevent the long-term viabillty of the affected
water supply works, unless make good provisions
apply, unless make good provisions apply.

1@

®)

©

@

Any change in the
groundwater quality should
not lower the beneficial use
category of the groundwater
source beyond 40m from the
activty: and

No increase of more than 1%
per activity in long-term

average salinity in a highly
connected surface water

source at the nearest point to
the activity

Redesign of a highly
connected'” surface water
source that s defined as a
“reliable water supply™* is not
an appropriate mitigation
measure to meet
considerations 1.(a) and 1.(b)
above.

No mining activity to be below
the natural ground surface
within 200m laterally from the
top of high bank or 100m
vertically beneath (or the
three dimensional extent of
the alluvial water source -
whichever is the lesser
distance) of a highly
connected surface water
source that is defined as a
“reliable water supply”

Not more than 10%
cumulatively of the three
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dimensional extent of the
alluvial material in this water
source to be excavated by
mining activities beyond
200m laterally from the top of
high bank and 100m vertically
beneath a highly connected
surface water source that is
defined as a ‘reliable water
supply”.

2. I condition 1.(a) is not met then
‘appropriate studies wil need to
demonsirate to the Minister's
satisfaction that the change in
groundwater quality will not prevent
the long-tem viabillty of the
dependent ecosystem, significant
site or affected water supply works
If condition 1.(b) or 1.(d) are not
‘met then appropriate studies are
required to demonstrate to the
Minister's satisfaction that the
River Condition Index category of
the highly connected surface water
‘source will not be reduced at the
nearest point to the activiy.

If condition 1.(c) o (d) are not met,
then appropriate studies are
required to demonstrate to the
Minister's satisfaction that:

- there will be negligible river
bank or high wall instability
isks;

- during the activity's operation
and post-closure, levee banks
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‘and landform design should
prevent the Probable
Maximum Flood from entering
the activity's ste; and

low-permeability barriers
between the site and the
highly connected surface
water source will be
appropriately designed,
installed and maintained to
ensure their long-term
effectiveness at minimising
interaction between saline
groundwater and the highly
‘connected surface water
supply;

2. Coastal sands
water sources.

Less than or equal to 10% cumulative variation in the.
water table, allowing for typical climatic “post-water
sharing plan” variations, 40m from any:

() high priority groundwater dependent ecosystem;
or

(b) high priority culturally significant site;

listed in the schedule of the relevant water sharing
plan.

A maximum of a 2m decline cumulatively at any

water supply work

If more than 10% cumulative variation in the water

table, allowing for typical climatic “post-water sharing

plan” variations, 40m from any:

(a) high priority groundwater dependent
ecosystem; or

(b) _high prioriy culturally significant site;

A cumulative pressure head decline of not more
than a 2m decline, at any water supply work

Ifthe predicted pressure head decline is greater
than requirement 1. above, then appropriate:
studies are required to demonsrate to the
Minister's satisfaction that the decline wil not
prevent the long-term viability of the affected

water supply works unless make good
provisions apply.

Any change in the groundwater
quality should not lower the
beneficial use category of the
groundwater source beyond 40m
from the activiy.

If condition 1 is not met then
‘appropriate studies will need to
demonstrate to the Minister's
satisfaction that the change in
‘groundwater quality will not
prevent the long-term viability of
the dependent ecosystem,
significant site or affected water
‘supply works.
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listed in the schedule of the relevant water sharing
plan then appropriate studies (including the
hydrogeology, ecological condition and cultural
function) will need to demonstrate to the Minister's
satisfaction that the variation will not prevent the
fong-term viability of the dependent ecosystem or
significant site.

If more than 2m decline cumulatively at any water
supply work then make good provisions should
apply.

3. Porous Rock
Water Sources

37 Greal
Artesian Basin

Eastem Recharge
Groundwater
Source

and

Southem
Recharge
Groundwater
Source

Less than or equal to 10% cumulative variation in the.
water table, allowing for typical climatic “post-water
sharing plan variations, 40m from any

(a) high priority groundwater dependent
ecosystem, or

(b) high priority culturally significant site,

listed in the schedule of the relevant water sharing

plan.

A maximum of a 2m decline cumulatively at any
water supply work

If more than 10% cumulative variation in the water
table, allowing for typical climatic “post-water sharing
plan” variations, 40m from any:

(a) high priority groundwater dependent
ecosystem; or

(b) high priority culturally significant site;

listed in the schedule of the relevant water sharing

plan then appropriate studies (including the.

hydrogeology, ecological condition and cultural
function) will need to demonstrate to the Minister's

A cumulative pressure head decline of not more
than a 2m decline, at any water supply work

Ifthe predicted pressure head decline is greater
than requirement 1. above, then appropriate
studies are required to demonsrate to the
Minister's satisfaction that the decline wil not
prevent the long-term viability of the affected

water supply works unless make good
provisions apply.

1

®)

(a) Less than 0.2m cumulative variation in the
‘groundwater pressure, allowing for typical
climatic "post-water sharing plan” variations,

40m from any:

(i) high priority groundwater dependent

ecosystem; or

(ii) high priority cutturally significant site;
listed in the schedule of the relevant water

sharing plan

“post-water sharing plan” variations.

A cumulative pressure level decline of not
more than 15m, allowing for typical climatic

Any change in the groundwater
quality should not lower the
beneficial use category of the
groundwater source beyond 40m
from the activiy.

If condition 1 is not met then
‘appropriate studies will need to
demonsrate to the Minister's
satisfaction that the change in
‘groundwater quality will not
prevent the long-term viability of
the dependent ecosystem,
significant site or affected water
‘supply works.
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safisfaction that the variation wil not prevent the
fong-term viability of the dependent ecosystem or
culturally significant site.

If more than 2m decline cumulatively at any water
supply work then make good provisions should
apply.

(c) The cumulative pressure level deciine of no
more than 10% of the 2008 pressure level
above ground surface at the NSW State
border, as agreed between NSW and Qid

Ifthe predicted pressure head decline is greater
than requirement 1 (a). above, then appropriate
studies are required to demonstrate to the
Minister's satisfaction that the decline wil not
prevent the long-term viability of the dependent
ecosystem or culturally significant site.

Pressure level decline should not

(a) cause any flowing bore to cease to flow,

(b) be any more than 1m, allowing for typical
“post-water sharing plan” variations, at any
flowing water supply work unless make
'good provisions apply, or

(c) be any more than 2m, allowing for typical
“post-water sharing plan” variations, at

any non flowing water supply work unless.
make good provisions apply.

3.2 Great Artesian
Basin

Surat
Groundwater
Source

and
Warrego
Groundwater
Source

and

Central
Groundwater
Source

‘Not applicable

1

(a) Less than 0.2m cumulative variation in the
‘groundwater pressure, allowing for typical
climatic "post-water sharing plan” variations,
40m from any:

(i) high priority groundwater dependent
ecosystem; or

(ii) high priority culturally significant site;

listed in the schedule of the relevant water

sharing plan

(b) A cumulative pressure level deciine of not
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'more than 30m, allowing for typical climatic
“post-water sharing plan” variations.

(c) The cumulative pressure level decline of no
more than 10% of the 2008 pressure level
above ground surface at the NSW State
border, as agreed between NSW and Qid.

Ifthe predicted pressure head decline is greater
than requirement 1.(a) above, then appropriate:
studies are required to demonsrate to the
Minister's satisfaction that the decline wil not
prevent the long-term viability of the dependent
ecosystem or culturally significant site.

Pressure level decline should not

(a) cause any flowing bore to cease to flow,

(b) be any more than 1m, allowing for typical
“post-water sharing plan’ variations, at any
flowing water supply work unless make good
provisions apply, or

(c) be any more than 2m, allowing for typical
“post-water sharing plan’ variations, at any
non flowing water supply work unless make
'good provisions apply.

4. Fractured
Rock Water
Sources

Less than or equal o 10% cumulative variation in the.

water table, allowing for typical climatic “post-water
sharing plan variations, 40m from any:

(a) high priority groundwater dependent
ecosystem; or

(b)  high priority culturally significant site;

listed in the schedule of the relevant water sharing
plan.

A maximum of a 2m decline cumulatively at any

A cumulative pressure head decline of not more
than a 2m decline, at any water supply work

Ifthe predicted pressure head decline is greater
than requirement 1.(a) above, then appropriate:
studies are required to demonstrate to the
Minister's satisfaction that the decline wil not
prevent the long-term viability of the affected
water supply works unless make good provisions
apply.

Any change in the groundwater
quality should not lower the
beneficial use category of the
groundwater source beyond 40m
from the activiy.

If condition 1 is not met then
‘appropriate studies will need to
demonsrate to the Minister's
satisfaction that the change in
‘groundwater quality will not
prevent the long-term viabilty of
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water supply work The dependent ecosystem,
significant site or affected water
2. If more than 10% cumulative variation in the water Supply works.

table, allowing for typical climatic “post-water sharing
plan” variations, 40m from any:

(a) high priority groundwater dependent
ecosystem; or

(b)  high priority culturally significant site;

listed in the schedule of the relevant water sharing
plan then appropriate studies®® will need to
demonstrate to the Minister's satisfaction that the
variation will not prevent the long-term viability of the
dependent ecosystem or signficant site.

If more than 2m decline cumulatively at any water
supply work then make good provisions should
apply.

NOTES:
[
@

3)
@)
)

()

@)

Al predicted volumes and aquifer impacts are to be determined using data and modelling as described in section 3.2.3;
“post-water sharing plan” — refers to the period after the commencement of the first water sharing plan in the water source, including the highest pressure head
(allowing for typical climatic variations) within the first year after commencement of the first water sharing plan;

“Highly connected” surface water sources are identified in the Regulations and will be based those determined during the water sharing planning process;
“Reliable water supply” is as defined in the SRLUP;

“Appropriate studies” on the potential impacts of water table changes greater than 10% are to include an identification of the extent and location of the asset, the
predicted range of water table changes at the asset due to the aclivity, the groundwater interaction processes that affect the asset, the reliance of the asset on
groundwater, the condition and resilience of the asset in refation to water table changes and the long-term state of the asset due to these changes;
‘Consideration of modelling accuracy is described in Section 3.2.1

“relevant aquifer” in relation to alluvial water sources is defined in the relevant WSP and relates to that part of the aquifer that can be utilised for productive.
purposes;

All cumulative impacts are to be based on the combined impacts of all ‘post-water sharing plan” activities within the water source.
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1. Alluvial Water
Sources

Less than or equal to 10% cumulative
variation in the water table, allowing for
typical climatic “post-water sharing plan"?’
variations, 40m from any:

(a) high priority groundwater dependent
ecosystem; or

(b) igh priority culturally significant site;

listed in the schedule of the relevant water
sharing plan; or

A maximum of a 2m decline cumulatively at
‘any water supply work unless make good
provisions should apply.

If more than 10% cumulative variation in the
water table, allowing for typical climatic “post-
water sharing plan” Variations, 40m from any:

(a) high priority groundwater dependent
ecosystem; or

(b) high priority culturally significant site;

listed in the schedule of the relevant water
‘sharing plan then appropriate studies'® will
need to demonstrate to the Ministers.
satisfaction that the variation will not prevent
the long-term viabilty of the dependent
ecosystem or significant site.

If more than 2m decline cumulatively at any
water supply work then make good
provisions should apply.

A cumulative pressure head deciine of not
‘more than 40% of the “post.water sharing
plan™® pressure head above the base of the
water source to a maximum of a 2m deciine,
at any water supply work

Ifthe predicted pressure head decline is
greater than requirement 1. above, then
‘appropriate studies are required to
demonsirate to the Minister's satisfaction
that the deciine will not prevent the long-
term viability of the affected water supply
works unless make good provisions apply.

(a) Any change in the groundwater quality
should not lower the beneficial use
category of the groundwater source
beyond 40m from the activity; and

(b) No increase of more than 1% per activity
in long-tem average salinity in a highly
‘connected surface water source at the
nearest point to the activiy.

Redesign of a highly connected®®
surface water source that is defined as a
“reliable water supply™ is not an
‘appropriate miigation measure to meet
considerations 1.(a) and 1.(b) above.

() No mining activity to be below the
natural ground surface within 200m
laterally from the top of high bank or
100m vertically beneath (or the three
dimensional extent of the alluvial
‘material - whichever is the lesser
distance) of a highly connected surface
water source that is defined as a
“reliable water supply”.

I condition 1.(a) is not met then appropriate
studies will need to demonstrate to the
Minister's satisfaction that the change in
‘groundwater quality will not prevent the long-
term viability of the dependent ecosystem,
significant site or affected water supply works.

I condition 1.(b) is ot met then appropriate
studies are required to demonstrate to the
Ministers satisfaction that the River Condition
Index category of the highly connected
surface water source will not be reduced at
the nearest point to the activity.
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Less Productive Groundwater Sources.

‘Water Table Water Pressure. Water Quality

Water sharing pian” vaations, 40m from any:

() high priority groundwater dependent
ecosystem; or
(b) high priority culturally significant site;
listed in the schedule of the relevant water
sharing plan if appropriate studies
demonsrate to the Minister's satisfaction that
the variation will not prevent the long-term
viability of the dependent ecosystem or
significant site.
If more than a 2m decline cumulatively at any
water supply work then make good
provisions should apply.

NOTES:
[
@

3)

@)
)

()

Al predicted volumes and aquifer impacts are to be determined using data and modelling as described in section 3.2.3;
“post-water sharing plan” — refers to the period after the commencement of the first water sharing plan in the water source, including the highest pressure head
(allowing for typical climatic variations) within the first year after commencement of the first water sharing plan;

“Highly connected” surface water sources are identified in the Regulations;

“Reliable water supply” is as defined in the SRLUP;

“Appropriate studies” on the potential impacts of water table changes greater than 10% are to include an identification of the extent and location of the asset, the
predicted range of water table changes at the asset due to the aclivity, the groundwater interaction processes that affect the asset, the reliance of the asset on
groundwater, the condition and resilience of the asset in refation to water table changes and the long-term state of the asset due to these changes;
Consideration of modelling accuracy is described in Section 3.2.1

All cumulative impacts are to be based on the combined impacts of all *post-water sharing plan” activities within the water source.
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Al of the issues outlined in Section 5.1 have been fully addressed; all events and potential consequences
associated with the activity have been accurately predicted to a high level of confidence.

There is a mixture of high and medium certainty in the prediction of the issues. No issue is of low certainty.

All issues are of medium certainty.

There is low certainty in at least one of the issues for either the events or their potential environmental
consequence(s).

There is low certainty in all of the issues for either the events or consequences.
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Significance score  Manageability criterion

Adverse consequences of the various events associated with the proposed activity can be totally
avoided, o it is highly unlikely that the events will ever occur.

Adverse consequences can be managed to be short term. ‘Short term’ needs to be defined in
the context of the environment within which the potential consequences are likely to occur.

Adverse consequences are not or cannot be managed to be short-term, but they can be
confined so as to be insignificant in terms of size and scope relative to the surroundings.

Adverse consequences in conjuncion with those of existing activities pose significant cumulative
4 effects. Or consequences are significant in terms of duration and/or size and scope relative to
surroundings.

Consequences are potentially catastrophic, or there is high stakeholder concern regarding the
severity of the consequences. Catastrophic in this context means wide scope and long term, or
imeversible consequences such as death or serious injury to individuals, or permanent adverse
change to the environment.





image85.png
CONSEQUENCE OF POTENTAL IMPACTS

LIKELIHOOD MINOR MEDIUM MAJOR CATASTROPHIC
ALMOST CERTAIN [ H

LIKELY L [ H

UNLIKELY L L H

RARE VL L L [





image86.png




image87.jpg
Legend
[ s s i it
Wajo Roads

] Gipstand sy Avea

. n e

-
o
—





image88.png
WONTHAGGI

o

MORWELL'

BAIRNSDALE

ORBOST,

Legend

®  Town

[ Gippstand stugy Area
Depth to Watertable (m)

[ 0.1 - 2: High connection
[] 2.1 - 6: Moderate connection

[ > 6: Low connection

o P «© ,&
— r—
o 0

NSW
<

0 130





image90.png
Legend
] ciopsons sty o

River basin

—— Maor roads

Z Bast
Gopsiand
samsonz River
wichen SSNE
o ) P
-
nsw
vie
0
[





image91.png
WoNTHAGGH

BARNSDALE

Legend

o Toun
[ iepsiana suay area
Depth to watertable (m)
B2
Jat-s
T B





image92.png
Legend

Coal seam gas scenario
extent (subregional)

Major roads

- Gippsland study area

BAIRNSDALE

WONTHAGGI





image93.png
Legend

Tight and shale gas
scenario extent
(subregional)

Major roads

- Gippsland study area

BAIRNSDALE

WONTHAGGI





image94.png
Legend

[ Gippsiand Study Area

Victorian Wetlands listed in
ADirectory of Important
Wetlands in Australia

River Basin

snowy RN
Tambo, River. =4 S
e Gippslana lage”

; /7&#’%

titchell
s Mallacoota Inlet
LGwer Snowy River  Wetlands
Wetlands System

Lake Tyers

Gippsland Lakes

(Lake King Wetlands,
/Lake Victoria Wetlands,
Lake Wellington Wetlands)
‘and Tambo River

Dowd Morass

The Heart Morass.

Sale Common

South
Gippsiand

NSW

Anderson Inlet Comner Inlet

Shallow Inlet





image5.jpeg
NORTH
200+

The Heart

=
[}
e
(&)
-]
£
o
S
Morass 5

TOWNSHIP
OF SALE

4 Thomson River

Upper Aquitard g

-200 -200
-400 -400
-600 -600
-800 -800
-1000 - -1000
=
S
-1200 - = -1200
=
Tight Sandstone (Hydrogeological Basement) w
~J
-1400 - 5 - -1400
S
a
-1600 - \ - -1600
potential tight/shale gas
-1800 - - -1800




image95.png
Gas sources

D Coal seam gas scenario
extent (subregional)

Tight and shale gas
scenario extent
(subregional)

- Mit

e, £ A Ty _Ri .V 7 High value assets
cPeII, it X F 3 3 o [ 4 % %l 2

Watercourse

- Waterbodies

Groundwater
depth (m)

km N





image96.png
Mesozoic and Palaeozoic Bedrock (L114) Lower Tertiary Basalts (L112)

Tight and shale gas
scenario extent
(subregional)

Lower Tertiary Aquifer (L111) Lower Mid-Tertiary Aquifer (L109)

0 40 80 A

km N
GDA 1994 VICGRID94





image97.png
Upper Mid-Tertiary Aquitard (L108) Upper Mid-Tertiary Aquifer (L107)

Tight and shale gas
scenario extent

(subregional)

Upper Tertiary Aquitard (L106) Upper Tertiary Aquifer (L105)

0 40 80 A

km N





image98.png
Upper Tertiary/Quaternary Aquitard (L103) Upper Tertiary/Quaternary Aquifer (L102)

Tight and shale gas
scenario extent

(subregional)

Quaternary Aquifer (L100) WT Unconfined

0 40 80 A

km N
GDA 1994 VICGRID94





image99.png
Tight and shale gas
scenario extent
(subregional)

0 20 40 A

km N
GDA 1994 VICGRID94





image100.png
Mesozoic and Palaeozoic Bedrock (L114)

Lower Tertiary Aquifer (L111)

Lower Tertiary Basalts (L112)

Lower Mid-Tertiary Aquifer (L109)

(subregional)

Tight and shale gas
scenario extent

Potential for impact

High
(HC)
Connection
between |moderate
receptor (mc)
class and

groundwater| Low
(L)

LC/ LD
[P—

LC/MD | LC/HD

Low
(to)

Moderate| High
(MD) (HD)

Groundwater Drawdown

0 40

km

GDA 1994 VICGRID94

80 ’x





image101.png
Upper Mid-Tertiary Aquitard (L108)

Upper Tertiary Aquitard (L106)

Upper Mid-Tertiary Aquifer (L107)

Upper Tertiary Aquifer (L105)

(subregional)

Tight and shale gas
scenario extent

Potential for impact

High
(HC)
Connection
between |Moderate
receptor (mc)
class and
groundwater| Low
(LC) I.C,“.D
—

LC/MD | LC/HD

Low
(to)

Moderate| High
(MD) (HD)

Groundwater Drawdown

0 40

km

GDA 1994 VICGRID94

80 ’x





image102.png
Upper Tertiary/Quaternary Aquitard (L103)

Quaternary Aquifer (L100)

Upper Tertiary/Quaternary Aquifer (L102)

WT Unconfined

(subregional)

Tight and shale gas
scenario extent

Potential for impact

High
(HC)
Connection
between |moderate
receptor (mc)
class and

groundwater| Low

i .Lc,i LD

LC/MD | LC/HD

Low
(LD)

Moderate| High
(MD) (HD)

Groundwater Drawdown

0 40

km

GDA 1994 VICGRID94

80 ’x





image103.png
Tight and shale gas
scenario extent
(subregional)

Potential for impact

High
(HE)
Connection
between |moderate
receptor (Mc)
class and

groundwater| Low

(L) II.CII.D LC/MD | LC/HD

Moderate
(MD})

Low

(LD} (HD)

High ‘

Groundwater Drawdown

0 20 40 ’X

km N
GDA 1994 VICGRID94





image104.png
Mesozoic and Palaeozoic Bedrock (L114) Lower Tertiary Basalts (L112)

Tight and shale gas
scenario extent
(subregional)

Lower Tertiary Aquifer (L111) Lower Mid-Tertiary Aquifer (L109)

0 40 80 A

km N





image105.png
Upper Mid-Tertiary Aquitard (L108) Upper Mid-Tertiary Aquifer (L107)

Tight and shale gas
scenario extent
(subregional)

Upper Tertiary Aquitard (L106) Upper Tertiary Aquifer (L105)

0 40 80 A

km N
GDA 1994 VICGRID94





image106.png
Upper Tertiary/Quaternary Aquitard (L103) Upper Tertiary/Quaternary Aquifer (L102)

Tight and shale gas
scenario extent
(subregional)

Quaternary Aquifer (L100) WT Unconfined

0 40 80 A

km N





image107.png
Tight and shale gas
scenario extent

(subregional)

0 20 40 A

km N
GDA 1994 VICGRID94





image108.png
Mesozoic and Palaeozoic Bedrock (L114) Lower Tertiary Basalts (L112)

Tight and shale gas
scenario extent

(subregional)
Potential for impact

High
(HC)
Connection
between |Moderate
receptor (mc)
class and

groundwater| Low

) _u:jw LC/MD LC/HD

Low |Moderate High
(LD) (MD) (HD)

Groundwater Drawdown

Lower Tertiary Aquifer (L111) Lower Mid-Tertiary Aquifer (L109)

0 40 80 ’X

km N
GDA 1994 VICGRID94





image109.png
Upper Mid-Tertiary Aquitard (L108) Upper Mid-Tertiary Aquifer (L107)

Tight and shale gas
scenario extent

(subregional)
Potential for impact

High
(HC}
Connection
between  |moderate|
receptor (Mc)
class and

groundwater| Low
(Lc)

LC/LD [LC/MD | LC/HD
[

Low |Moderate| High
(L) (MD) (HD)

Groundwater Drawdown

Upper Tertiary Aquitard (L106) Upper Tertiary Aquifer (L105)

0 40 80 ’X

km N
GDA 1994 VICGRID94





image110.png
Upper Tertiary/Quaternary Aquitard (L103)

Quaternary Aquifer (L100)

Upper Tertiary/Quaternary Aquifer (L102)

WT Unconfined

(subregional)

Tight and shale gas
scenario extent

Potential for impact

High
(HC)
Connection
between |moderate
receptor (mc)
class and

groundwater| Low

i .Lc,i LD

LC/MD | LC/HD

Low
(LD)

Moderate| High
(MD) (HD)

Groundwater Drawdown

0 40

km

GDA 1994 VICGRID94

80 ’x





image111.png
Tight and shale gas
scenario extent
(subregional)

Potential for impact

High
(HE)
Connection
between |moderate
receptor (Mc)
class and

groundwater| Low

(L) II.CII.D LC/MD | LC/HD

Moderate
(MD})

Low

(LD} (HD)

High ‘

Groundwater Drawdown

0 20 40 ’X

km N
GDA 1994 VICGRID94





image112.png
Legend

VWAD - Rivers

VWAD - Waterbodies

D Gippsland study area

Tight and shale gas
scenario extent
(subregional)

Potential for impact

High
(HE)
Connection
between |moderate
receptor (Mc)

class and

groundwater| Low
L)

LC/LD |LC/MD | LC/HD
—

Low
(LD}

Moderate

(MD) (HD)

High ‘

Groundwater Drawdown

0 250 500 \

km N
GDA 1994 VICGRID94





image113.png
Legend

VWAD - Rivers

VWAD - Waterbodies

D Gippsland study area

Tight and shale gas
scenario extent
(subregional)

Potential for impact

High
(HE)
Connection
between |moderate
receptor (Mc)

class and

groundwater| Low

(L) /o I.C‘I MD LC/HD

Low
(LD}

Moderate

(MD) (HD)

High ‘

Groundwater Drawdown

0 20 40 ’X

km N
GDA 1994 VICGRID94





image114.png
Mesozoic and Palaeozoic Bedrock (L114)

Lower Tertiary Basalts (L112)

Coal seam gas
scenario extent

(subregional)

Lower Tertiary Aquifer (L111) Lower Mid-Tertiary Aquifer (L109)

0 40 80 A

km





image6.png
AREA OF INTEREST

“Approx. lmit
preserved
Strelecki G

Seaspray™ 5™,
Depression s ¥/7
FSIong.

Albertoh
o
Depression

o2

Southern Platform

N Eary Crotacoous extensiona
= P == Tt sysiems
[ R _a Late Cretaceous fauts

Majo anticinalrends — =
B roosed Sizcecki Group 4 Eay Miocene Basin mversion \

o® o ol
Tettary -Recentsedimens o (e !

] Grtne Gippsand Basin o Goseis Py «

Coatfied Fasiecki Gp
4 Petroleum wels S e J





image115.png
Upper Mid-Tertiary Aquitard (L108) Upper Mid-Tertiary Aquifer (L107)

Coal seam gas
scenario extent
(subregional)

Upper Tertiary Aquitard (L106) Upper Tertiary Aquifer (L105)
0 40 80 A
-
km N

GDA 1994 VICGRID94





image116.png
Upper Tertiary/Quaternary Aquitard (L103) Upper Tertiary/Quaternary Aquifer (L102)

Coal seam gas scenario
extent (subregional)

Quaternary Aquifer (L100) WT Unconfined
0 40 80 A
-
km N

GDA 1994 VICGRID94





image117.png
Coal seam gas
scenario extent
(subregional)

0 20 40 A

km N
GDA 1994 VICGRID94





image118.png
Mesozoic and Palaeozoic Bedrock (L114)

Lower Tertiary Aquifer (L111)

Lower Tertiary Basalts (L112)

Lower Mid-Tertiary Aquifer (L109)

Coal seam gas scenario
extent (subregional)

Potential for impact

High
(HC)
Connection
between |Moderate
receptor (mc)
class and
groundwater| Low
(L0) -LC,“.D
—

LC/MD | LC/HD

Low
(to)

Moderate| High
(mD) (HD)

Groundwater Drawdown

0 40

km

GDA 1994 VICGRID94

80 ’x





image119.png
Upper Mid-Tertiary Aquitard (L108)

Upper Tertiary Aquitard (L106)

Upper Mid-Tertiary Aquifer (L107)

Upper Tertiary Aquifer (L105)

(subregional)

Coal seam gas
scenario extent

Potential for impact

High
(HC)
Connection
between  |moderate
receptor (mc)
class and

groundwater| Low

) .u:,f 1}

LC/MD | LC/HD

Low
(to)

Moderate| High
(MD) (HD)

Groundwater Drawdown

0 40

km

GDA 1994 VICGRID94

80 ’x





image120.png
Upper Tertiary/Quaternary Aquitard (L103)

Quaternary Aquifer (L100)

Upper Tertiary/Quaternary Aquifer (L102)

WT Unconfined

Coal seam gas scenario
extent (subregional)

Potential for impact

High
(HC)
Connection
between |moderate
receptor (mc)
class and

groundwater| Low
(L)

Lc/ LD
[—

LC/MD | LC/HD

Low
(to)

Moderate| High
(mD) (HD)

Groundwater Drawdown

0 40

km

GDA 1994 VICGRID94

80 ’x





image121.png
Coal seam gas
scenario extent

(subregional)

Potential for impact

High
(HE)
Connection
between |moderate
receptor (Mc)
class and

groundwater| Low

(L) /o I.C.[N!D LC/HD

Low
(LD}

Moderate

(MD) (HD)

High ‘

Groundwater Drawdown

0 20 40 ’X
T Eee—
km N

GDA 1994 VICGRID94





image122.png
Legend

VWAD - Rivers

VWAD - Waterbodies

E Gippsland study area

Coal seam gas scenario
extent (subregional)

Potential for impact

High
(HC}
Connection
between |moderate
receptor (MC)

class and

groundwater| Low
(L)

LC/1D |LC/MD| LC/HD

Low
(LD}

Moderate

(MD}) (HD)

High ‘

Groundwater Drawdown

0 20 40 ’X

km N
GDA 1994 VICGRID94





image123.png
Mesozoic and Palaeozoic Bedrock (L114) Lower Tertiary Basalts (L112)

Coal seam gas scenario
extent (subregional)

Lower Tertiary Aquifer (L111)

Lower Mid-Tertiary Aquifer (L109)

0 40 80 A

km





image124.png
Upper Mid-Tertiary Aquitard (L108) Upper Mid-Tertiary Aquifer (L107)

Coal seam gas scenario
extent (subregional)

Upper Tertiary Aquitard (L106) Upper Tertiary Aquifer (L105)
0 40 80 A
-
km N

GDA 1994 VICGRID94





image7.png
. sejeuoqien sonse|n ollesed pue
o6 g g g ' !
||Iebuey/Aeidseas ‘YN e wojbuo e ejuel\ ‘Awwng) ‘Iayaly 18|buy @ 1addry e J8yaly e A1anoasiq seo % |10 ‘ auue auuep olejeg-felrn|4
eJUBl\ Japunol ‘Yoeqyoe|g Iayseq eun) “Jaddeu |o1950B N . Bumum ‘wnuny ‘sjog [ElAnid SR el plelLER]e
Q S e @ INqI[eH/BIqoD/enJsal0 o o . [BIAN|Y auLewW-UuoN 8SOMIE BULIBW-UON
2A00s1 10
eun| ‘ysibury ‘yoegxoe|g Bun ‘uiepy ‘en 1
o UM ‘Ulle ‘ejnodelieg e ysyuoop o SOIUBDJOA Oljleseg —~  S}IUOONES) 1e0n m_
aulymie] ‘Jaddeus ‘esioyeas ‘Yaiad ‘Ysyuooy ‘uiydjog ‘wesig ‘eynodelieg enued A1anoosiq se
@ 5= ° 10 Se9 ‘ SIS m auois)IS souojspues
m >F
a7 nsaybny — H. 0z
$8)L10dS0j9AD SFE 4
5 =F
= =1 IS
smeujs " mm—.F
o]
= —E
= i ol
exopeled M _N -
Q e p . 5 eiodsojdoy [ B
el A = dnoy > [FsoL
dNOYOENS YHINGINNYOM O snsouued m o
- IMO313241S sy || o
Aiuiojuo> 31VHS . . 00
‘W4 IVNINGY euLojiun NYINY

3SOMYY dOSHIN N PV~ suodsibooy | -Wonso | .
E@v.ﬁ. WA AN e CIIEREEITS e
HLNOS Kiuwiojuodoun woibuo] HLIYON sm\,mw_(m_m&mz) SIPIPEI2OIAUG [ovinon |Iom

= o || | S

NOILVINYOA SMigouss =
NOILY L0 mb%nw_«muwmm:w seypibejoyIoN “ 2 Hlow
N3@109 oy 8 sk
- sojuodjoouy  fm. z C &
W_ snBuoj m W c
NOILVINYO4 b seydjoi0 m -
HSI4ONIX (@] 189m0 = -0
\ 2l FEF
SR LA
NOLLYINYOH m o |99
e e VHHYA . = dnoysans oweg |5 EF
O = SOINVOTOA—~<— @ | sopuoyodeysiory & m E
z 1NaIvH ! A I o
\.wt:O m:l.&tmo WMI ONAryHv w e W m = 0
N EE v C [Jewreq 7u00dn |7 & F
e - s DI Ef NOLLYIWYO4 B : m St
Uy | — "Wl VHYVA > -

W3 §3ONNOTH | e g 4 AT = =
el % _ ¢ Feos
- |suueyd yedo ui ey snjodosedse  — m E
..p..-o SOJUEDIOA SRR = w =
g Mvvvvvvodd z 0 Fop
& dNOYO IFONUL SRS =
e 31v1LN3NE2HIaN = il B X ot B it samsepion |8 M E
T otpom - 3,%—|& Z nowvinuos NOOTvMvyy | dNo¥oEns et ™ T oy

800810 NOILVIN¥OA X W = AEER snuadse — F
S e, NOOTVVYL A Y i g L £
MOA o otepdiouL 2| > aIpPI 5 FEge
m. | = w / sniadse ‘N Jeddn | _nlv -
< Ayuwuojuooerey — 3 o5 =] smemosean o |2 & |- 08

lleysie YN T 2| Nolvwuo4 HE 5 z dNoyo Aol =S E
S 5| 3oNwaINa £z E b S ok
JONVALNG m.... " > E| Ssmiv— zff H= AVHASVIAS | mmmem 12 2 Ee
e S bl - Sz mm BIPPIN
m @ — 2 3 s|< o
X" INOLS3NI s~ gl s = |o &le s |2 E o0z
ANVISAdID = s || haneTs 2| anvisadio 3 %! oG saposeinid |2 = [
o = T 8|19 = oF
OR | MV S mwﬂﬁhwf«am\ s y W LN eI == copoporonay |§ @ E
g4 .<H W v m.hnlllll Jomo7 E2F
Fe 434 - o = S F
_ e < & s NoLVIod 3 NOLLVINYOd = sosjodonod, |5 EOF
. —x . oanvy E] = canvi .. 37| | AOOMTIZVH™ T
— = i S — 2 =2 == — ‘Syeainyq suods eI o
—— — —x "8 QNS AR gty i LIS LET 2 w._-m_ﬂ._.nﬂ._.ﬂﬂﬂ " 5 r dNO¥9 sisdy sapreoered [anaoona | s
= —~ . FRoe ﬁ " g | u..msnz%v_:xm:smfjuz:z: 31VS =t
JHOHSH40 WYO41V1d NOISS3¥d3a NOISS3¥d3A ANITOILNY NOISS3¥d3A NOISS3¥d3a SANOZ
JYOHSNO | 3ONVHLNG S3NV1 | Noryagv AVHdSVIS HLYNVMOVHVE  [NOLONITIaM 3NV 38081V SLINN ¥OFVIN | Na110d-3:04s STOV| BN





image125.png
Upper Tertiary/Quaternary Aquitard (L103) Upper Tertiary/Quaternary Aquifer (L102)

Coal seam gas scenario
extent (subregional)

Quaternary Aquifer (L100) WT Unconfined

0 40 80 A

km N





image126.png
Coal seam gas

scenario extent

(subregional)

0 20 40 A

km N
GDA 1994 VICGRID94





image127.png
Mesozoic and Palaeozoic Bedrock (L114)

Lower Tertiary Aquifer (L111)

Lower Tertiary Basalts (L112)

Lower Mid-Tertiary Aquifer (L109)

(subregional)

Coal seam gas
scenario extent

Potential for impact

High
(HC)
Connection
between |Moderate
receptor (mc)
class and

groundwater| Low

(L0) -LC! LD

LC/MD | LC/HD

Low
(to)

Moderate| High
(MD) (HD)

Groundwater Drawdown

0 40

km

GDA 1994 VICGRID94

80 ’x





image128.png
Upper Mid-Tertiary Aquitard (L108)

Upper Tertiary Aquitard (L106)

Upper Mid-Tertiary Aquifer (L107)

Upper Tertiary Aquifer (L105)

Coal seam gas scenario
extent (subregional)

Potential for impact

High
(HC)
Connection
between |moderate
receptor (mc)
class and
groundwater| Low
e .Lcj LD
[R——

LC/MD | LC/HD

Low
(LD)

Moderate| High
(MD) (HD)

Groundwater Drawdown

0 40

N —

km

GDA 1994 VICGRID94





image129.png
Upper Tertiary/Quaternary Aquitard (L103)

Quaternary Aquifer (L100)

Upper Tertiary/Quaternary Aquifer (L102)

WT Unconfined

(subregional)

Coal seam gas
scenario extent

Potential for impact

High
(HC)
Connection
between |Moderate
receptor (mc)
class and

groundwater| Low
(L)

Lc/ LD
[—

LC/MD | LC/HD

Low
(to)

Moderate| High
(mD) (HD)

Groundwater Drawdown

0 40

km

GDA 1994 VICGRID94

80 ’x





image130.png
Coal seam gas scenario
extent (subregional)

Potential for impact

High
(HC}
Connection
between |moderate
receptor (MC)
class and

groundwater| Low
(L)

LC/LD |LC/MD | LC/HD
I O

Moderate
(mD})

Low

(LD} (HD)

High ‘

Groundwater Drawdown

0 20 40 ’X
T Eee—
km N

GDA 1994 VICGRID94




image131.png
Palaeozoic Bedrock(L114) ] |LowerTertiary,Basalts’(L112) 4 |LowerTertiary/Aquifer, (L111) 4 (Lower Mid-Tertiary/Aquifer,(L109)

i

Legend

Watercourse

E Gippsland study area

Coal seam gas scenario
extent (subregional)

Potential for impact

Connection
between
receptor

4 |\UpperTertiary/Aquifer,(L105) 4 classand

groundwater| Low

MC /LD

LC/LD [LC/MD | LC/HD

Low |Moderate| High
(LD) (MD) (HD)

Groundwater Drawdown

-
A

UpperMid-Tertiary/Aquitard (L108) 4 LlUpperMid-Tertiary/Aquifer,(L107) 4 |UppergTertiary/Aquitard (L106)

Upper Tertiary/Quaternary/Aquitard (L103)4 (U

0 10 20 5
| /
km N

GDA 1994 VICGRID94





image132.png
Legend

VWAD - Rivers

VWAD - Waterbodies

E Gippsland study area

Coal seam gas scenario
extent (subregional)

Potential for impact

High
(HE)
Connection
between |moderate
receptor (Mc)

class and

groundwater| Low
L)

I.CII.D LC/MD | LC/HD

Low
(LD}

Moderate
(MD})

High
(HD)

Groundwater Drawdown

0 20 40 ’X

km N
GDA 1994 VICGRID94





image133.png
Legend

VWAD - Rivers

VWAD - Waterbodies

E Gippsland study area

Coal seam gas scenario
extent (subregional)

Potential for impact

Connection

between  |moderate
receptor (MC)

class and
groundwater

Groundwater Drawdown

0 20 40 ’X

km N
GDA 1994 VICGRID94





image134.png




image8.jpeg
5800000

5780000

5760000

5740000

5720000

5700000

5680000

360000 380000 400000 420000 440000 460000 480000 500000 520000 540000

.
e
ST o et

oropera

4500
4000

2500
2000
1500
1000
500

3
3
3
2
2





image9.png




image10.png
[icines=(m)|  Hydrostratigraphic Unit Thickness

o0 | Stuctural Regon

2s0 |ModelBoundary  — — — -

205 | Mining License

152 | Mine

AMG Northing

2
g
g

5745000

570000

-

~ 5720000
AMOG Easting - N

4250009 450000 475000 500000 525000 550000 575000 ]

572000 0ster





image11.png
5820000

5800000

5780000

1576000
v

/
\
\
5740000

15720000

425000

J

e
450000

475000

500000

AMG Easting
5

25000

550000

Marines Sequences

575000

AP

AN RS

Bty

Eran

Sramny





image12.png
w HANTED HLL E
Pt

oL, MO0

e
o | g ey | o
Nl e
> 1 s e aon
e bt 1 - oo
Nz v ) . [— .
- s . T rsx e ousr ot eoLretits couzme _00C

—F

/il

SECTION H3

SOALES VERTEAL 12600
VORZENTAL 110008

LeceND
seramouiEsToE

1 raeorm romion [t a—

con [0 sawooxromumon

[ e S ——

) vomewsauren [ mumoouaures

[ sosouerousrion () wsurvoucancs

[ ——— B —

(53 omomves romuaron T soenon

= o I

e —





image13.emf

image14.png




image15.png




image16.png
GIPPSLAND AND TARWIN BASINS

SRW
Aquifer HYDROGEOLOGICAL UNITS (HGUs) | Groundwater
" Atlas
" Aquifer
Aquifer Name d HGU No. |HGU Name Classification
Number
- 7001 _[Qusternary Acolian
Dy A e 100 1002 Quaternary Fluvial/ lacustrine/
Upper Tertiary/ Quaternary P 1015 |Haunted Hills Formation
Adquifer 1016 [espie rointsona pperhaters
Upper Tertiary/ Quaternary 103
Aquitard 1017 |Boisdale Formation (Nuntin Clay)
Upper Tertiary Aquifer (fluvial) | 105 103 __|Boisdale Formation (Wurruk sand)
705 [Fariewood Formation
Upper Tertiary Aquitard 106 1055 [Vailourn Formation
1061 [Sale Group / Jemmys Point Formation
1057 _|Varragon Formation
1055 |Worwen Formation / Wonwell szams
1060 [Batook Formation
Upper Mid-Tertiary Aquifer 107 1068 |Aiberton Fm, Aberton CoaT Seams
1055 [Cobia SubGroug
1055 [Gurnard Formation Widdle Aquiers
4053 [Turmum Formation
1062 [seaspray Group
1065 |Lakes Entrance Formation
Upper Mid Tertiary Aquitard 108 1062 [Tambo River Formation
1065 [Gippsiand Limestone.
1062 [Giffard Sangstone Member

1104

Latrobe Group

1104 __[Traralgon Formation
1105 _|Yarram Formation
Lower Tertiary Aquifer 111 1106__|Honeysucki= Gravels
1107__|Childers Formation
1108 [Burrong F/ Traralgon Seam
1142 |M2/M2C Aquiter (when basal aquiter)
1110 [Older Volcanics Group (Phase 1
Lower Tertiary Basalts 112 1112 [Thorpdale Vo
1113 rajung Ve
Mesozoic and Palaeozoic 114 1125 |stzelecki Group
Bedrock 112428 |All Palac

Lower Aquifers





image17.png
Salinity (mg/L)
. <500

I 500-1000
B 1000-3500
[ 3500-7000
B 7000-13000
B 1300035000





image18.png
Key
B Aquitard
Groundwater elevation (mAHD)

High elevation

anindwater elavatinn





image19.png
ey

Salinity (mg/L)
B <500

B 500-1000
B 1000-3500
[ 3500-7000





image20.png
‘Salinity (mg/L)
B <so0

B 500-1000
B 1000-3500
1 3500-7000





image21.png
Wonhaggie .,





image22.png
O
PRural Water
SOUTH EASTERN VICTORIA

ELEVATION OF LOWER TERTIARY AQUIFER
(111) AND LOWER TERTIARY BASALTS (112)

Model Input Data





image23.png
«Orbost

Key
Salinity (mg/L)

Bl <500

Il 500-1000
I 1000-3500
[ 3500-7000




image24.png
>
*Mallacoots

Key
Flow systems.

= Direction of flow.
‘Groundwater elevation

I"m
Low

Wonthaggi«





image25.png




image26.png
Sole Field
50km

SS

Central
Deep

aDariman Fault System
——

i e
\' 148 Total water level decline (mapped difference)
SOUth Strzelecki Terrace \ NS ] 48 Total water level decline (measured)

Scale

Foster Fault S&te

0 25km




image27.png
Iy
2 6!4’





image28.png
Reduced Water Level (m AHD)

30

—105220 Latrobe
— 105221 Latrobe
2
—105222 Balook
——147173Balook
20
15
10
5
0

1982 1984 1987 1990 1993 1995 1998 2001 2004 2006 2009





image29.png
Moe & Central Gippsland Groundwater Catchments

East Gippsland GC

East Port
Phillip Bay GC

2 W Stpy Procin s WSPA)
w
—
e h @Soumam
PR TR e v [ A N Rural Water
T [ Aol





image30.png




image31.png
b ..
)
| i
|
|
e
TN —— s e :
S o oo
| = e
Z e =
o
S [ u\\ 0 s
R =T e e
s o e
e ¥ [ e — o~ Y
i
[ — e o
ks R R !
o N—
ey
— p— [T —————— e T
wse W m x ] ) Surt WG Interstation Assessment. BF| Classification ey Baseflow Dependert Waterways. n-m m.umu
- e T T [
o D T e o Wi Avorage Amual atchment Gains and Losses
h*:mm | oo and BFI Classfications Figure 2





image32.png
Gippsland Groundwater Dependent Ecosystems

Gt GDEs
A

GDE, et o0 surfacs vpresson of goundwater
. S, wetinds)

e,

Maderste potentafo roundwater ieracton

08, Relrt o1 subststoco goundwater (veggtation)

Ieentied in revious study: Selgwork
[ ——

Mo potertil o areunguter eersction
Poderate porenta fo roungwater Ineracton
Low potenat or reundustr neracton

N Ecosystems andlysed

GOE, Subteranean (Cave & Aquifers)

Ioentied in revious study- ielawork

icenttes





image33.png
N
2,
] -
s et
i -
o) ? Eavcramn o
Y e e

e Sname

e
e

ol ommen
e —
Lo tomoe
rgvaon oo Ny Svar,
vt =

Fringing Wetlands
I Hypersaiine Wetlands
B Variably Saline Wetlands
I Freshwater Wetlands

Other
Main Lakes
Major Rivers

® Lakes Entrance
Study Area

A

Gippsland Lakes system:
Fringing Wetlands

1425213

(=g

P M
==t





image34.png
‘Sai Croak Marsh

Siughtarhousa Crook o Tambo Rier
Sordeing marshes L) B
Hidobanats Swamp
Bosses Swamp
Yondalock Swarp Marnga Craok
Nebbor Swamp iy
Sorms Bay
MeLood Morass Lake King [Rates Entinnce
e Newtands Am
= T s
Woddy Point Swarmp e e Chacns
Chdobank Morass
o) Backvate Morass sk Moou Sump ™ eungaAm
e Pig Holes
Viors Lagoon
sand Swamp,
Laka Ky 6 Ry Lok Roave
\. A Dolomts Svamp
Curtains Fat Snipa Wotand
\ Loke Welingon e o
ety Neghbour Lagean
- WL arnan st -
= iy Fringing Wetlands
Spoon By satmashes °
Long Vlerhole Bl Hypersaline Wetlands
Dowd Mrass Mty Svane ’
Codeerii) Tucker Suam. I Variably Saline Wetlands

Lake Reeve.

I Freshwater Wetlands

Lake Coleman
Other
Main Lakes
Major Rivers
@  Lakes Entrance
Study Area ‘N\
s Dt S

0 25 5

Gippsland Lakes system:
Fringing Wetlands

1:425213

Geraciocs e nd st Gepsand A
Proacion MOA G Zone 5.

Kiometers:
gt 205





image35.emf
Impact Assessment

Potential 

Connection 

between 

receptors and 

groundwater

Depth to 

Watertable

Effect of gas 

development

Predicted 

drawdown in 

different 

aquifers


oleObject1.bin
�

�

�

Impact Assessment


Potential Connection between receptors and groundwater


Depth to Watertable


Effect of gas development


Predicted drawdown in different aquifers



image36.png
[Mesozoic and Palagozoic Bedrock (L114)

[Cower Tertiary Basalts (L112)

Legend

] Gimpsiens susy area
Tigntand shalegas

Bz (subregional)

Potential for impact

[Cower Tertiary Aquifer (LT11)

Lower Mid Tertiary Aquifer (L109)

o o 2
o w
‘GDA 1964 VICGRIDN

.





image37.png
[Upper Mid-Tertiary Aquitard (L108)

[Upper Mid-Tertiary Aquifer (L107)

Legend

[ Gimpstand sty area
Tight and shle gas

Scenaio extent

(subregional)
Potential for impact

eSS o o

|Upper Tertiary Aquitard (L106) |Upper Tertiary Aquifer (L105)
o 40 20 A
—_—F
04 1604 icaRIORs
o





image38.png
[Upper Tertiary/Quaternary Aquitard (L103) Upper Tertiary/Quaternary Aquiter (L102)

Legend

[ Govstana sty area

Tight and shale gas

2] scerario exent

(subregional)
Potential for impact

|Quaternary Aquifer (L100) |WT Unconfined
o 40 A
o &
04 1604 icaRIORs

Now





image39.emf

image40.png
Legend
WAD- Rivers

[ VWaD - Watersodies

Gippsland sucy area

Tight and shale gas

V27 scenaiio exent
{subregonal)

| Potentialfor impact





image41.png
[Mesozoic and Palaeozoic Bedrock (L114) [Lower Tertiary Basaits (L112)

Legend

[ owsina suayarea

‘Coal seam gas scenario

extent (subregionan

Potential for impact

o |

|Lower Tertiary Aquifer (L111) Lower Mid-Tertiary Aquifer (L109)
40 A
o &
04 1604 icaRIORs

Now





image42.png
[Upper Mid-Tertiary Aquitard (L108)

[Upper Mid-Tertiary Aquifer (L107)

[Upper Tertiary Aquitard (L106)

[Upper Tertiary Aquier (L105)

Legend

] cpsina stcy area

Coal seam gas
Scenario extent
(subregional)

Potential for impact

eSS o o

o w
‘GDA 1964 VICGRIDN

Now





image43.png
Upper Tertiary/Quaternary Aquifer (L102)
Legend

] cipsina suay area

‘Coal seam gas scenario

IS ettent (subregiona)

Potential for impact

[Upper Tertiary/Quaternary Aquitard (L103)

eSS o o

|Quaternary Aquifer (L100) |WT Unconfined
40 A
o R
04 1604 icaRIORs

.





image44.png
Coal seam gas

scenario extent

(subregional)

iy | Potaril for s

5 E: P

& 5
‘GDA 1964 VICGRIDN





image45.png
Legend
VWAD - Rivers
[ VWD - Waterbodies

[ copstnc sty area
o seam gas scenario

Y extent (subregional)

| Potential for impact

& n
‘GDA 1964 VICGRIDN





image46.png
Lake Eyre Basin

Cooer Basin

W Vertical Well W Horizontal Well W Rock Unit

— | ————— L
e

Blin

vt
Formaton

 Mackunda
Formanon
Alary
Formaton

Vallmbila
Formanon

Cadna i Formation

Murta Formaton

i Sinieione
Vietbourne Formation

| o Sanacions
Bk Formation

| Htton Sandstone

v Permeabili Nagpamerr Group

a00-s00m
Separaton

TalschesFomation
Daratinge Formatn
Rovaneath hote

Epsin Formation
Moreres Shalo

Patchavarra Formation

Mermmein Eormaton
Basement





image47.png
mpound(

Hydrochloric acid Help dissolve minerals and N N

Diuted Add (15%) initate cracks i the 1k Swimming pool chemical and cleaner

Biocide Glutaraldehyde Eliminates ba(!eua inhe water that Disinfectant; sterilize medical and dental equipment
produce corrosive byproducts
Allows a delayed break down of Bleaching agent in detergent and hair cosmetics,

Breaker Ammonium persulfte . oo polymer chains manufacture of household plastics

Corrosion

nhibitor N, n-dimethyl formamide  Prevents the corrosion of the pipe Used in pharmaceuticals, Acrylic fibers, plastics

Crosslinker Borate salts Maintains fid viscosty as Laundry detergents, hand soaps, and cosmetics

temperature increases

CEEEE Polyacrylamide Minimizes fiction between Water treatment, soil conditioner
Mineral oil the fluid and the pipe Make up remover, laxatives, candy

Gel Guar qum or hydroxyethyl  Thickens the water in order to suspend the sand _Cosmetics, toothpaste, sauces, baked goods, e cream

. . Food additive, flavouring in food and

Iron control Citrcacid Prevents precipitation of metal oxdes beveages; o ke 7% i Aci

Kl Potassium chloride Creates a brine carrier fluid Low sodium table salt substitute

Oxygen P e Removes. oxygen from the water to (asme(!(s, food and beverage

Scavenger protect the pipe from corrosion processing, water treatment

pH Adjusting Sodium or potassium Maintains the effectiveness of other Washing soda, detergents, soap, water

Agent carbonate components, such as crosslinkers softener, glass and ceramics

Proppant Silcs, quartz sand Allows the fractures to remain Drinking water filtration, play sand,

open so the gas can escape

concrete, brick mortar

Scale inhibitor

Ethylene glycol

Prevents scale deposits in the pipe

Automotive antifreeze, household
cleansers, and de-icing agent

Surfactant

Isopropanol

Used to increase the viscosity of the fracture fluid

Glass cleaner, antiperspirant, and hair color





image48.png
Fracture Height (m)

2500 5000 7500 10000
HF Fluid Volume (m3)

Sedimentary|
Basins





image49.jpg




image89.jpg




image1.jpeg




image2.jpg
State
Victoria




