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Abbreviation Description

APLNG Australia Pacific Liquefied Natural Gas (project)

CMA Cumulative Management Authority

CSG Coal Seam Gas

CSIRO Commonwealth Scientific and Industrial Research Organisation
DAF Dilution Attenuation Factor

DNRM Department of Natural Resources and Mines (Queensland)
EC10 Concentration of a toxicant that causes a 10% lethal effect
EC50 Concentration of a toxicant that cause a 50% lethal effect
HSU HydroStratigraphic Unit

LC50 Concentration of a toxicant that causes a 50% lethal effect
LoE Lines of Evidence

LOEC Lowest concentration of a toxicant tested that causes a significant effect
MATA Maximum acceptable toxicant concentration

mD milliDarcy

MODFLOW MODular groundwater FLOW model

MPA MegaPAscals

NOEC No Observable Effect Concentration

NSW New South Wales

OGIA Office of Groundwater Impact Assessment (Queensland)
PAH Polycyclic aromatic hydrocarbons

QGC Queensland Gas Company

Qld Queensland
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Glossary

Term Description

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

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

Cleats Cleats are natural fractures in coal. They usually occur in two sets that are perpendicular to

one another and perpendicular to bedding. The cleats in one direction form first and
exhibit a high level of continuity. These are called “face cleats”. Cleats perpendicular to

face cleats are called “butt cleats”

Coal measure

Geological strata of the Carboniferous or Permian periods usually containing coal deposits

Coal seam

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

that are used for drinking water or agriculture

Coal seam gas

A form of natural gas (generally 95 to 97% pure methane, CH,) typically extracted from
permeable coal seams at depths of 300 to 1000 m Also called coal seam methane (CSM) or
coalbed methane (CBM).

Confined aquifer

An aquifer that is isolated from the atmosphere by an impermeable layer. Pressure in

confined aquifers is generally greater than atmospheric pressure

Deeper groundwater

Water bearing aquifers, including coal formations, which are generally confined by an
impermeable layer (aquitard). They are unconfined where the sediments outcrop. The
potential chemical contamination source for deeper groundwater is several hundred

meters deep and associated with the coal seam formation targeted for hydraulic fracturing

Depressurisation

The lowering of static groundwater levels through the partial extraction of available

groundwater, usually by means of pumping from one or several groundwater bores or gas

wells

Dewatering The lowering of static groundwater levels through complete extraction of all readily
available groundwater, usually by means of pumping from one or several groundwater
bores or gas wells

Diffusion The process by which ionic or molecular constituents move under the influence of their

kinetic activity in the direction of their concentration gradient

Dispersion or

hydrodynamic dispersion

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

reduction of concentration at the macroscopic scale

Drawdown

A lowering of the water table of an unconfined aquifer or of the potentiometric surface of a

confined aquifer, typically caused by groundwater extraction

Geomechanical

Relating to the movement/expansion/contraction of soil and rock

Groundwater

Water occurring naturally below ground level (whether in an aquifer or other low-

permeability material), or water occurring at a place below ground that has been pumped,
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Term

Description

diverted or released to that place for storage. This does not include water held in

underground tanks, pipes or other works

Groundwater dependent

ecosystem

Ecosystems that partially or fully rely on groundwater. These include terrestrial vegetation,
wetlands, estuarine and near shore marine systems, river base-flows, cave and aquifer

ecosystems and terrestrial fauna

Groundwater (single phase)

A numerical solution to a partial differential equation used to describe the flow of water in

flow model the subsurface. Groundwater flow models involve the flow simulation of a single fluid phase
(i.e. water). Common parameters used in groundwater flow models are hydraulic
conductivity, specific yield and specific storage

Hardness Sum of the ions which can precipitate as ‘hard particles’ from water. Sum of Ca?* and Mg?*,

and sometimes Fe?*.

Hydraulic conductivity

A coefficient of proportionality describing the rate at which a fluid can move through a

permeable medium

Hydraulic fracturing

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

conductive propped fracture channel

Hydraulic gradient

The difference in hydraulic head between different locations within or between
hydrostratigraphic units, as indicated by water levels observed in wells constructed in those

units

Hydraulic head

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

top of the confined aquifer, and in some cases above ground level

Hydrostratigraphic unit

A formation, part of a formation, or group of formations of significant lateral extent that

compose a unit of reasonably distinct (similar) hydrogeologic parameters and responses.

Imbibition The process of absorbing a wetting phase into a porous rock. Spontaneous imbibition refers
to the process of absorption with no pressure driving the phase into the rock

Interburden Material of any nature that lies between two or more bedded ore zones or coal seams.

Isotherm A function describing the adsorption/desorption path of solute or gas on solids (e.g. rocks,

coal)

Matrix (rock matrix)

The finer grained mass of rock material in which larger grains/crystals are embedded

Neumann boundary

condition

Also known as a second type boundary condition, involves specification of the derivative
that the solution of a differential equation needs to produce along the boundary of a model

domain
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Description

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

Porosity The proportion of the volume of rock consisting of pores, usually expressed as a percentage

of the total rock or soil mass

Preferential flow

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

range of contaminants through that pathway

Probability density function

A function that describes the relative likelihood for a random variable to take on a given

value

Recharge

Groundwater recharge is the process whereby surface water (such as from rainfall runoff or

irrigation) percolates through the ground to the water table

Regional-scale groundwater

models

Models that encompass an entire groundwater system, geological basin or other significant
area of interest that extends well beyond the measurable influence of individual bores or

borefields

Reservoir (hydrocarbon)

A subsurface pool of hydrocarbons (i.e. oil and/or gas) contained in porous or fractured
rock formations. Naturally-occurring hydrocarbons such as crude oil or natural gas are

typically trapped in source or host rocks by overlying low permeability formations

Solute

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

the minority

Spatial interpolation

The procedure of estimating the value of properties at unsampled sites within the area

covered by existing observations

Stratigraphy

An arrangement of sedimentary, metamorphic and/or igneous rocks

Unconfined aquifer

An aquifer in which there are no confining beds between the zone of saturation and land

surface

Unconventional gas

Natural gas found in a very low permeability rock, such as coal seam gas, shale gas, and
tight gas. Unconventional gas such as coal seam gas is trapped in coal beds by adsorption of
the gas molecules to the internal surfaces of coal. It cannot migrate to a trap and form a
conventional gas deposit. This distinguishes it from conventional gas resources, which occur
as discrete accumulations in traps formed by folds and other structures in sedimentary

layers

Well

Borehole in which a casing (e.g. steel piping) has been placed to restrict connection to

specific ground horizons/depths
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Symbols

Symbol Brief description and unit of measurement

C Predicted environmental concentration (mg/L)

Co Initial concentration (mg/L)

Cads Adsorbed (or solid phase) concentration (mg/L)

Ciig Liquid phase concentration (mg/L)

D, Longitudinal dispersion (m?/day)

Dry, Dty Horizontal and vertical transverse dispersion (m?/day)
E, Activation energy (kJ/mol)

En Redox potential (mV)

foc Fraction of organic carbon (g/g)

focr Fraction of organic carbon, rescaled (g/g)

k Permeability [m?]

K Hydraulic conductivity [L.T]

K Rate constant (1/day)

Ky Solid-liquid partition coefficient (L/kg)

Keq Equilibrium partition coefficient at a given temperature (L/kg)
kn Horizontal permeability [m?]

Koc Organic carbon partition coefficient (L/kg)

Kow Octanol-water partition coefficient (L/kg)

ky Vertical permeability [L?]

n Total porosity (-)

A First-order transformation or decay constant (day™)
A Longitudinal dispersivity (m)

Atu, Ay Horizontal transverse dispersivity and vertical transverse dispersivity (m)
M1, U2 First-order biodegradation constants (day™)

Do, & Dry bulk density (g/cm3) and solid density (g/cm?3 of solids)
R Universal gas constant (8.314 x 103 kJ/K/mol)

Ry Retardation factor (-)

T Absolute temperature (K)

tiz Chemical half-life (1/day)

v Linear fluid flux [m/day]
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Summary

The main purpose of the project ‘Deeper groundwater hazard screening research’ is to deliver a number of enabling
science products that can be used to assess risks that may arise if chemicals used in coal seam gas extraction enter deeper
groundwater'. Final products include a “proof-of-concept” tiered hazard screening framework, developed and tested in at
least two separate study areas, and associated protocols. The framework is developed considering that the main chemical
source is present in deeper groundwater (injected drilling and hydraulic fracturing fluids, and geogenics) and the main
chemical transport pathway is via deeper groundwater. This framework will allow a rapid screening to determine which
chemicals are more likely to be hazardous when emitted into deeper groundwater environments and may thus present
potential risks to the environment and human health. Application of the framework will allow chemicals with low hazard
levels to be readily excluded from separate, more detailed assessments of environmental and human health risks
associated with deeper groundwater contamination. This further provides a robust evidence base to inform future
research priorities into the fate of coal seam gas chemicals. This study is not an assessment of the risk of any actual or
proposed coal seam gas extraction project. The chemicals chosen for the study are representative and any concentrations

or conditions of use, while based on known practices, are notional.

This project complements the National Assessment of Chemicals Associated with Coal Seam Gas Extraction in Australia (the
Assessment). The Assessment aimed to develop an improved understanding of the occupational, public health and
environmental risks associated with chemicals either used in or mobilised by drilling and hydraulic fracturing for coal seam
gas in an Australian context. The Assessment looked at chemicals used in drilling and hydraulic fracturing for coal seam gas
within a sample time period to develop a stronger understanding of the chemicals used in the industry and what risks they
may pose to coal seam gas workers, the public and the environment. The assessment considered potential risks to human
health and the environment associated with surface-related exposure pathways of chemicals used in drilling and hydraulic
fracturing. These include surface water, soils, and shallow unconfined groundwater systems. Unlike the current project, the
Assessment did not consider the effects of potential risks to deeper groundwater. Here deeper groundwater refers the
water bearing aquifers, including coal formations, which are generally confined by an impermeable layer (aquitard). They
are unconfined where the sediments outcrop. The potential chemical contamination source for deeper groundwater is

several hundred meters deep and associated with the coal seam formation targeted for hydraulic fracturing.

The deeper groundwater hazard screening methodology described in this report involved development of a two-level
hazard screening framework that identifies (at a Level 1) chemicals ‘of low concern’ and chemicals that require a more
detailed Level 2 analysis because they could not be screened out at Level 1. The Level 1 screening used existing lists and
rules for screening chemicals and lists of chemicals that have previously been rigorously assessed and found to be of low
concern to the environment and/or human health (that is, “chemicals of low concern”). The Level-2 analysis involved

integration of:

. conceptual models with plausible fate and transport release pathways and simplified calculation tools for
estimating the degree of attenuation (expressed as dilution attenuation factor [DAF]) that chemicals would

experience prior to potentially reaching receptors,

*  spatial analyses of proximity (horizontal distance) between potential contaminant sources at CSG wells and
receptor locations identified in two case study areas (one in the Surat basin [Queensland] and one in the
Gunnedah basin [New South Wales]) and derivation of proximity-frequency relationships for each group of

receptors,

« information on attenuation due to chemical or biological degradation, geological processes (sorption onto
organic and/or mineral phases) and flow-related processes (dilution/dispersion) for a selection of characteristic
coal seam gas chemicals (hydraulic fracturing and geogenic chemicals), and iv) solute particle tracking analysis to
identify likely connectivity, travel distance and time between the coal seam formaton being hydraulically

stimulated and groundwater related receptors.



The current study only applies to intentional chemical releases into deeper groundwater, including coal measures.
Importantly, the study’s results and techniques should not be applied to surface-related risks, where more established

techniques should be employed to assess environment and human health risks.
The major findings of this research are that:

D based on a literature review involving mainly US studies, hydraulic fracturing operations appear not to present a
significant environmental risk to deeper groundwater resources and groundwater dependent ecosystems, except
when abandoned or suspended well casings are intersected by fracturing fluids during the high-pressure stage of
fluid injection. Furthermore, maintaining good well integrity was found to be the key to minimising many of the

risks associated with hydraulic fracturing and unconventional resource extraction,

« the likelihood of each of four plausible fate and transport release pathways are either unlikely (with high or very

high confidence) or extremely unlikely (<5% probability) in an Australian context,

«  the spatial analysis of proximity of ecologic, economic and socio-cultural receptors to CSG wells in subdomains of
the Gunnedah and Surat Basins indicated the majority of receptors were at large (km) to very large (tens of km)

distances from existing or planned CSG wells,

. particle tracking-based pathways calculated in the subdomains of the Gunnedah and Surat Basins were shown to
have a relatively small number of potential connections between existing receptors and coal seam gas wells.
Where connections did exist, the travel time through groundwater was determined to be very long, from

hundreds to tens of thousands of years,

e particle tracking-based pathway calculations undertaken with an entire well field to capture possible cumulative
effects from mass accumulating in tens and possibly hundreds of hydraulically fractured wells reveals that, for
the conditions of the case study area, the likelihood for chemicals released through multiple wells contributing to

a single receptor are small,

e calculated attenuation potential for organic compounds based on degradation constants (half-lives) obtained
from the literature indicated that for the long travel times typical of the two case study areas, chemical/biological
degradation processes together with sorption would easily reduce chemical concentrations to ‘low concern’

level,

e calculated attenuation potential due to dilution and dispersion provided another line of evidence that for the
large travel distances a significant decrease in chemical concentration can be expected (for both organic and

inorganic chemicals),

e  toyield concentrations of coal seam gas chemicals in groundwater that are ‘of low concern’ to aquatic
ecosystems, sufficient attenuation can be obtained after a travel distance of 2 km or less due to the dilution and

dispersion processes; higher dilution can be obtained for chemicals subject to degradation and sorption,

*  bore integrity, well spacing, and using chemicals with shorter half-lives were found to be key to minimising risks

to contamination of deeper groundwater.

In conclusion, the usability of the hazard screening framework has been demonstrated, and dilution attenuation factors
(DAFs) derived, for a limited set of chemicals, exhibiting widely differing properties (mobility, persistence, toxicity) that
would permit a sufficiently broad understanding of potential risks across the currently used chemicals. Development and
“proof-of-concept” testing have been conducted using data in two separate study areas. Hypothesis-driven research has
been used to develop quantitative tools for identifying potential hazards to human and environmental health from
chemicals associated with coal seam gas extraction (primarily drilling and hydraulic fracturing chemicals). Such tools will
also assist with communicating the hazards and risks to regulators, industry, and the community. The tools are uniquely
placed to provide insight in the dominant processes and conditions that govern fate, mobility, persistence, and ultimately

exposure.

The overall conclusions from this study suggest that the risks arising from contamination of deeper groundwater by

hydraulic fracturing chemicals are likely to be very small under conditions such as those found in the two case study areas.



Multiple lines of evidence have been developed to underpin this conclusion. Although a systematic uncertainty analysis
was not undertaken and beyond the scope of this project, a simplified sensitivity analysis was instrumental in providing
reasonable bounds around output values. A systematic qualification of predictive uncertainty is recommended for future

research.



1. Introduction

This project ‘Deeper groundwater screening hazard research: National assessment of chemicals associated with coal seam
gas extraction in Australian’ delivers a “proof-of-concept” tiered, hazard-screening framework for identifying chemicals
used in coal seam gas extraction in Australia that may be a potential hazard to human health and aquatic and groundwater
dependent terrestrial receptors®. The project considers potential contamination in deeper groundwater and potential
transport pathways via deeper groundwater to water bores and aquatic and terrestrial receptors linked to surface water
environments. This framework will allow a rapid screening to determine which chemicals are more likely to be hazardous
and which may present potential risks to the environment and human health. The framework will be developed and tested
in two separate study areas. Application of the framework will allow chemicals with low hazard levels to be readily
excluded from separate, more detailed environmental risk assessments. This also provides a robust evidence base to

inform future research priorities.

This project complements the National Assessment of Chemicals Associated with Coal Seam Gas Extraction in Australia (the
Assessment) (NICNAS 2017a). The Assessment aimed to develop an improved understanding of the occupational, public
health and environmental risks associated with chemicals either used in or mobilised by drilling and hydraulic fracturing for
coal seam gas in an Australian context. The Assessment looked at chemicals used in drilling and hydraulic fracturing for
coal seam gas within a sample time period to develop a stronger understanding of the chemicals used in the industry and
what risks they may pose to coal seam gas workers, the public and the environment. The potential chemical contamination
source is at or near the surface, therefore only shallow groundwater was considered in the Assessment. Unlike the current
project, the Assessment did not consider the effects of potential risks to deeper groundwater. Here deeper groundwater
refers to the water bearing aquifers, including coal formations, which are generally confined by an impermeable layer
(aquitard). They are unconfined where the sediments outcrop. The potential chemical contamination source for deeper
groundwater is several hundred meters deep and associated with the coal seam formation targeted for hydraulic
fracturing. Because of the great depths involved, pathways from a coal seam gas related chemical source (drilling fluids,
hydraulic fracturing fluids, and geogenics) to distant receptors will generally take tens to hundreds of years during which

natural attenuation takes place which reduces initial concentrations to negligible levels.

It should be noted that sublethal toxicity effects of contaminants such as endocrine disruption are not considered in this
study. Similarly, the effects of mixtures of contaminants are not considered as the ecotoxicological data to develop the

required concentration additive models of mixture toxicity are not available.

Contamination of groundwater resources as a result of hydraulic fracturing for gas production requires the presence of a
contamination source, a pathway and a driving force. The contamination source relates to the residual fraction of hydraulic
fracturing fluid not recovered during the water extraction required for gas production. Indeed, hydraulic fracturing fluids
injected into coal seam wells will to a large degree be recovered from coal seam pore waters during normal well operations
(Mallants et al. 2017a). A residual fraction may remain in the pore waters of the coal seam formations, especially at the
fringe of the fractured zone and within micro-fractures and micro-pores within coal and coal seam formation sediments
(Santos 2014). Adsorption of hydraulic fracturing chemicals onto coal and host formation sediments will further contribute
to some fraction of the chemicals remaining in the CSG well fields and potentially in adjacent formations, especially if

natural connectivity via tectonic windows between these formations exists.

Depending on the ambient flow rate compared to the flow rate induced by CSG extraction, hydraulic fracturing chemicals
may migrate away from the well fields towards irrigation, stock or other extraction bores placed within coal seam aquifers.
For instance, although the Walloon Coal Measures in the Surat Basin in Queensland, Australia, are considered to be an
aquitard at the basin scale, they can form aquifers in particular near the basin margin. In the Surat Basin, groundwater

from the Walloon Coal Measures is currently extracted from 1647 groundwater bores for stock, domestic, industrial and

1 The terms receptors and assets are used interchageably



urban purposes (OGIA 2016). In the Bandanna Formation of the Bowen Basin in Queensland, there a further 103

groundwater bores for town water supply, agriculture and industry (OGIA 2016).

Hydraulic fracturing chemicals could potentially also find a pathway into overlying or underlying aquifers through
hydraulically active faults and/or hydraulic fracturing-induced preferential flow paths (Davies et al. 2012; Warner et al.
2012a; US EPA 2012a, 2013; Kissinger et al. 2013; Reagan et al. 2015; DoEE 2017a). Additional pathways might exist
through water bores exhibiting poor integrity and exploration bores that provide inter-aquifer connectivity (Jackson et al.
2013; Wu et al. 2016).

Some of the key research questions regarding potential deep groundwater contamination that are addressed in the

current research include:
¢  What is the long-term adsorption, and thus attenuation potential of coal for hydraulic fracturing-related chemicals?

. Once the key attenuation reactions in the deeper groundwater have been accounted for, what are the contaminant
concentrations along the chemical pathways, and what chemicals warrant further assessment and fate-pathway

analysis?

e Arethere any pathways in deep groundwater that provide a connection between the contaminant source and

receptors such as (deep and shallow) water bores?

e Based on coupling groundwater flow with the coal seam contaminant source, what is the minimum travel time to
potential receptors, and what is the chemical concentration and toxicity in the receiving groundwater connected

surface waters?

e What are the timescales within which significant microbiological and/or chemical transformation/degradation of

hydraulic fracturing-related contaminants could occur?

e Does such degradation result in metabolism products that are sufficiently mobile, of significant concentration, or

sufficiently toxic that they warrant further assessment?

Hypothesis driven research could be used to quantify potential risks to human and environmental health from drilling,
cementing, and hydraulic fracturing chemicals, and could be used to develop tools to assist with communicating the risk to
regulators, industry, and the community. Geochemical modelling approaches, when combined with laboratory-based

solute and ecotoxicological investigations, could help answer the above research questions.
These questions have been addressed by undertaking research in the following areas:

« identifying the exposure pathways (i.e. likelihood and consequence of connectivity) between groundwater
contamination sources and key receptors in the receiving environment that should be included in risk assessment

processes;

. quantifying the potential for hydraulic fracturing chemicals to mobilise otherwise immobile geogenic contaminants in
the coal seam, and assessing the potential human and environmental health risks arising from exposures to these

geogenic contaminants via groundwater transport processes;

*  determining the thresholds of test bed species to selected hydraulic fracturing chemicals, and of Australian aquatic

flora and fauna more generally;

* including the effects of potential well integrity failures and misdirected hydraulic fracturing in a risk assessment
process aimed at (i) evaluating enhanced transport of contaminants into aquifers adjacent to the coal seam(s), and (ii)

predicting the extent of downstream groundwater dilution if such emissions occur;

« developing an efficient methodology for predicting environmental concentrations at specified sites post fracturing,

such that the risk to human health and environmental receptors can be assessed at these locations;

* developing a decision-making framework that can assist decision makers and industry to determine the risks to

human health and the environment.



1.1. Recent risk assessments and current knowledge gaps

The National Assessment of Chemicals Associated with Coal Seam Gas Extraction in Australia (the National CSG Chemicals
Assessment project) carried out an assessment of potential risks to human health and the environment associated with
surface-related exposure pathways of chemicals used in drilling and hydraulic fracturing?. These include surface water,
soils, and shallow unconfined groundwater systems. Consistent with previous US EPA assessments (US EPA 2004a, 2010,
2011), the National CSG Chemicals Assessment project did not examine the risks posed by chemicals to deeper

groundwater systems such as confined aquifers3.

At present, the interactions between deeper subsurface systems and processes, hydraulic fracturing processes, the long-
term fate of anthropogenic and geogenic chemicals, and potential human and environmental risks from drilling,

cementing, and hydraulic fracturing chemicals are all poorly understood.

As a result, our ability to predict the risk of deeper groundwater contamination from hydraulic fracturing is limited.
Furthermore, there is a paucity of knowledge to assess if contamination of shallow groundwater and connected surface
waters would also present a possible risk through natural or enhanced connectivity between deeper and shallow

groundwater.

Several recent studies, including an OWS Background Review on Hydraulic Fracturing (Commonwealth of Australia 2014a),
the National CSG Chemicals Assessment (Apte 2017a, 2017b, Jeffrey 2017a, 2017b ), an OWS workshop, and reviews by the
NSW Chief Scientist and Engineer (2014a, 2014b, 2014c, 2014d), have all documented knowledge gaps that prevent a

robust quantification of risks to deeper groundwater. According to these reports, current knowledge gaps include:

*  details of the drilling, cementing, and hydraulic fracturing chemicals used (such as concentrations, physico-chemical

and ecotoxicological data); improved analytical methods for quantifying chemicals in flowback and produced water

« the fraction, identity and concentration of fracturing chemicals that are recovered in flowback and produced water,
and the persistence of those chemicals and their metabolites in the coal seam water, which is often under high

pressure and temperature

*  mobilisation and fate of geogenic contaminants and to what degree interactions with hydraulic fracturing fluids can

enhance their mobility

e prediction and design of safe hydraulic fracture stimulation producing fractures that do not risk growth into an

aquifer; leading practice guidelines for fracture growth modelling

«  short- and long-term well integrity and the risk of additional pathways providing connectivity between coal seam

formations and beneficial aquifers
*  toxicological data against which to assess environmental exposure risk, and
. numerical modelling capabilities including reactive attenuation of chemicals, possibly via fracture-like pathways.

Based on the expert reviews summarised above, additional outcome-driven research into deeper groundwater risk would
better define the potential for hydraulic fracturing to mobilise naturally occurring geogenic chemicals, and inform our
understanding of the risk that anthropogenic and geogenic chemicals might pose for selected receptors. An improved
evidence base could be used to more directly inform regulators’ perceptions of risk, whilst industry would be better

informed and better able to manage any associated risks.




1.2. Methodology

The tiered hazard screening framework used in this study involves a two-level analysis: Level 1 involves a high-throughput
screening of chemicals that have previously been rigorously assessed and found to be of low concern to the environment
and/or human health (that is, “chemicals of low concern”), while at Level 2 chemicals not screened out at Level 1 are
further assessed to allow ranking of the relative chemical hazard on the basis of a calculated dilution attenuation factor
(DAF) (Figure 1-1).

Level 1 screening involves consideration of data on health effects and ecotoxicity and the intrinsic physico-chemical
properties of the chemical that will affect potential exposure. The Level-1 screening is site-independent, as it does not

include exposure assessments. The Level-2 analysis combines:
e spatial analyses of contaminant source-receptor, distance-frequency relationships,
*  chemical, biological and geological attenuation information for characteristic chemicals,

*  the conceptual models, application protocols and calculation tools required to estimate the degree of

attenuation that chemicals would experience prior to potentially reaching receptors.

The Level-2 analysis involves development of conceptual models and associated calculation tools for hazard screening
based on the possible fate pathways and geochemical and physicochemical property data as metrics to estimate the
likelihood that the chemical could reach and impact on receptors such as drinking water resources. The conceptual models
take into account the local hydrogeology of basins, based on best available hydrogeological information. Chemical fate and
transport is influenced by environmental and site-specific conditions, therefore additional information for a hazard
screening may include the likelihood for a fluid pathway to develop between the coal seams being subject to hydraulic

fracturing as a potential pathway for contamination.

The final hazard screening tools developed as part of this research project have both site-independent (Level-1 screening)
and site-dependent (Level-2 assessment) components. These hazard screening tools include the following research

products (see Figure 1-1):
. Reseach Product 1. This hazard screening tool can be used to identify:

i) chemicals of low concern to human health and the environment that do not need further assessments,

and
ii) chemicals that cannot be classified as ‘of low concern’ and therefore require further assessments.

. Research Product 2. The chemical transport pathway analysis tool is site-dependent, but a broad set of flow

conditions are covered giving the final analysis a high level of applicability.

. Research Product 3. The spatial analysis is site-dependent, but will again cover a wider range of proximity data

which will allows making some general inferences about likelihood of exposure.

. Research product 4. This includes a compilation of attenuation parameters that are in part site-independent (for
example, Koc and half-life), and in part site-dependent (for example, K4, using rock-specific sorption data or using

organic carbon content).

. Research product 5. The dilution attenuation factors — DAF — developed as part of this research have a site-

specific basis, although the approach taken will give it a broad degree of applicability.

When selecting the test case areas as part of the Level-2 assessments, care has been taken to have a sufficiently broad
coverage of hydrogeological conditions and features that would give the analysis a sufficient level of generality, rather than
being too site-specific. Nevertheless, this analysis cannot describe all possible conditions of groundwater flow and
attenuation relevant to all Australian CSG basins. The nuts and bolts of the hazard screening framework will be illustrated
on the basis of the case studies, without claiming to provide a nation-wide coverage. The analysis undertaken with the

screening framework should provide insights to address the questions regarding potential deep groundwater



contamination and potential transport pathways via deeper groundwater to aquatic and terrestrial receptors. After
describing the method and applying it in two basins the report goes on to discuss how to apply these methods in other

basins.

Level-1 screening Level-2 assessment
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Figure 1-1 Workflow of the hazard screening framework.

1.3. Report Structure

The present report begins with conceptual models developed to inform the screening of hazards associated with chemicals
used in coal seam gas extraction and deeper groundwater (Chapter 2). These conceptual models include plausible fate and
transport release pathways and description of biological receptors, chemical screening based on toxicity, and simplified
exposure calculations for plausible pathways. In Chapter 3, spatial analyses are undertaken of CSG extraction activities,
hydraulic fracturing operations and relevant receptors. These involve determination of contaminant source-receptor,
frequency-distance relationships using geographical information systems (GISs) and relevant databases with key receptors.
In Chapter 4, information will be collated on chemical persistence (half-life) and mobility (retardation) to improve
understanding of attenuation processes in deeper groundwater. Such information is pivotal to estimating potential for
attenuation of indicator chemicals at the receptor. The integrated hazard screening framework that combines i) source-
receptor distance-frequency relationships, ii) chemical, biological and geological attenuation information, iii) exposure
assessment for plausible conceptual models and, iv) toxicity, is discussed in Chapter 5. A summary of outcomes and

outputs is provided in Chapter 6.



2. Development of conceptual models to
help screen hazards associated with
chemicals used in coal seam gas extraction
and deeper groundwater

The focus of this chapter is on i) a national and international literature review with a focus on plausible pathways, hazard
screening approaches, toxicity, exposure assessments (Section 2.1), ii) chemical screening based on toxicity, simplified
exposure calculations for plausible pathways (Section 2.2), iii) selection of chemicals for proof-of-concept-testing (section
2.3), iv) developing conceptual models with plausible fate and transport release pathways (Section 2.6), and v)

identification of receptors for use in the spatial analysis (Section 3).

2.1. Literature review

A national and international literature review has been undertaken which covers:

. investigations regarding possible chemical fate and transport pathways that affect potential exposure routes for
sensitive receptors (Section 2.1.1). This includes a review of published compliance reporting in Queensland,
Canada, and the USA.

e existing approaches for hazard screening applicable to coal seam gas extraction and deeper groundwater (e.g.
the Multi Criteria Decision Analysis Framework developed by US EPA (2016a) and substitution regimes
implemented in the North Sea) (Section 2.1.2).

. a summary of risk assessment approaches undertaken by industry and regulators (Section 2.1.5).

. a review of toxicity data regarding human health effects and ecotoxicity, and estimation methods to predict

toxicity values (see Table 2-1 for an overview of literature sources used) (Section 2.1.5).



Table 2-1. Selection of sources of information used in literature review.

Item Subject description Source
Plausible pathways Hydraulic fractures: How far can they go? Davies et al. 2012
Hydraulic-fracture-height growth Fisher and Warpinski 2012

Geochemical evidence for possible migration of Marcellus formation brine to shallow aquifers in Pennsylvania Warner et al. 2012a

Increased stray gas abundance in a subset of drinking water wells near Marcellus shale gas extraction Jackson et al. 2013
Hydraulic fracture height limits and fault interactions in tight oil and gas formations Flewelling et al. 2013
Modelling the transport of fracturing fluids, brine and methane Kissinger et al. 2013
Fugitive emissions from CSG equipment and well casings Day et al. 2014

Seepage pathway assessment for natural gas to shallow groundwater during well stimulation, in production, and after Dusseault and Jackson 2014
abandonment

The fate of residual treatment water in gas shale Engelder et al. 2014

The integrity of oil and gas wells Jackson 2014

Coal seam gas water: potential hazards and exposure pathways in Queensland Navi et al. 2015

Simulation of the environmental impact of hydraulic fracturing of tight/shale gas reservoirs on near-surface groundwater. Reagan et al. 2015

Potential impacts of hydraulic fracturing on drinking water resources. US EPA 2016a

Bore and well induced inter-aquifer connectivity: a review of literature on failure mechanisms and conceptualisation of Wu etal. 2016
hydrocarbon reservoir-aquifer failure pathways
Onshore gas well integrity in Queensland, Australia GasFields Commission

Queensland 2015

Simulation of loss of fluid from a hydraulic fracture into an aquifer Jeffrey et al. 2017a
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Literature review for coal seam gas hydraulic fracture growth and well integrity

Jeffrey et al. 2017b

The geometry of a hydraulic fracture growing along a wellbore annulus

Bunger et al. (2010)

Evaluating Hydraulic Fracture Effectiveness in a Coal Seam Gas Reservoir from Surface Tiltmeter and Microseismic Monitoring

Johnson et al. (2010)

Hydraulic fracturing in faulted sedimentary basins: Numerical simulation of potential contamination of shallow aquifers over

long time scales

Gassiat et al. (2013)

Deep groundwater contamination risk from hydraulic fracturing considering current industry practice

This report, Appendix 7

Exposure

assessments

Assessment of safe setback distances for the public in case of explosions, radiant heat, toxic gas clouds, and air pollution from

hydraulic fracturing

Haley et al. 2016

Environmental risk assessment involving issues identification, hazard and exposure assessment, and risk characterisation

QGC 2012

Qualitative hazard assessment and quantitative risk assessment of hydraulic fracturing fluids

Santos 2014

Synthesis of available scientific literature and data to assess the potential for hydraulic fracturing for oil and gas to change the

quality or quantity of drinking water resources

US EPA 2016a

Hydraulic fracturing in unconventional gas reservoirs: Risks in the geological system

Kissinger et al. (2013)

Coal seam gas water: potential hazards and exposure pathways in Queensland

Navi et al. (2015)

Numerical simulation of the environmental impact of hydraulic fracturing of tight/shale gas reservoirs on near-surface

groundwater: Background, base cases, shallow reservoirs, short-term gas, and water transport

Reagan et al. (2015)

Hazard screening

approaches

As above

US EPA (2016a)

Environmental risk assessment process with emphasis on hazard analysis and risk assessment for chemicals proposed for use in

petroleum andand geothermal activities

DMP 2013

Criteria for classifying substances hazardous to health

Commonwealth of Australia

2004

Identification of chemicals of low concern to human health, Inventory Multi-tiered Assessment and Prioritisation Framework

NICNAS (2015)

Development of the partition coefficient (Kd) test method for use in environmental risk assessments

Adey (2005)
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Chemical and Sorption of trace constituents from aqueous solutions onto secondary minerals Ames et al. (1983)

biological attenuation

Comprehensive study of organic contaminant adsorption by clays: Methodologies, mechanisms, and environmental implications  Boyd et al. (2011)

Some aspects of the properties and degradation of polyacrylamides Caulfield et al. (2002)
Toxicity profile of labile preservative bronopol in water: The role of more persistent and toxic transformation products Cui et al. (2011)
Adsorption of substituted nitrobenzenes and nitrophenols to mineral surfaces Haderlein et al. (1993)
Biocides in Hydraulic Fracturing Fluids: A Critical Review of Their Usage, Mobility, Degradation, and Toxicity Kahrilas et al. (2014)
Temperature-dependent sorption of naphthalene, phenanthrene and pyrene to low organic carbon aquifer sediments Piatt et al. (1996)
Sorption of trace elements on natural particles in oxic environments Tessier (1992)
Understanding variation in partition coefficient, Kd values. Volume II: Review of geochemistry and available Kd Values for US EPA (1999a)

cadmium, caesium, chromium, lead, plutonium, radon, strontium, thorium, tritium (3H), and uranium

In situ spectroscopic investigation of adsorption mechanisms of nitroaromatic compounds at clay minerals Weissmabhr et al. (1997)
Toxicity data and ECOSAR: Estimating toxicity of industrial chemicals to aquatic organisms using the ECOSAR (ECOlogical Structure-Activity US EPA 2012b
estimation methods Relationship) class program

Toxicological Profile for 2-butoxyethanol, 2-butoxyethanol acetate, Naphthalene, 1-methylnaphthalene, 2-methylnaphthalene, ATSDR (1997, 1998, 2005,

arsenic, barium, cresols, HMX 2007a, 2007b, 2008)
Approved Criteria for Classifying Hazardous Substances Commonwealth of Australia
(2004)
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2.1.1. Plausible pathways

2.1.1.1. Summary of review findings from international studies

Hydraulic fracturing for coal seam gas production has a 40-year history, with more than 20 years of commercial experience
in North America prior to the recent development of the Australian CSG industry. There has been a commensurate
development of modelling approaches and relevant experimental and field data to understand and predict hydraulic
fracture growth. In CSG hydraulic fracturing design, one of the most important considerations for the effectiveness of the
treatment is preventing unwanted vertical hydraulic fracture growth out of the CSG production interval into the
overburden geological layer. Such height growth is ineffective and inefficient from a production viewpoint and therefore

the topic has received much attention.

This topic is also pertinent from a groundwater contamination viewpoint as vertical hydraulic fracture growth is often

highlighted as a potential contaminant transport pathway to water bearing aquifers.

This review of national and international studies concentrates on estimating the vertical extent of a hydraulic fracture and

any other plausible pathways that may be stimulated or reactivated during a CSG hydraulic fracturing treatment.

Contamination of groundwater resources as a result of hydraulic fracturing for gas production requires the presence of a
pathway and a driving force. For contaminant migration to occur, a natural or induced pathway is required. This could

include:
e pathways created during hydraulic fracturing,
« fracturing processes that connect the reservoir to pre-existing pathways (e.g. faults),
e pathways created during well drilling and casing operations (Wu et al. 2016),
. drilling and casing operations providing connections to pre-existing pathways (Reagan et al. 2015).

In addition to a pathway such as fractures and faults, a driving force is required for flow and transport of hydraulic
fracturing fluids and reservoir fluids, and gas. Subsurface processes that may drive flow and transport include propagation
of injected pressurised fluids, natural hydraulic gradients in case of overpressurised reservoirs, or depressurisation causing

release of natural gas.

The question whether pathways can be created or whether pre-existing pathways are transmissive has been addressed in
the literature in broadly two ways: i) conceptual studies based on monitoring data (e.g. micro-seismicity during fracturing)
and ii) simulation studies. The latter typically involves identifying the parametric space under which fluid release may
occur. Most of the published studies are from US shale gas areas where horizontal drilling is combined with creating
vertical fractures (Brantley et al. 2014). Because in Australian CSG coal formations vertical drilling is the rule (certainly in
Queensland, some horizontal wells have been drilled in the Gunnedah basin in NSW - Rutovitz et al. 2011; NSW Chief
Scientist and Engineer 2014b), with fracturing operations aimed at producing mainly horizontal fractures, extrapolation of
results from the US shale-based studies to Australian conditions have to be done with great care. Another difference
between many of the US shale-gas and Australian CSG gas fields is the much greater depth of the hydrocarbon resource in
the US.

The possibility for pathway formation due to hydraulic fracturing has been well studied (e.g. Flewelling et al. 2013; Fisher
and Warpinski 2012; Davies et al. 2012; Jackson et al. 2013). These studies have all been undertaken for tight gas
conditions in sedimentary basins in the US. Such sedimentary basins are typically dominated by low-permeability rocks
such as shale, siltstone, and mudstone. As a result, upward fluid movement will be minimal in the absence of conductive
fractures or faults. Furthermore, the low degree of water saturation in shale formations causes any introduced water to be
tightly bound by capillary forces. In these restrictive environments, the potential for upward fluid migration will depend

primarily on the extent of upward fracture growth and fault movement (Flewelling et al. 2013).
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Flewelling et al. (2013) evaluated the physical limits on hydraulic fracture growth or fault movement and how such limits
might factor into an analysis of potential fluid migration to shallow aquifers. They analysed over 12,000 hydraulic fracturing
stimulations whose fracture networks were mapped with micro-seismic sensors. A simple physical relationship was derived
that describes the upper limit on fracture height growth as a function of hydraulic fracturing fluid volume. The analysis
assumed that naturally occurring joints and faults are sealed and that upward fluid migration can only occur along these

features when they are opened or induced to slip. They concluded that:

. maximum fracture heights and the overall vertical extent of seismic displacements during hydraulic fracturing

stimulations are ultimately limited by hydraulic fracturing fluid volume

. it is not physically plausible for induced fractures to create a hydraulic connection between deep black shale and
other tight formations to overlying potable aquifers, based on the limited amount of height growth at depth and

the rotation of the least principal stress to the vertical direction at shallow depths.

Using real data collected from micro-seismic and micro-deformation mapping on thousands of hydraulic fracturing jobs
carried out in the most active shale plays in the US, Fisher and Warpinski (2012) concluded that hydraulic fracture heights
are relatively well contained owing to a number of containment mechanisms. Based on an analysis of mineback
experiments involving real hydraulic fractures, containment mechanisms were found to include complex geologic layering,
changing material properties, formation of hydraulic fracture networks, and natural barriers to propagation owing to
higher confining stress or high permeability which allows the fluid to bleed off. As an example, Figure 2-1 presents a
hierarchy of fracture complexity. Rather than the simpler planar fracture shown in the upper left, fractures in common
geologic environments display varying degrees of complexity. Owing to this complexity, fractures are believed to grow

shorter than they would if they were simple planar features.

Simple Fracture Complex Fracture

Complex Fracture
Network

Complex Fracture
With Fissure Opening

Figure 2-1 Schematics of levels of hydraulic fracture networks (Fisher and Warpinski 2012).

Davies et al. (2012) undertook a comprehensive compilation of micro-seismic data from hydraulic fracturing events in US
shales. They concluded the probability that stimulated hydraulic fractures extend vertically beyond 350 m is approximately
1% (Figure 2-2). They argued there are certain geological scenarios where there could be connectivity between a
hydrocarbon reservoirs and aquifers through a significant thickness of overburden. The example discussed by Davies et al.
(2012) was when sand proppants are used that can cut through 1000 m of shale (Hurst et al. 2011). When combined with
long enough pumping time, this could cause critical pressurisation of shallower strata and therefore shallower fractures.

These and other geological scenarios should be considered and modelled.
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Figure 2-2 Frequency of hydraulic fracture height for (a) upward and (b) downward propagating fractures in the Marcellus, Barnett, Woodford, Eagle Ford and
Niobrara shales. Probability of exceedance of height of (c) upward propagating fractures and (d) downward propagating fractures (Davies et al. 2012).

In a geochemical study of potential connectivity between Marcellus shale and shallow groundwater, Warner et al. (2012a)
classified 426 water samples from shallow groundwater in an 80 x 160 km area of northeastern Pennsylvania currently
experiencing hydraulic fracturing of the Marcellus gas shale. The classification consisted of 4 groups based on Br, Cl, Na, Ba,
Sr, Li concentration and the isotopic ratios of Sr/#Sr, 2H/H, 180/%0, and 226Ra/?*°Ra. Evidence that diluted residual brine
had migrated from deep formations along cross formational pathways was found in the chemistry of one group with high
Br/Cl and Sr/Ca but low 8Sr/2¢Sr. By referring to the source as the “Marcellus”, Warner et al. (2012a) implied that leakage
was from the Marcellus and they suggested that the pathways of natural gas leakage might be areas of higher risk for
leakage of residual hydraulic fracturing fluid (the fluid left in place beyond the control of engineers). The Marcellus was
portrayed as leaking now without any human assistance through cross-formational pathways and the concern was raised
that hydraulic fracturing in the Marcellus could make this leakage worse. According to Engelder et al. (2014) the
possibilities raised by Warner et al. (2012a) are extremely unlikely (see further). In a reply to earlier criticism of Engelder
(2012), Warner et al. (2012b) argued that (i) there is evidence for natural migration of brine and subsequent dilution in
shallow drinking water aquifers, and (ii) if hydraulic fracturing intercepts natural pathways (i.e., faults/fractures) that

connect the Marcellus to overlying units, the migration of fluids, including gases, remains possible.

Jackson et al. (2013) analysed 141 drinking water bores across the Appalachian Plateaus (northeastern Pennsylvania, US)
examining natural gas concentrations and their isotopic signatures with proximity to natural gas wells. Analytes included
methane (CH,), ethane (C;Hs) and propane (CsHg), their isotopic signatures (3'3C and &°H for methane and 3*3C for ethane),
hydrocarbon ratios, and the ratio of the noble gas “He to methane in groundwater. For two out of three hydrocarbons the
average concentrations in drinking water samples from relatively shallow bores (60-90 m depth) were significantly higher
(six times for methane, 23 times for ethane) at distances < 1 km from gas wells (Figure 2-3). Based on the isotopic and
hydrocarbon ratios, groundwater was found to be characteristic of a thermally postmature Marcellus-like source (the
Marcellus Formation is the primary hydrocarbon resource ranging in depth from 1200-2500 m) in some cases (Figure 2-3).
Jackson et al. (2013) hypothesise that the higher dissolved gas concentrations observed in drinking water are the result of
(i) faulty or inadequate steel gas well casings and (ii) imperfections in the cement sealing of the annulus or gaps between
casings and rock that keep fluids from moving up the outside of the gas well. Casing leaks can result from poor thread
connections, steel corrosion, thermal stress cracking, and other causes (Wu et al. 2016). Once the protective steel casing

breaks or leaks, stray gases could be the first indication of groundwater contamination; less mobile salts and metals from
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formation waters or chemicals from hydraulic fracturing fluids can potentially arrive later. Cement seal failure may occur
when cement shrinks, develops cracks or channels, or is lost in the surrounding rock formation during application (Jackson
2014). In case cement seal failure occurs in intermediate layers, the geochemical and isotopic compositions of stray gas
contamination does not necessarily match that of the target gas, in which case no hydraulic fracturing chemicals or deep
formation waters would arrive in shallow groundwater. Indeed, in such scenario a direct connection between the deepest

formation layers and shallow aquifers does not exist.

While well integrity failure may be one plausible cause of groundwater contamination, there are two other potential
mechanisms for contamination caused by hydraulic fracturing/horizontal drilling. These include enhancing deep-to-shallow
hydraulic connectivity, and intersecting abandoned oil and gas wells (Jackson et al. 2013). Horizontal drilling and
subsequent hydraulic fracturing can stimulate fractures or mineralized veins, increasing secondary hydraulic connectivity.
The upward transport of gases is theoretically possible, including pressure-driven flow through open, dry fractures and
pressure-driven buoyancy of gas bubbles in aquifers and water-filled fractures (Jackson et al. 2013 and references therein).
Reduced water pressures after the fracturing activities could also lead to methane exsolving rapidly from solution and
forming free a gas phase. If such free gas methane reaches an open fracture pathway, the gas should redissolve into
capillary-bound water and/or formation water, especially at the lithostatic and hydrostatic pressures present at Marcellus
Formation depths. Legacy or abandoned oil and gas wells (and even abandoned water wells) are another potential
pathway for rapid fluid transport (Jackson et al. 2013).
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Figure 2-3 (A) and (B) Concentrations of methane (A), ethane and propane (B) in drinking water wells vs. distance to natural gas wells. (C) Methane
concentration plotted against §13C-CH,, The grayscale shading refers to distance to nearest gas wells. (D) The ratio of “He:CH4 concentrations in drinking water
wells vs. distance to gas wells (kilometres). The values are compared with water samples (mean * SE) from the salt spring at Salt Springs State Park (n = 3) and
Marcellus (n = 4) and Upper Devonian (n = 5) production gases (Jackson et al. 2013). Grey-shaded scale bars refer to (C) and (D) only.

Using numerical simulation models, Kissinger et al. (2013) tested under what circumstances several hypothesised flow
paths for fracturing fluid, brine and methane would result into leakage of such fluids into shallower layers. The simulations
used literature-based parameterisation (upper and lower bounds of hydraulic parameters) for potential hydraulic
fracturing sites in Germany (North Rhine-Westphalia and Lower Saxony). Kissinger et al. (2013) considered three flow paths

for hydraulic fracturing fluid and/or brine:
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. Flow through natural fault zones (F1 in Figure 2-4): this involves fractures created during the stimulation period
that could connect with a natural fault zone. As a result, the hydraulic fracturing fluid could be forced through
this fault zone as a result of the strong pressure build-up in the system during hydraulic fracturing operations

(considered to last for about 2 h in the study of Kissinger et al. 2013),

e Flow through leaky boreholes (F2 in Figure 2-4): fluids may leak into the freshwater aquifer through a borehole

that experiences casing failure or cement seal failure,

e Spill at the ground surface (F3 in Figure 2-4): large amounts of contaminants may infiltrate into the aquifer in the

case of an accident. A continuous contamination of the aquifer is also possible if a leak remains undetected.

Flow paths F1 and F2 are also relevant in case of methane (Figure 2-4); one additional flow path considers gas flow through
rocks following gas mobilisation transport due to buoyancy. Flow path F3 has been previously been investigated as part of
the Australian National Chemicals Assessment project (e.g. Mallants et al. 2017a), and will not be discussed any further

here.

Figure 2-4 Possible flow paths of fracturing fluid, brine and methane into aquifers; see main text for definition of flow paths F1/M1, F2/M2, and F3/M3; F3
represents spill from a truck accident (Kissinger et al. 2013). Light grey coloures layers are low-permeable formations (aquitards); dark grey coloured layers are
gas reservoirs or aquifers.

Three scenarios were numerically evaluated:

e Scenario 1: the short-term movement of hydraulic fracturing fluid or brine into the overburden (applied at the
fault zone or intact overburden) induced by high pressures (50-700 bar overpressure) from hydraulic fracturing
activities (a short-term high-pressure gradient is the driving force, while the pathway is a 30-m wide fault zone)
(Figure 2-5),

e Scenario 2: the long-term (tens of years) horizontal and vertical movement of hydraulic fracturing fluid and brine
along vertical fault zones connecting deeper aquifers (the contaminant source is assumed to be within in the
groundwater after it escaped from the hydrocarbon reservoir, which in itself is an unlikely event) with shallower

aquifers (a long-term natural hydraulic gradient is the driving force).

e Scenario 3: long-term (tens of years) methane gas migration from gas reservoir into fault zone owing to buoyancy

and capillary forces.

Results for Scenario 1 show that the maximum vertical transport distance is limited to 50 m, and this is possible only if the
permeability of the fault zone is 103 m? (about 10® m/s or 0.1 m/d) and an overpressure of 300 bar is applied
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continuously for 2 hours (i.e. very conservative assumptions). For eight other parameter combinations, the vertical

transport distance is much shorter or completely zero.
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Figure 2-5 Schematic representation of the conservative assumptions made in Scenario 1 (Kissinger et al. 2013).

Simulations for Scenario 2 demonstrate that only under very conservative assumptions (hydraulic head difference between
lower and upper aquifer is 60 m and fault hydraulic conductivity 10'3> m?) contaminants migrate up the fault and into the
shallow aquifer, though concentrations are reduced by a factor 4,000 compared to the source concentration (discounting
attenuation processes including degradation, sorption, hydrodynamic dispersion). Transport through the fault zone is
effectively zero when its hydraulic conductivity decreased to 10"*> m? (about 10 m/s or 0.001 m/d). Kissinger et al. (2013)

concluded that the conservative assumptions were still plausible for at least one of their study sites.

Results from Scenario 3 show that the leakage of methane into the shallow aquifer through the fault zone is only possible if
all of the following conservative assumptions are met: (i) a permeable fault zone connecting gas reservoir with shallow
aquifer, (ii) low residual gas saturation and low porosity, (iii) large volumes of methane mobilised from the gas reservoir,

and (iv) a shallow gas reservoir (about 1,200 m). Kissinger et al. (2013) consider this a highly unlikely scenario.

Dusseault and Jackson (2014) investigated the possibility of hydraulic fracturing fluids moving upwards to shallow
groundwater. They first discuss several factors that inhibit uncontrolled upward migration of induced fractures (based on

horizontally drilled wells in shale gas reservoir):

. Production well construction: There is little chance of hydraulic fractures in the horizontal well section moving
laterally and intersecting the vertical section of the wellbore a considerable distance away, and subsequently
moving up along the wellbore (through the cement between casing and rock formation) during injection mainly
because (i) the bottom part of the vertical production casing usually has a proper cement seal, (ii) the horizontal
section of the well is drilled approximately parallel to the in situ minimum principal stress, therefore induced
fractures propagate predominantly at 90° to the horizontal section, and (iii) the annular pressure on the

production casing is monitored thus any breach in the production becomes manageable.

. Orientation of induced fractures: Hydraulic fracturing in zones where the minimum principal stress is horizontal
will lead to induced fractures that will grow preferentially upwards, rather than being vertically symmetrical
around the fracture point (Figure 2-6). Under such stress conditions, various US shales (e.g. Marcellus and
Barnett shales) show maximum fracture growth height on the order of 600 m; beyond such vertical heights,
natural fractures in the form of joints, faults, and bedding-plane partings stop vertical growth by allowing leakoff

(i.e., fluid diversion) into multiple fractures.

* Imbibition of injected fluids and associated strain: Injected hydraulic fracturing fluids that do not return to the

surface as flowback water or that are not trapped in open or half-open fractures in the shale gas reservoir will be
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absorbed by the shale rock owing to strong capillary forces. Furthermore, hydraulic fracturing results in
permanent volumetric strain of up to 30 to 50% of the volumes injected.

. Effect of uplift and surface erosion: In most parts of the world where sedimentary basins have been uplifted and
subsequently eroded (all shale-gas basins identified to date are in uplifted, eroded basins), the stresses in the
earth become redistributed. A typical situation is that where, at shallow depths, the vertical stress is the smallest
of principal stresses, as a result, fractures will propagate horizontally. At greater depths, the stress condition
becomes reversed, with the horizontal stress becoming the smallest, thus promoting vertical fracture
propagation (Figure 2-7). For example, if a fracture is initiated in a horizontal well at a depth of 425 m (Figure
2-7), it will likely rise until it encounters the stress transition (stress turnover) zone where it will start to
propagate horizontally and be more influenced by bedding. This stress condition provides a further barrier to the

upward migration of fracturing fluids in most geological environments.

e Nature of the overlying strata: Low-permeability strata overlying shale gas reservoirs range from stiff naturally-
fracture sediments to ductile fine-grained strata void of fractures. The former strata may have acted as a partial
seal to upward fluid movement because the shale-gas reservoir is still intact. The latter formations are effective
seals against fluid movement and insensitive to hydraulic fracturing occurring at much greater depths, i.e. they
can experience a much larger strain before any fracture opening occurs. Furthermore, it is argued that it is
extremely improbable that injection of large volumes of hydraulic fracturing fluid will cause any distortion of

overlying strata that would lead to new pathways.

e Hydraulics of upward fracturing fluids migration to shallow groundwater: The scenario of upward fluid flow from
a shale gas reservoir to shallow groundwater via pre-existing fractures as previously simulated by Myers (2012),
was critically evaluated by Dusseault and Jackson (2014). The latter authors demonstrate the improbability of
this scenario occurring because of hydraulic fracturing. On the basis of ‘back-of-the-envelop’ calculations they
show that the additional pressure increment of 50 MPa applied at the ground surface by a fleet of fracking trucks
is insufficient to lift fracking fluid to the shallow aquifer (a height difference of 1500 m was considered) in the
short time provided. This conclusion is consistent with the observations that measured fracture-height growths

never exceeded 600 m.

. Design of hydraulic fracturing stimulation: The large costs associated with hydraulic fracturing operations have
resulted in highly optimised designs based on mathematical models and monitoring data. As a result, the actual
fracturing zone, including the region of beneficial perturbation of the natural fractures, does not extend

significantly beyond the top of the shale-gas target zone.

. Volumetric strain and fracture rise: Dusseault and Jackson (2014) argued that the concept of hydraulic fractures
propagating in an uncontrolled manner toward potable water layers is not realistic. Their main argument is that
to rise the fracturing fluid 1-2 km into a shallow aquifer, would require (i) injected fluid volumes orders of
magnitude larger than what is being used, (ii) pumping for many days or weeks or even months, and (3) virtually
zero leakoff to permeable zones. Furthermore, calculations suggest that the very small volumetric strains
associated with depletion of pressure in the gas reservoir will generate only small strains in the overlying rock,

insufficient to affect the natural fractures in those rocks.

e Production from shale-gas reservoir: Depleted shale-gas reservoirs become a zone of low regional pressure and
are more likely to induce brine flow into it than to allow gas flow to escape. This physical reality was used by
Dusseault and Jackson (2014) to conclude that the model assumptions (of sustained overpressuring during
fracturing) used by Gassiat et al. (2013) in their simulations of leakage of fracturing fluids to a shallow aquifer

were extremely unlikely in practice.

Based on the above arguments, Dusseault and Jackson (2014) conclude that the risk of hydraulic fracturing fluids or gas
from the injection zone rising up into the intermediate zone during or after fracturing is remote. Furthermore, there is a
strong economic incentive for operators to reduce the loss of injected fluids into non-productive overlying zones. As a
result, the chances of dramatic fracture rise toward shallower depth and intersection with potable water aquifers, remote

as they are, will become even lower as the companies perfect their techniques. Rare exceptions of contamination do exist,
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unfortunately, such as that where hydraulic fracturing fluid was injected by mistake into a sandstone aquifer at shallow

depth (136 m) whereas it should have been injected into the gas reservoir at 1500 m depth (Dusseault and Jackson 2014).

Dusseault and Jackson (2014) recognised that the seepage pathway of greatest risk for hydraulic fracture fluids are the
decommissioned wells intersecting the hydraulic fracturing volume. Indeed, the most serious fluid communication risk
during hydraulic fracturing is the possible intersection of the fractured zone with offset wellbores (e.g. old production gas
wells) that pass through the stimulated rock volume created by the hydraulic fractures. If the quality of the cement and
completion of such offset wells is poor, fracturing fluids that moved laterally to the offset vertical cased wells could then
feasibly move upward along the annulus between the casing and the rock. Examples from inter-wellbore communication
have been reported for the Barnett Shale of Texas (approximately 200 m distance between wells), Alberta (maximum
distance up to 2400 m), and British Columbia (communication reported up to 4100 m distance). Dusseault and Jackson
(2014) argued that the vast majority of communications involve pore-pressure pulses, not fluid breakthroughs. One
exception involves a 80 m3 discharge of hydraulic fracturing fluid and formation fluid at the surface when a new well was

fractured in Alberta, with 129 m between the offset well and the new well.

Dusseault and Jackson (2014) concluded that the migration of hydraulic fracturing or formation fluids (including natural
gas) to the surface as a result of deep hydraulic fracturing of typical shale-gas reservoirs appeared most unlikely. They did
recognise, however, that the real subsurface threat to shallow groundwater contamination was likely related to a
combination of factors involving the characteristics of annular cement seals of production wells and the presence of

natural gas in intermediate zones between shallow aquifers and the target shale-gas formations.
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Figure 2-6 Hydraulic fractures tend to rise because of differential gradients; above the injection point, a positive driving force exists because the rock mass
stress gradient (17-23 kPa/m) is larger than the fracturing fluid stress gradient (10-13 kPa/m). Below the injection point a pressure deficiency exists resulting in
limited downward fracture growth (modified from Dusseault and Jackson 2014).
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Figure 2-7 Relation between stresses and fracture orientation, north of Medicine Hat, Alberta, Western Canada sedimentary basin. At shallow depths (from
200 to approximately 380 m) the vertical stress is smaller than the minimum horizontal stress (referred to as reverse fault regime); as a result, fractures
develop preferentially in horizontal direction. At depths below 380 m, a strike-slip fault regime exists (vertical stress is larger than minimum horizontal stress)
promoting vertical fracture propagation (Dusseault and Jackson 2014).

The wellbore is identified as the most likely pathway of fluid leakage from depth to shallow aquifers, with methane gas as
the principal fluid and buoyancy the main driving force. The principal pathways include the micro-annulus between the
outermost casing and the debonded cement sheath and/or between the debonded cement sheath and borehole rock wall
(Mueller and Eid 2006). Such gas seepage may become evident as surface-casing vent flow (SCVF) or as gas migration that
occurs outside the casing strings. In Canada, surface-casing vents are left open to the atmosphere allowing the gas to vent
freely. In the US, however, shutting-in surface and other casing-head valves is common practice. Gas migration may emit at
ground surface or it may penetrate shallow aquifers leading to gassy water wells or groundwater contamination. Dusseault
and Jackson (2014) argue that the potential for gas migration and subsequent groundwater contamination is exacerbated if
surface-casing vent valves and casing-head valves are shut-in (see the case study on groundwater contamination triggered

by casing-head valve closure following gas release via the wellbore annulus after fracturing as reported by Bair et al. 2010).
Dusseault and Jackson’s (2014) final conclusion on hydraulic fracturing risks was as follows:

* hydraulic fracturing itself appears not to present a significant environmental risk, except when abandoned or
suspended well casings are intersected by fracturing fluids during the high-pressure stage of fluid injection.
Likewise, producing wells situated in the same target formation as new wells involved with fracture stimulation

may be affected by hydraulic fracturing fluids when the inter-wellbore distance is within approximately 250 m,

e the quality of cement completions of casing installations is a concern with regard to future gas migration. Indeed,
gas migration outside the casing is typically a result of incomplete cementing (in the case of older conventional
wells) or the formation of micro-annuli within or on the periphery of the cement sheath because of cement
shrinkage. Gas-pressure gradients will promote the vertical ascent of gas slugs that will appear at the surface as
pulsed gas flow. If such gas flows are not allowed to discharge to the atmosphere by shutting-in surface valves,

potential for gas migration and subsequent groundwater contamination is exacerbated.
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Engelder et al. (2014) analysed the hypotheses developed by Warner et al. (2012a) and concluded that these hypotheses
(i.e. that hydraulic fracturing fluid migrates out of gas shale to contaminate groundwater) are highly unlikely for the

following reasons:

« The near-total lack of free water in gas shale means that shale formations cannot feed a steady upward leakage
of the kind proposed by Warner et al. (2012a). The highly water-unsaturated shales will function as a dehydrated
sponge that sucks in any free water that comes in contact with the shales. Furthermore, the permeability of
these water-unsaturated shale is orders of magnitude lower compared to that of a water-saturated shale,
therefore it cannot sustain any appreciable water flow. Indeed, the permeability of any rock decreases by orders

of magnitude as the water saturation decreases from unity.

e Because gas shale readily imbibes or takes up water, only a fraction of the injected hydraulic fracturing fluid is
returned. The majority is retained within the shale due to processes of imbibition and diffusion-osmosis.
Imbibition occurs within the silicate fraction of the shale which is water-wet; the kerogen fraction of shale is oil-

wet and hydrophobic and will not imbibe water.

e Coupled diffusion—osmosis processes and the forces associated with surface tension and adhesion (capillary
forces) propel water into the matrix of gas shale and generate the high salinities observed in the recovered
fracturing fluid (Figure 2-8). The contrast in water activity between brine and fresh water generates very

substantial osmotic pressure differences that will drive hydraulic fracturing fluids into the shale matrix.

e The analysis of Warner et al. (2012a) was based on a single phase perspective, i.e. the interactions between the
water phase and gas phase is not taken into account, while the analysis of Engelder et al. (2014) considered
multiphase, capillary, and osmotic phenomena. Engelder et al. (2014) argued that leakage of water and gas along
natural pathways from gas-filled shales like both the Marcellus and Haynesville was basically eliminated by
capillary forces which act (and have been acting for over 200 My) as capillary seals. Importantly, hydraulic

fracturing was believed not to change the capillary blockage.
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Figure 2-8 Chemical and diffusion osmosis: transfer of water and inorganic ions between drilling fluid and formation when the drilling fluid is equal to the far-

field formation pressure (Engelder et al. 2014).

In a review of well integrity across the conventional and unconventional gas industry in the US, Jackson (2014) illustrated

the severity of well integrity failure, especially in Pennsylvania where, since 2005, the Department of Environmental

Protection has confirmed more than 100 cases of well-related groundwater contamination. According to Jackson (2014),

well integrity is the key to minimising many of the risks associated with hydraulic fracturing and unconventional resource

extraction. Finally, Jackson (2014) identifies the need for much more information on the structural integrity of older

producing wells and abandoned wells.

As part of a broader US EPA study (US EPA 2016a) on the relationship between hydraulic fracturing and drinking water,

Reagan et al. (2015) carried out numerical simulations of water and gas transport between a shallow tight-gas reservoir
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(characterised by an ultralow permeability in the range of a nano-Darcy) and a shallower freshwater aquifer following
hydraulic fracturing operations. Two general failure scenarios were considered in the simulations: connection between the
reservoir and aquifer is assumed to occur (i) via a fracture or fault and (ii) via a deteriorated, pre-existing nearby well. The
study uses generalized representations of single-well, single-pathway tight and shale-gas systems to identify the processes
and parameters that could lead to rapid gas transport from such formations to groundwater resources. While Reagan et al.
(2015) highlighted the need for additional research to better understand the risk from hydraulic fracturing, they argued
that pathways created by hydraulic fracturing into pre-existing pathways cannot be discounted. Examples of the latter
include naturally formed pathways (permeable fractures or faults) or artificial pathways (abandoned, degraded, poorly
constructed, or failing wells). Reagan et al. (2015) also acknowledged that the possibility of human error in the
construction and operation of wells cannot be ignored. Evidence for the existence, and their impact on groundwater, of
such artificial pathways was provided by Dusseault and Jackson (2014), Jackson et al. (2013) and Jackson (2014). There is
much less uncontested evidence that hydraulic fractures would connect into pre-existing natural pathways (faults,
fractures); there is the recognition that strong upward gradients (considered unlikely) are necessary, along with permeable
pathways, to drive upward migration. From their literature review, Reagan et al. (2015) concluded that few conclusions can
yet be made about the parametric space under which fluids (gas and/or contaminated water) release can occur.
Meaningful attempts to explore the parametric space that controls fluid release were reported by Kissinger et al. (2013)
and Gassiat et al. (2013). The latter authors found that transport on thousand-year timescales may be possible under
reasonable hydrologic conditions. Their conclusion was based on the simplified assumption of using a single-phase
aqueous system to represent a shale system that is undersaturated. This analysis therefore ignores important capillary

effects that would reduce the ability of the reservoir overpressure to drive aqueous flow.

Reagan et al. (2015) identified the following broad classes of plausible failure scenarios for upward migration of

contaminants associated with hydraulic fracturing:

. Failure Scenario 1: Vertically extensive fracturing of the overburden/caprock/aquitard separating the
hydrocarbon reservoir from overlying groundwater owing to inadequate design and/or operation of the

fracturing operation (Figure 2-9a),

e Failure Scenario 2: Reactivation of dormant fractures/faults due to hydraulic fracturing creating pathways for

contaminant leakage (Figure 2-9b),

e Failure Scenario 3: Fractures from the stimulation operation intercept older abandoned unplugged wells (e.g.

conventional oil and gas wells) (Figure 2-10a),

. Failure Scenario 4: Continuous and highly permeable pathways via poorly completed wells due to inadequate

design, installation or weak cement (Figure 2-10b).

By combining Scenarios 1 and 2 and 3 and 4 two general sets of failure pathways were considered in the simulations:
faults/fractures and degraded wells (annular or tubular pathways). A separate study was carried out to explore the
geomechanical reality of these scenarios and to determine if they are physically possible (constrained by the laws of
physics and the operational quantities and limitations involved in hydraulic fracturing operations) (Kim and Moridis 2013).
Geomechanical modelling and experimental studies generally agree that physical constraints on hydraulic fracture

propagation will prevent induced fractures from extending from deep zones into drinking water resources (US EPA 2016a).
Key conclusions from the numerical simulations of failure Scenarios 1 — 4 are (Reagan et al. 2015):

e For the faults/fractures failure pathways, the most important parameters affecting gas transport towards a
shallow aquifer (hydrocarbon reservoir-aquifer separation distances considered are 200 and 800 m) are the
production regime (an active gas well mitigates gas release because rapid depressurisation of the small fracture
volume counters the driving force for gas buoyancy and drives a downward flow of water from the aquifer via
the connecting fracture which dissolved much of the gas that has escaped), fracture/faults hydraulic conductivity
(which regulates the possibility of gas breakthrough), and separation distance (the greater the distance, the later

the gas breakthrough time).
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e  Forthe degraded well failure pathways, most critical parameters are well conductivity and production regime.
Well permeabilities smaller than 101> m? (about 10 m/s or 0.001 m/d), or a high-quality competent cement) do
not result in any gas release when the separation distance is 200 m or larger. For separation distances of 800 m a
producing gas well can mitigate gas migration for well permeabilities up to 10° m? (about 102 m/s or 1000 m/d).

Gas transport via well failure pathways allows for more amounts of gas release than via faults/fracture pathways.

e The amount of gas available for immediate migration toward the shallower aquifer is limited to that initially
stored in the hydraulically induced fractures immediately after the conclusion of the stimulation process and
prior to the beginning of gas production. In other words, any gas presence in the aquifer will be of limited

duration.

e After the initial gas breakthrough has occurred, water flow is downward in nearly all parameter combinations
considered. Note that the flow model assumes a hydrostatic initial pressure distribution; this is thus not an
overpressurised hydrocarbon reservoir. A consistent downward trend in water flow was observed even when the
gas well and water well were not in operation. Reagan et al. (2015) postulated that one mechanism responsible

for a downward flow is the imbibition (i.e. absorption) of water into the undersaturated shale rock.
Reagan et al. listed the following assumptions and limitations for their numerical study:

*  Neither the possibility nor the probability of occurrence of the failure scenarios are addressed, as there is

yet insufficient data for such analysis.

« Theidentified hazards can only be put in the proper context once there is understanding about the relative
probability of out-of-zone fracturing or fault activation versus interception of highly degraded, abandoned

wells.
e Overpressurised hydrocarbon systems have not been studied and will likely result in different behaviour.

e The possibility or probability of continuous permeable fractures/faults has not been considered as it cannot

be ascertained on current evidence.
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US EPA (2016a) considered two major subsurface mechanisms by which the injection of hydraulic fracturing fluid and the
creation and propagation of fractures can lead to contamination of drinking water resources, i.e. unintentional migration
of fluids and gases (i) up the production well into groundwater owing to poor casing or cementing, and (ii) through
subsurface geologic formations into a drinking water resource. Two main research questions were studied by US EPA to

improve understanding of the possibility/probability and hazards associated with these mechanisms:

«  ‘How effective are current well construction practices at containing fluids—both liquids and gases—before,

during, and after fracturing?’

. ‘Can subsurface migration of fluids—both liquids and gases—to drinking water resources occur, and what local

geologic or artificial features might allow this?’

In addressing the first question, US EPA reported that there are several examples where hydraulically fractured wells have
or may have resulted in impacts to drinking water resources. Typical examples included: (i) an inner string of casing had
burst during hydraulic fracturing, which resulted in a release of fluids on the land surface and possibly into the aquifer, and
(ii) inadequately cemented casings that allowed methane migration through natural fractures and faults and contributed to
impacts to drinking water resources (gas and other contaminants). US EPA further discussed the risks associated with
fracturing older wells: they may not have been built or tested to the same specifications while exposure to aggressive

conditions (high salinity, corrosive gases such as CO, and H,S) will have contributed to casing degradation.

Answers to the second question included findings from both numerical modelling and microseismic studies, mostly based
on a Marcellus-like environment. Results showed that fractures created during hydraulic fracturing are unlikely to extend
upward from these deep formations into shallow drinking water aquifers (note the very large separation distances of up to
a mile or more between hydrocarbon reservoir and aquifer). In other regions with much shallower shale, the depth of
hydraulic fracturing would be between 30 — 579 m below the surface. A more likely scenario where migration of fluids to
drinking water resources may occur is where oil and gas resources co-exist with drinking water resources. Currently the
overall frequency of occurrence of this practice appears to be low. An even more likely scenario is that where liquid and
gas movement from the hydrocarbon production zone to drinking water resources occurs via other production wells or
injection wells near hydraulic fracturing operations. In Oklahoma, the likelihood of such well communication (‘frac hits’)
was less than 10% between wells separated by more than 1,219 m, but increased to nearly 50% between wells less than
305 m apart. Surface spills from well communication incidents have been documented in the literature, which provides

evidence for occurrence of frac hits (US EPA 2016a).

If offset wells are not able to withstand the stresses applied during the hydraulic fracturing of a neighbouring well, certain
well components may fail (typically the cement components), which could result in a release of fluids at the surface. The
US EPA has identified incidents in which surface spills of hydraulic fracturing-related fluids were attributed to such well
communication events. Finally, the greatest potential for impacts is likely to be due to older or inactive wells—including oil

and gas wells, injection wells, or drinking water wells—near a hydraulic fracturing operation (US EPA 2016a).

The US EPA (2016a) study concluded that it is important to note that the development of one pathway within a typical
reservoir/caprock/aquifer system does not necessarily result in an impact to a drinking water resource. For instance, if an
undetected fault would be intercepted by a gas production well, intact cement within the production well could keep fluids

from migrating up along the well to the fault and still protect drinking water resources.

2.1.1.2. Summary of review findings from Australian studies

The US EPA (2016a) study, discussed in Section 2.1.1.1, provided a systematic analysis of likely failure pathways with a
focus on unintentional migration of fluids and gases (i) up the production well into groundwater owing to poor casing or
cementing, and (ii) through subsurface geologic formations into a drinking water resource. These are considered to be the
two major subsurface mechanisms by which the injection of hydraulic fracturing fluid and the creation and propagation of
fractures can lead to contamination of drinking water resources (US EPA 2016a). To date, a similar study has not been

undertaken in Australia.
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The next section provides a summary of literature on defective bores of any kind, including coal exploration bores, older
conventional oil and gas wells (some of which are converted to water bores), or older water bores, that can potentially
provide pathways for contaminants to reach groundwater receptors and/or receptors at the surface. The summary starts

with a discussion on connectivity between coal seams and aquifers provided by the hydraulic fracturing process itself.

Hydraulic fracture growth

Hydraulic fractures can grow vertically from coal seams into the overlying and underlying rock layers. For such inter-layer
fracture growth to occur, the minimum horizontal in-situ stress must be less than the vertical stress, and rock modulus and
in-situ stress contrasts must be low enough to allow fracture height growth. Current understanding suggests that height
growth will be retarded by the interactions that occur as the fracture grows into such a layered sequence. Jeffrey et al.
(2017a) studied hydraulic fracture height growth into multiple rock layers of different in-situ stress using a 2D hydraulic
fracture model that prescribed a constant pressure condition at the injection point. This pressure condition allows rapid
height growth to occur when the stress and modulus conditions in the layers favour vertical growth. When vertical growth
is favoured, the 2D model may predict rapid growth, which can lead to very large fluid flow rates. These flow rates or fluid
fluxes can exceed physically possible limits. By including a fluid flux limit in the model, Jeffrey et al. (2017a) avoided
unrealistic rates of fracture height growth. The results of the 2D model study demonstrated that sufficiently thick high-
stress layers lead to halt the fracture growth. Growth can occur through thin high stress layers, especially when the
fracture length is relatively large when encountering the high stress layer. Because no lateral growth is allowed, the 2D
model results represent the upper limit for vertical (height) growth, for both final extent and rate of growth. When lateral
growth was included into the calculation using a P3D hydraulic fracture design model, the height growth was significantly
reduced compared to the 2D model results. Jeffrey et al. (2017a) attributed this smaller height growth to the P3D model

allowing the fracture to grow in length (lateral growth) as well as in height (vertical growth).
Findings from a recent review of fracture growth and well integrity by Jeffrey et al. (2017b) include:

. Hydraulic fracture growth in coal and growth in height into layers above and below a coal seam are affected by
the rock properties and in-situ stresses. Interactions with bedding planes, faults and natural fractures often

strongly affect the fracture growth.

e The nature and size of the fractures formed by coal seam gas stimulations are fairly well characterised because
many have been mapped after mining, both in Australia and in the US. The fractures contain branches and

offsets and sometimes form as T-shaped geometries with a large horizontal fracture overlying a vertical one.

. Monitoring of fracture growth by microseismic and tiltmeter instrumentation, and by using tracers, is important
during early phases of development of new areas. This monitoring serves to calibrate modelling and verify that
designs are producing the fractures intended. There is a gap in monitoring which would be filled by development

of lower cost but reliable fracture monitoring methods.

«  The wellbore provides a possible pathway along which fluids can move between zones in a coal seam gas well or
from the subsurface to the surface. Application of correct drilling and completion practice effectively limits the
risk of such fluid movement. Overseas studies indicate that well integrity may be a general problem, reinforcing
the idea that the wellbore is the main risk of a leakage pathway developing between the reservoir and aquifers
and the surface. Statistical data describing historical Australian coal seam gas well integrity experience were not

found.

. Plugging and abandonment procedures must be designed and carried out using good engineering practice. Pre-
existing wells and boreholes that have not been plugged correctly pose a risk for vertical fluid movement and gas

entering aquifers or venting at the surface.

The National Assessment of Chemicals Associated with Coal Seam Gas Extraction in Australia (the National CSG Chemicals

Assessment project) has carried out a screening level assessment of potential risks to human health and the environment
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associated with surface-related exposure pathways of chemicals used in drilling and hydraulic fracturing®. This includes
surface water, soils, and shallow unconfined groundwater systems. While the approach is consistent with previous US EPA
assessments (US EPA 2004a, 2010, 2011), the National CSG Chemicals Assessment project did not examine the risks posed

by chemicals to deeper groundwater systems such as confined aquifers.

Therefore, the current review will focus on the limited number of studies that address bore and well integrity in Australia.
In this way, evidence is collated regarding at least one of the likely failure pathways identified by US EPA (2016a), i.e.
unintentional migration of fluids and gases up the production well into groundwater owing to poor casing or cementing.
Whether or not the second failure pathway identified by US EPA (2016a) — unintentional migration of fluids and gases
through subsurface geologic formations into a drinking water resource — is physically possible under typical Australian CSG

operations will be addressed in the current study (Section 2.6).

Oil and gas well integrity failure

Poor well integrity is a considerable issue in oil and gas production operations (We et al. 2016). A number of studies have
been carried out which indicate that there is not full integrity in a significant percentage of all wells. Since the CSG industry
in Australia is relatively young (from middle 1990s), publications on CSG well failure have been quite scarce. Wu et al.
(2016) have carried out a review of well failure rates reported in open international literature for conventional onshore oil
and gas wells and some of CSG wells in North America and Scandinavia. One study on onshore gas well integrity in

Queensland is included in their review (see further).

Because conventional oil and gas and shale gas wells are drilled to much greater depths than CSG wells, they are subject to
higher temperatures and pressures and have more casing layers. As a result, their failure rates are expected to be higher
than for CSG wells. Therefore, extrapolation of findings from overseas studies to Australian conditions with generally
relatively shallow wells (typically 350 — 1,000 m) has to be done with great care. Nevertheless, the findings from
conventional oil and gas and shale gas wells are useful in gaining understanding of possible failure mechanisms potentially

relevant to CSG wells, and for obtaining upper bound failure rates.

CSG well integrity failures in Queensland

To date, there have been few estimates made of failure rates for CSG wells in Australia. From 2010 to March 2015, 6,734
CSG exploration, appraisal and production wells had been drilled in Queensland. The GasFields Commission Queensland
(2015) reports statistics from well integrity compliance auditing undertaken during this period. This involved both
subsurface gas well compliance and surface well head compliance testing on a subset of the wells drilled. For the
subsurface equipment, no leaks were reported while there have been 21 statutory notifications (a rate of 0.3%) concerning
suspect downhole cement quality during construction. After remediation, the cement failure rate was determined to be
0%. For subsurface equipment, the conclusion is that the risk of a subsurface breach of well integrity is assessed to be very
low to near zero. In regards to the surface well head leaks, 199 leaks have been reported and have been subsequently
fixed. This reporting is consistent with recent research which found that small ‘equipment leaks’ were relatively common

(and often easy to repair) (Day et al. 2014).

Due to lack of comprehensive estimates of well integrity failure rates in Australia, one might be tempted to extrapolate
estimates from other studies involving well failure rates for CSG wells or conventional oil and gas wells. Estimating CSG well
failure rates from failure rates reported for conventional onshore/offshore oil and gas wells or from shale gas wells has to
be done with care. Because offshore oil and gas wells are drilled in a different and more difficult environment than
onshore CSG wells, their failure rates are expected to be much higher than for CSG wells. Furthermore, CSG wells are

shallower than conventional oil and gas and shale gas wells, and therefore subject to lower temperatures and pressures.
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Also, operating pressures for CSG wells are lower and they have less casing layers (GasFields Commission Queensland
2015).

Water bore integrity

In establishing field monitoring methods and guidelines to determine water bore and CSG well integrity, SKM conducted an
evaluation of the integrity of 10,318 water bores in the Surat Basin in Queensland using the NGIS (National Groundwater
Information System) database (Commonwealth of Australia, unpublished report). Based on the optimistic life time of steel
in water bores (i.e. 45 years), it was assumed in the unpublished report that the water bores constructed prior to 1955 will
now have poor integrity (1,893 bores), i.e., they have experienced well failure. This means that hydrological breach and
production breach could occur in the old water bores allowing fluid movement between different geological units (if the
bore penetrates multiple aquifers) and/or between the bore and surrounding geological units. This assumption is based on
the fact that prior to 1955 nearly all of the water bores would have been constructed using steel casing. The water bores
constructed between 1955 and 1967 were also considered to have poor integrity (1,668 bores), i.e. well failure is implied
on the basis that the steel casing from prior to 1968 would be significantly corroded by now. It was further assumed that
the bores using PVC or plastic were considered to have an increased likelihood of good (casing) integrity at present time
since PVC does not corrode (but can degrade slowly over time), although good casing integrity does not necessarily lead to
good bore integrity since fluid can still migrate behind the casing if the casing external annulus was not cemented or the

cement sheath had poor integrity.

Estimated water bore integrity failure rates should not be extrapolated to coal seam gas wells. For example, the cement
and casings may be different for water bores and CSG wells (NUDLC 2012; DNRM 2013a); also, prior to the late sixties
cementing was not a requirement for water bores. Because cement plays a critical role in protecting steel casing from

corroding, it has a significant impact on well life expectancy.

Coal exploration bores in Surat and Bowen Basins, Queensland

In Queensland, coal exploration bores probably represent the highest risk in providing significant pathways for
interconnectivity between coal seam formations and aquifers, mainly due to their abundance and possible lack of
appropriate decommissioning, both of which are at this stage unquantified (Wu et al. 2016). It has been estimated some
30,000 coal exploration bores have been drilled in the Surat Basin, with another 100,000 in the Bowen Basin (Free 2013,
pers. comm., 28 February 2014). It is unknown however how many of these bores were decommissioned or, if they were

decommissioned, the standard of the decommissioning work (Commonwealth of Australia 2014a).

Gas blowouts in Surat and Bowen Basins, Queensland

A review of gas blowouts in the Surat and Bowen basins, Queensland, has been provided by Wu et al. (2016). The blowout
from a CSG well in the Daandine field (Surat Basin, South West Queensland) is a recent example of gas blowout widely
reported in the media and well documented by DNRM (2011). This time, the blowout was from a CSG well that had been
drilled (but suspended) in 2009 with well completion being undertaken in 2011. The well was capped after drilling and the
blowout occurred when the well was being prepared for installation of a pump for production. After initial checks, the well
was uncapped in order to install the pump. Before this could occur, water and gas began to flow to surface with increasing
intensity. The blowout lasted for more than a day and spew methane and water up to 15 metres high before the well was
secured by using heavy drilling mud. It appeared that the water level in the well had dropped to a point such that the
pressure in the coal seam allowed the gas to desorb and flew into the well. It was reported that the owner of the well
actually pumped some water into the well prior to uncapping it. It was not known if a blowout preventer was installed on
the well, as this is a mandatory requirement by the Code of Practice for Constructing and Abandoning Coal Seam Gas Wells
(DNRM 2013). This scenario is similar to a gas kick in conventional oil and gas well drilling. The gas in the well would need

to be circulated out of the well under a controlled way.
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While gas blowouts are some of the more spectacular examples of CSG well failure, they are very rare. While there have
been 6,734 CSG exploration, appraisal and production wells drilled in Queensland from 2010 to March 2015, the blowout
in the Daandine field is the only reported case in Queensland for the same period. In New South Wales, one blowout was
recorded in 2011 (Parliament of New South Wales 2011). Finally, CSG operators are required to install blowout preventers
to CSG well heads to prevent the uncontrolled release of water and gas from a well (NSW Petroleum (onshore) Act 1991;
DNRM 2013).

Casing failure induced by hydraulic fracturing

High pressures associated with hydraulic fracturing operations can damage the casing and lead to breach of the inter-
aquifer seal. The casing string through which fracturing fluids are pumped is subject to higher pressures during fracturing
operations than during other phases in the life of a production well. To withstand the stresses created by the high pressure
of hydraulic fracturing, the well and its components must have adequate strength and elasticity. If the casing is not strong
enough to withstand these stresses, a casing failure may result. If undetected or not repaired, casing failures will serve as

pathways for fracturing fluids to leak out of the casing (Wu et al. 2016).

A casing collapse was experienced when a rapid depressurisation of a wellbore occurred while completing a CSG well in
Scotia field, Queensland (Johnson et al. 2002). This was immediately following a hydraulic fracturing operation to stimulate
the coal seams. The field is known to have a highly deviatoric in-situ stress field, i.e., the difference is large between the
maximum and minimum principal in-situ stress magnitudes. It was observed the BHTP (bottom hole treating pressure) was
high, indicating the fractures created in the coal seam was complex. It was believed that during the treatment, any shear
and conjugate shear sets of fractures within the coal seams were dilated and propped open by the treatment inducing
quite large deformation in the coal. The rapid reduction in wellbore pressure resulted in parting of the casing and

downhole assembly.

Fugitive emissions from CSG equipment and well casings

Recent reports from the US have suggested that fugitive emissions from unconventional gas production, especially shale
and tight gas, are much higher than previously estimated. However, because of significant differences in production
methods and other factors, it is unlikely that emission estimates from US shale and tight gas production are indicative of
emissions from Australian CSG operations. To provide quantitative information on emissions from CSG operations, CSIRO
and the federal Department of the Environment initiated a project to measure emissions from a range of production wells
in Queensland and NSW (Day et al. 2014).

Methane emissions were measured at 43 CSG wells — six in NSW and 37 in Queensland (Day et al. 2014). Measurements
were made by downwind traverses of well pads using a vehicle fitted with a methane analyser to determine total
emissions from each pad. In addition, a series of measurements were made on each pad to locate sources and quantify
emission rates. Of the 43 wells examined, only three showed no emissions. The remainder had some level of emission but
generally the emission rates were very low, and much lower than those reported for US unconventional gas production
(Allen et al. 2013). The principal methane emission sources were found to be venting and operation of gas-powered
pneumatic devices, equipment leaks and exhaust from gas-fuelled engines used to power water pumps. Several of the
larger equipment leaks were found at seals on water pump shafts on some wells. Once identified, well maintenance staff
were able to repair some of these leaks on site, which effectively eliminated methane emissions. During the field
measurements, no evidence of leakage of methane around the outside of well casings was found at any of the sampled

wells. This reporting is consistent with surface well head leaks reported by the GasFields Commission Queensland (2015).

Day et al. (2014) emphasise the small sample examined during their study; therefore the failure rate of 93% (based on well
pad gas emissions) may not be truly representative of the total well population. They further highlight that emissions may
vary over time, for instance due to repair and maintenance activities. To fully characterise emissions, a larger sample size

would be required and measurements would need to be made over an extended period to determine temporal variation.
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Based on a much larger well population of 6,734 CSG wells (exploration, appraisal and production), the GasFields

Commission Queensland (2015) identified 199 surface well head leaks, or a rate of 2.9 %.

Migration of fluids and gases through subsurface geologic formations into a drinking water resource

While many of the US based studies focus on potential pathways through faults and fractures, there is much less focus on
pathways created by hydraulic fracturing that could allow contaminated fluids to migrate into water bores co-located in
the same formation as the gas well. This is not a surprise as the shale gas formations have much higher salinity than the
Australian CSG coal target formations, and are therefore not readily suitable for stock, irrigation or drinking water
production. In Australia, however, the Walloon Coal Measured in the Surat Basin and the Bandanna formation in the
Bowen Basin have a significant number of water bores co-located with CSG wells (Navi et al. 2015). For example, with
1,647 groundwater bores, the Walloon Coal Measures is the source of water for stock, domestic, industrial and urban
purposes (OGIA 2016). Likewise, in the Bandanna Formation there a further 103 groundwater bores (OGIA 2013). As can be

seen in Figure 2-11, several of such water bores are in relatively close proximity to CSG wells.

Other — natural — pathways for fluid migration may exist where the coal target formation discharges into springs or alluvial
aquifers. For instance, the Condamine Alluvium is hydraulically connected to the Walloon Coal Measures with hydraulic

gradients pointing from the coal formation towards the alluvium (Navi et al. 2015).

Wou et al. (2016) developed several conceptualisations of preferential flow pathways for use in local-scale and regional-
scale groundwater modelling. Major pathways for movement of groundwater between strata have been identified and

have been linked to failure of:
. uncased exploration bores backfilled with rock material upon decommissioning,
D cemented production wells plugged with cement cores upon decommissioning,
« wellbores during hydraulic fracturing,

«  oil and gas wells repurposed for water extraction and water bores in which casing has corroded and/or there is

no cementing of the annulus.

These conceptualisations were subsequently used in a simulation study to explore under which circumstances, if any, such

preferential flow would cause significant impact on the groundwater water balance (Doble et al. 2016).
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Figure 2-11. Locations of CSG wells (blue dots), groundwater bores not screened in the Walloon Coal Measures (white dots) and water bores screened in the
Walloon Coal Measures (red dots) in a CSG field, North East Roma, Queensland. The width of the image is approximately 86 KM. Data obtained from
Queensland Government database

(http://qldspatial.information.qld.gov.au/catalogue/custom/search.page ?q=%22Coal%20seam%20gas %20well%20locations %20-%20Queensland%22).
Accessed in August 2015.
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2.1.2. Hazard screening approaches
DMP 2013

Hazard identification of products and chemicals is the first step in the risk identification process. The Department of Mines

and Petroleum of Western Australia (DMP 2013) considers a product, chemical or substance to be a hazard if:
. it meets health hazard criteria;
. it meets environment health hazard criteria;

e it has specifically been identified as a pollutant, contaminant or a hazardous good under Western Australian or

Australian legislation or regulations.

Health hazards:

Health hazards related to chemicals include:
e acute toxicity: adverse health effects to humans following short-term exposure to a chemical or substance;
*  chronic toxicity: adverse health effects to humans following long-term exposure to a chemical or substance.

Acute toxicity refers to the adverse effects of exposure to a product or chemical over a short period of time (usually less
than 24 hours). Acute toxicity effects can result in lethal or sub-lethal effects (e.g. irritation) to humans. As a minimum
requirement in chemical disclosure, DMP requires human health acute toxicity data for all products using LC50 or LD50
data (as appropriate). LD50 or LC50 data for each product or chemical should be compared to the criteria for determining

whether it is ‘harmful’, ‘toxic’ or ‘very toxic’ (examples provided in DMP 2013).

Chronic toxicity refers to the adverse health effects caused by repeated exposures to chemicals, often at low doses, over
prolonged periods (i.e. months to years). The chemical does not necessarily have to exhibit acute toxicity to cause chronic
toxic effects to human health or the environment. Chronic toxicity methods are based on guidelines from the Organisation
for Economic Cooperation and Development (OECD) which mostly use toxicological studies on proxy species, such as rats
and mice over their lifespan, to give an indication of potential carcinogenic, mutagenic, reproductive or developmental
effects. The most widely used classification system for carcinogens and examples has 4 classes of carcinogen classification:
Group 1 (known carcinogen to humans, Group 2a (probably carcinogenic to humans), Group 2b (possibly carcinogenic to

humans (suggestive evidence), and Group 3 (unclassifiable as to carcinogenicity in humans (inadequate information)).

Environmental hazards: environmental hazards in relation to chemical use include:

. acute aquatic toxicity: adverse effects to marine or freshwater flora or fauna health following exposure to a

chemical or substance;

«  chronic aquatic toxicity: adverse effects to marine or freshwater flora or fauna health following exposure to a

chemical or substance;
. bioaccumulation;

. persistence.

Acute aquatic ecotoxicity methods are based on guidelines from the Organisation for Economic Cooperation and
Development (OECD), which mostly use toxicological testing on indicator aquatic species, such as fish, crustacea and
macroalgae, to give an indication of relative toxicity to the aquatic environment. LC50 or EC50 data for each product or
chemical should be compared to the criteria for determining whether it is ‘harmful’, ‘toxic’ or ‘very toxic’ (examples
provided in DMP 2013).
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Chronic aquatic toxicity data for aquatic organisms are generally less available than acute toxicity data and the range of
testing procedures are less standardised (United Nations 2011). Common measures of chronic toxicity to aquatic organisms
include the NOEC and ECsp measures in accordance with OECD guidelines. NOEC or ECx data for each product or chemical
should be compared to the criteria for determining whether it is ‘harmful’, ‘toxic’ or ‘very toxic’ (examples provided in DMP
2013).

Bioaccumulation refers to chemicals that remain in the environment for long periods of time and are capable of long range
movement through the landscape (e.g. groundwater plumes, atmospheric dispersion, in organisms), building up in food
chains and causing toxic effects. Bioaccumulation is best measured using intact organisms in the laboratory or in the field.
It is usually expressed as the Bioconcentration Factor (BCF) or Bioaccumulation Factor (BAF), which represents the ratio of
a chemical in an organism (e.g. tissue sample) to the concentration in the organism’s environment (e.g. water).
Bioconcentration factors show a correlation to the log of the octanol-water partition coefficient. The partition coefficient
measures how hydrophilic or hydrophobic a chemical is and may be used to indicate those substances having significant
potential to bioaccumulate. Hydrophobic chemicals with high octanol-water partition coefficients are preferentially

distributed to lipids (fat cells) in animals, which tends to then bioaccumulate over time.

While BAF/BCF measures are preferred (BAF/BCF values > 1000 indicate the chemical is bioaccumulative; BAF/BCF values >
5000 indicate the chemical is highly bioaccumulative), the log octanol-water partition coefficient (log Kow) can also be used
to indicate bioaccumulation (log Kow values > 4 indicate confirmed chemical bioaccumulation in aquatic environments).
BAF, BCF and/or log K, data for each product or chemical should be compared to the respective criteria to confirm

possible bioaccumulation.

Persistence refers to a substance’s inability to degrade in the environment over time. Degradation often infers that the
hazardous nature of chemicals will become less toxic over time compared to the parent chemical, but this is not always the
case (e.g. polycyclic aromatic hydrocarbons (PAHs)). The absence of degradation processes results in chemical sinks in the
environment and/or bioaccumulation (the gradual build-up of chemicals in plants and animals over time). Persistent
chemicals in the environment may cause chronic health problems, particularly in higher order food chain animals and

humans.

Commonwealth of Australia

In Australia several guidance documents are available on methods for assessing risks from use of industrial, agricultural
and veterinary chemicals (EPHC 20093, b; DoEE 20164, b). The Approved Criteria for Classifying Hazardous Substances
(Commonwealth of Australia 2004) provides the mandatory criteria for determining whether a substance is hazardous
based on its human health effects, and optional criteria for determining whether a substance is hazardous based on its
ecotoxicological and physicochemical properties. These criteria are taken from Annex VI of EC Council Directive
67/548/EEC (as amended by Commission Directive 2001/59/EC of 6 August 2001).

Degradation threshold (half-life) data for each product or chemical should be compared to the criteria for determining

chemical persistence (Table 2-2).

Table 2-2 Criteria for degradation threshold (half-life) for determining chemical persistence (EPHC 2009a, b; DoEE 2016a, b).

Medium Degradation threshold criteria (half-life) Method
Air >2 days
Water >2 months OECD Test Guideline 301 (freshwater)

OECD Test Guideline 306 (marine)

Sediment > 6 months

Soil > 6 months
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2.1.3. Risk assessments

There is an increasing awareness of the multiple potential pathways leading to human health risks from hydraulic
fracturing. Setback distances are a legislative method to mitigate potential risks. Haley et al. (2016) attempted to
determine whether legal setback distances between well pad sites and the public are adequate in three shale plays in the
US. The authors reviewed geography, current statutes and regulations, evacuations, thermal modelling, air pollution
studies, and vapour cloud modelling within the Marcellus, Barnett, and Niobrara Shale Plays. Evidence suggests that
presently utilised setbacks may leave the public vulnerable to explosions, radiant heat, toxic gas clouds, and air pollution
from hydraulic fracturing activities. Minimum setback distances range from 200 (Texas) to 500 (Colorado and Pennsylvania)
feet (or 61 to 152 m). Their results suggest that setback distances in the USA may not be sufficient to reduce potential
threats to human health in areas where hydraulic fracturing occurs. The study did not address drinking well, aquifer, and

natural water contamination by formation fluids and hydraulic fracturing fluid.

In NSW, CSG exclusion zones are defined that prohibit CSG development in residential areas and future residential growth
areas (DPandE 2014). Around such exclusion zones, CSG development is prohibited within a 2 km buffer zone. In
Queensland a 200 m vertical depth setback has been defined for fracture stimulation within 2000 m of a water well (DEHP
2013). These restrictions prevent potential groundwater contamination or interference linked to fracture stimulation. A 2-
km exclusion zone around towns with more than 1000 people was stipulated in Queensland’s Resources Amendment Bill
2011, but lapsed in 2012 and was never enacted (Queensland Government 2014). Further details about CSG exclusion and

buffer zones in other jurisdictions are available from NSW Chief Scientist and Engineer (2014d).

2.1.3.1. QGC 2012
Environmental risk assessment

As part of QGC’s environmental risk assessment for its Southern, Central and Northern CSF fields in the Surat Basin, a
conceptual site model was developed that provides the qualitative description of the plausible mechanisms by which
receptors may be exposed to potential hazards (QGC 2012). Source-pathway-exposure mechanisms were evaluated for

completeness by assessing:
*  Apotential hazardous chemical source.
¢ A mechanism for release of the chemical or hazard from the source.
*« A pathway for the chemical or hazard to migrate to a potential receptor.
. Potential receptors of hazard.

¢ A mechanism for chemical or hazard exposure by receptors.

Hydraulic fracture design

QGC uses industry-wide acknowledged hydraulic fracture modelling software to predict fracture spread. Fracture
geometries are modelled for all proposed activities to provide a high degree of confidence the fractures will remain within
the Walloon Coal Measures (WCM). Typically fracturing of the WCM has an estimated fracture height range of between 0

to 40 m and an estimated average lateral extent of approximately 100 m.
Exposure pathways

QGC (2012) identified a number of potential surface and sub-surface exposure pathways for stimulation fluids to reach the
receiving environment. Sub-surface pathways considered migration of hydraulic fracturing fluids or water with compounds

derived from coal layers during the stimulation process into aquifers in the vicinity of the stimulation well:
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«  via new fractures developed during stimulation, leading to connection with the overlying Springbok Sandstone or

underlying Hutton Sandstone;
e via pre-existing hydraulic continuity with the Springbok or Hutton Sandstone; and

*  vialeakage around the casing of the drilled well itself, into overlying aquifers, including near surface alluvial

aquifers.

An assessment of these pathways concluded that, under most circumstances, such pathways will not exist. This is due to
the standard procedure of developing the well soon after hydraulic fracture operation, thus causing groundwater and any

hydraulic fracturing chemicals that have migrated away to flow back towards the CSG well and be captured at the surface.
Risk assessment findings

For the sub-surface pathway, the risk assessment has indicated low risk to health and environment for hydraulic fracturing
chemicals used. Monitoring of water quality in the WCM aquifer was undertaken both pre- and post-fracturing as part of
the risk assessment of hydraulic fracturing fluids. Ambient water quality in the WCM typically has salinity and metal
concentrations in excess of ecological screening criteria. Following hydraulic fracturing, monitoring of wells targeting the
WCM indicated increases in TDS, chloride, sodium, calcium, boron, sulfate, magnesium, manganese, zinc and phenol
concentrations. The assessment concluded that the long-term changes in these parameters will not result in a change in

classification of the water relative to the selected human health and ecological threshold criteria.

Due to the depth of stimulation activities in the WCM (greater than 400 m), limited coal thickness and extent, the
estimated fracture height range of between 0 and 40 m and an estimated average lateral extent of about 100 m, and the
stimulation fluid water quality, there is considered to be little risk of contamination of other formations and negligible risk

of contamination of surface waters.

2.1.3.2. Santos 2014
Risk assessment process

Santos (2014) used a weight-of-evidence approach to evaluate the potential for human health and environmental risks as a
result of its hydraulic fracturing processes for its GLNG project in the Surat and Bowen Basins, Queensland. In development
of the risk assessment, the site setting, land use, hydrogeological conditions and beneficial uses of groundwater have been

considered.

The risk assessment involved a systematic assessment of the toxicity of the chemicals used in hydraulic fracturing and the
potential for exposures to humans and ecological receptors. During this process, key constituents of potential concern
were identified and the effectiveness of exposure controls are considered. Through the process of evaluating potential
exposure pathways, fate and transport modelling was also conducted to assess the mobility of chemicals within the coal

seams. These components of work make up the qualitative component of the risk assessment.

On the basis of potential hazards identified in the qualitative risk assessment, and the potential for exposure to receptors
identified in the exposure assessment, a quantitative risk assessment was conducted for human and ecological receptors
(both terrestrial and aquatic). This quantitative risk assessment utilised methodologies outlined in the National Water
Quality Management Strategy, National Environment Protection (Site Assessment) Measure (NEPM) and enHealth
methodologies (enHealth 2012). This risk assessment methodology evaluated the potential risks posed by the combined
mixture of chemicals and where flowback data was available, the combined risks posed by hydraulic fracturing chemicals

and naturally occurring geogenic constituents.
Risk assessment findings

The weight-of-evidence approach used was based on a combination of methodologies and models to assess the fate and

transport of chemicals and their associated risks.
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The toxicity of the chemicals used in the hydraulic fracturing process were assessed for persistence, bioaccumulation and
aquatic toxicity, terrestrial toxicity and human health toxicity. The assessment methodology determined that the chemicals
used in hydraulic fracturing fluid operations can be generally characterised as non-hazardous with no high hazard
chemicals identified in the semi-quantitative assessments. Overall the health concerns from these chemicals were limited

with the primary concerns identified associated with potential risks to aquatic receptors.

The methodology incorporated an assessment of potential exposures to human and ecological receptors, with the

following identified as the only potentially complete exposure pathways:
. Incidental ingestion and dermal contact by trespassers at well pads
. Livestock and native fauna exposure to flowback water (ingestion only) at the well pads
*  Potential releases of water to aquatic environments.

Based on groundwater fate and transport modelling, no potentially complete exposure pathways were identified for
groundwater. The solute transport modelling results suggest that organic chemicals of potential concern in the hydraulic
fracturing fluid will be strongly attenuated within the coal seam, predominantly by adsorption. The extent of sorption of
organic chemicals in aquifers depends on the content as well as nature of the organic carbon. The natural attenuation
potential for organic chemicals within a coal seam is significantly higher than that of natural soils due to the high content of

organic carbon (50-70%).

Furthermore, pathways to water bores co-located in the coal seam targets do not exist, since Santos GLNG’s procedures
for selecting locations for gas production wells would preclude installation of a production well in close proximity to an
identified water supply bore. Also, Santos (2014) reported that there was no record of water supply wells screened within

coal seams or in close proximity to Santos GLNG’s petroleum lease areas.

Considering the hazard and exposure assessment and controls implemented by Santos GLNG, the overall risk to human

health and environment associated with the chemicals involved in hydraulic fracturing was considered to be low.

2.1.3.3. Santos 2016

Risk assessment process

Santos GLNG has prepared a risk assessment of the chemicals proposed to be used in drilling fluids for natural gas
extraction activities for its GLNG GFD Project Area located in south central Queensland, across the Bowen and Surat Basins
(Santos 2016).

The risk assessment is based on the EPA-Expo-Box (US EPA 2016b) and the OECD Environmental Risk Assessment Toolkit
(2014) which provide a compendium of risk assessment tools. These tools were used in the hazard assessment including
preparation of the risk assessment dossiers (e.g., physico-chemical properties, environmental fate and transport
parameters, ecological toxicological data, and mammalian toxicology data from databases linked to the OECD

eChemPortal) and in the exposure assessment to define default exposure parameters.

The risk assessment involved hazard characterisation, exposure assessement, and risk characterisation during different

phases of the lifecycle cycle of products utilised in well construction and completion. The scope of the assessment was:

. The transportation of chemicals from the warehouse to the well lease;

e Activities associated with drilling fluid mixing and use at the well lease;

. Management, treatment and beneficial reuse during or after the completion of drilling activities at the well lease.
The steps in the hazard assessment combine the hazard identification and the hazard assessment process:

¢ Human health and environmental hazards.

. Persistent, Bioaccumlative and Toxic (PBT) assessment.
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. Qualitative and quantitative assessment.

The exposure assessment comprised an evaluation of surface and subsurface exposure pathways and mass balance
calculation to identify the amount of each chemical used in the process, and the estimated or actual potential exposure
point concentration in the affected media (e.g., soil, groundwater, air). For the chemicals selected as constituents of
potential concern (COPC), fate and transport modelling was used to characterise the degradation of chemicals over time
and their potential transport (e.g., in groundwater) or partitioning into other phases. A highly conservative model of the
fate and transport of key COPC with drilling fluid has been undertaken. Key constituents were identified based on their
solubility mobility and toxicity to provide a broad spectrum of understanding of the potential area of groundwater impacts

around a recently drilled well.

The final risk characterisation step included characterising environmental and human health risk, based on the

identification of:

. Complete exposure pathways and hazard identification for each of the processes involving chemicals and

exposure assessment;
*  The level of risk for COPCs by exposure pathway, route, and cumulative;

. Uncertainty in quality and estimates of risk are included in the step.

Risk assessment findings

Based on an evaluation of the lifecycle of products and chemicals, environmental conditions in the areas of development,

anticipated populations, and location, the following potentially complete exposure pathways were identified:

e Transportation of chemicals:

0  Human and ecological receptor exposure to chemicals as a result of accidental release during transport

from supplier warehouse to well lease or within well lease and between well leases.
. Drilling and completion operations:

0  Human and ecological receptor exposure to chemicals as a result of accidental release during the

storage and preparation of products on the well lease for drilling operations.

0  Human and ecological receptor exposure to residual chemicals (vendor chemicals and geogenic
chemicals) in recovered materials as a result of an accidental release from storages (pits, storage tanks)
on the well lease.

0  Human and ecological (terrestrial) receptor exposure to stored chemical products or residual material

(including geogenic chemicals) in storages within the well lease.
e Treatment, recycling, disposal and beneficial reuse:

0  Human and ecological receptor exposure to residual chemicals in treated and reused waste materials
during application as produced waters through irrigation techniques, or exposure to residual drilling

material during land application or MBC activities.

The assessment showed there is no potentially complete exposure pathway to sources of drinking water; however, as a
conservative measure, the theoretical concentrations for three exposure scenarios were compared to human health
toxicity-based screening levels to screen for potential effects as a result of a release from the well lease that may migrate
to groundwater used as a drinking water source. For five chemicals that exceeded the screening levels, the potential for
these chemicals to migrate from the well lease to a landowner bore was evaluated using detailed fate and transport
modeling.

A conservative groundwater modelling approach was conducted to assess the fate and transport of key chemical

constituents in groundwater during the loss of drilling fluids, and the maximum lateral extent at which exceedances of risk-
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based criteria could potentially occur. Based on the chemicals present within the drilling fluids, five COPCs had been
identified for further evaluation via fate and transport modelling. These constituents were selected to represent the most
mobile constituents (sodium and methanol) and other key constituents such as biocides used in the drilling fluid. They
provide a broad spectrum of constituent physical properties that cover the range of potential mobilities associated with

chemicals used in drilling fluids. The constituents considered include:
e Sodium or potassium (monovalent ions in salts)
e Methyl isothiocyanate (breakdown product of tetrahydro-3,5-dimethyl-1,3,5-thiadiazine-2-thione)
¢ Methanol
e Glyoxal
. Glutaraldehyde.

The conceptualisation for groundwater flow and solute transport simulations was based on a scenario where the drilling
fluid was retained in the formation during drilling, and then dissolution occurred under natural groundwater flow
conditions. A constant source of chemicals was released over the entire width of the receiving formation. The groundwater
solute transport modelling indicates that under this highly conservative scenario the maximum lateral migration of
constituent concentrations that may pose an unacceptable change in water quality is < 90 m in the Walloon Coals and the
Sandstone Units. However, the modelled scenarios are based on large scale losses of drilling fluids to the formation (which

rarely occurs).

2.1.3.4. US EPA 2016
Multi Criteria Decision Analysis (MCDA) Framework for Hazard Evaluation

US EPA (2016a) developed a Multi Criteria Decision Analysis (MCDA) Framework to combine various types of data that may
provide insights on those chemicals that may be of greater concern than other chemicals to drinking water resources. The
MCDA approach integrates factors related to hydraulic fracturing such as chemical toxicity, occurrence, and
physicochemical data. The MCDA places the toxicity of hydraulic fracturing chemicals in the context of factors that may

increase the likelihood of impacting drinking water resources. Each chemical was assigned three scores:
. a toxicity score;
e anoccurrence score;
. a physicochemical properties score.

The three normalised scores (on a scale from 0 to 1) were summed (using equal weights) to develop a total composite
hazard potential score for each chemical (on a scale from 0 to 3). These scores served as a relative ranking and a means of
making comparisons across chemicals: scores mean chemicals that are predicted to have a higher likelihood to affect
drinking water. These scores were not intended to define whether or not a chemical will present a human health hazard, or
indicate that one chemical is safer than another. Rather, the scores served as a qualitative metric to identify chemicals that
may be more likely to present an impact to drinking water resources, given available data on chemical properties and

occurrence.

MCDA Results: Chemicals Used in Hydraulic Fracturing Fluid

The framework was applied to 42 chemicals used in hydraulic fracturing fluids and 29 chemicals detected in flowback and
produced water that had sufficient information available for inclusion in noncancer MCDAs. Out of the first set of 42
chemicals, two (methanol and ethylene glycol) had previously been identified to be used in Australian hydraulic fracturing

fluids (NICNAS 2017a). Two further chemicals (naphthalene and 2-methylphenol) have been selected from the second set
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of 29, as they are considered in the current project (see Section 2.3) for proof-of-concept-testing. For these four chemicals
the MCDA methodology is illustrated (Table 2-3).

Total Hazard Potential Score

Physicochemical

Toxicity Occurrence Propectiss

Persistence)

Mobility Volatility

Figure 2-12 Overview of the MCDA framework applied to the hazard evaluations (US EPA 2016a).

Table 2-3 MCDA results for selected chemicals used in hydraulic fracturing fluid (HFF) and detected in flowback and produced water (FPW) (US EPA 2016a).

Chemical CASRN Physicochemical Occurrence score Toxicity score Total hazard potential
properties score score
Naphthalene (FPW) 91-20-3 0.42 1.00 1.00 2.42
2-methylphenol (o-chresol) (FPW) 95-48-7 0.55 0.31 0.31 1.17
Methanol (HFF) 67-56-1 1.00 1.00 0.00 2.00
Ethylene glycol (HFF) 107-21-1 1.00 1.00 0.00 2.00

2.14. Chemical, biological, and geological attenuation

A detailed review about chemical, biological, and geological (adsorption) attenuation processes relevant for deeper

groundwater pathways is available in Sections 4.2, 4.3, and 4.4.

2.1.5. Toxicity data and estimation methods

US EPA developed “estimation methods” such as the ECOSAR Class Program to predict toxicity values that can be used for
hazard and risk assessment of new chemicals, i.e. to indicate which chemicals may need further testing or characterisation
(Mayo-Bean et al. 2012). Such estimation methods are used to fill data gaps where little or no experimental measured data
exists. The ECOSAR (ECOlogical Structure Activity Relationship) model and underlying methodology have been developed
to screen chemicals in the absence of data. ECOSAR contains a library of class-based QSARs (quantitative structure activity
relationship models) for predicting aquatic toxicity, overlaid with an expert decision tree for selecting the appropriate

chemical class.

These approaches include nearest analogue analysis, chemical class analogy, mechanisms of toxicity, QSARs, and best
professional judgment. In order to quickly complete an assessment for each new chemical, the US EPA now uses
computerised QSAR models and expert systems to make estimates for physical/chemical properties, environmental fate,

environmental toxicity, human health toxicity, and chemical releases and exposures in an effort to fill data gaps.

In the latest version of ECOSAR, the log Kow (octanol-water partition coefficient) values for each training set chemical is
predicted using the KOWWIN program from U.S. EPA’s EPISuite model (Meylan and Howard 1995).

ECOSAR derives toxicity values for three general types of chemicals:
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Neutral organics: alcohols, ketones, ethers, alkyl halides, aryl halides, aromatic hydrocarbons, aliphatic

hydrocarbons, cyanates, sulfides, and disulfides

Organic chemicals with excess toxicity: Some types of organic chemicals present a more specific mode of toxicity
based on the presence of reactive functional groups acrylates, methacrylates, aldehydes, anilines, beta-diketones

(linear forms), benzotriazoles, esters, phenols, aziridines, and epoxides.

Surfactant (surface-active) organic chemicals: A surfactant is defined as a material that can greatly reduce the

surface tension of water when used in very low concentrations.
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2.2. Level-1 analysis: identifying chemicals of low concern

For the hazard screening framework to be cost-effective (‘high-throughput’), a first step in the analysis must allow for
chemicals with low hazard level to be excluded from more detailed analysis (which here includes pathway analysis and

attenuation assessments).

The purpose of the Level-1 analysis is to efficiently identify i) chemicals of low concern not requiring any further detailed
analysis, and ii) those chemicals that are not considered of low concern and thus require further analysis (at Level 2). The
Level-1 analysis will consider existing lists and rules for screening chemicals and lists of chemicals previously screened to

identify chemicals of low concern to human health® and the environment’ (Table 2-4 and Figure 2-13):

. Chemicals previously identified by the National Assessment of Chemicals Associated with Coal Seam Gas
Extraction in Australia as “of low concern” for human health (NICNAS 2017b) and shown to have a Tier 1 Risk
Quotient < 1 for environmental risk assessment (DoEE 2017b), will be treated here also as “of low concern” for
both human health and environment (and therefore not requiring the Level-2 analysis). Because exposure
scenarios considered for deeper groundwater provide a higher degree of attenuation (i.e. lower predicted
environmental concentrations) compared to the scenarios for surface handling, the latter scenarios are
considered sufficiently conservative to not underestimate the impact in case of deeper groundwater scenarios.
For chemicals previously identified as “of low concern” for either human health or the environment, the Level-2

analysis is required here;

= For any chemical not previously tested (i.e. not listed by NICNAS (2017b)), the ‘Level-1 analysis: Identification of
chemicals of low concern’ provides the means to carry out a simplified hazard screening and identify if such
chemicals are of low concern or require further analysis. The ‘further analysis’ then involves consideration of
exposure pathways and their likelihood, the expected travel times (indication of whether there is an immediate
exposure or a potential delayed exposure) and the extent of attenuation processes that will reduce impacts (see
further). The hazard screening methodology used within the National Assessment of Chemicals Associated with
Coal Seam Gas Extraction in Australia (for human health and environment, see Table 2-4) is adopted here for the

Level-1 analysis.

6 A chemical of low human health hazard and therefore inherently low concern for human health. Chemicals of low concern are
considered to have a low likelihood of causing adverse human health effects should an exposure occur.

7 Chemicals with a risk quotient (RQ) < 1, where RQ = predicted environmental concentration/predicted no effect concentration.
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Table 2-4. Summary of existing screening methodologies to identify chemicals of low concern for human health and environment

Step # | Screening process to identify chemicals of | Step # | Screening process to identify chemicals of low

low concern for human health (NICNAS concern for the environment (DoEE 2017b)
2017b)

1 Comparison of coal seam gas chemicals 1 Quantitative assessment when sufficient physico-
with the existing national or international chemical data is available to allow for modelling and
lists of substances considered to be of low calculations of the predicted environmental
concern (see Section 2.2.1 for further concentrations (see Section 2.2.2 for further details)
details) Qualitative assessment, based on expert judgement

2 Series of validation rules to identify and weight of evidence, may be used for the risk
additional chemicals (including polymers) assessment of those chemicals for which insufficient
of low concern for human health (See data is available for quantitative calculations (see
Section 2.2.1.3, 2.2.1.4, and 2.2.1.5 for Section 2.2.2 for further details)

further details)

When a site-specific assessment has to be undertaken, the DAF values can be used to derive predicted environmental
concentrations for specific receptors provided an estimate of the chemical concentration at the source (the coal seams

affected by the stimulation activity) is available.

2.2.1. Chemicals of low concern for human health per the National Chemicals
Assessment

As part of the National Assessment of Chemicals Associated with Coal Seam Gas Extraction in Australia (the Assessment),
NICNAS developed a method to screen the 113 drilling and hydraulic fracturing chemicals to identify those of low concern
for human health (NICNAS 2017b). This method was based on that developed by NICNAS for the Inventory Multi-tiered
Assessment and Prioritisation (IMAP) Framework (NICNAS 2015) independently of the National Assessment of Chemicals

Associated with Coal Seam Gas Extraction in Australia.

A single approach was utilised to screen both discrete chemicals and polymers to identify those chemicals and polymers
used in coal seam gas extraction that are of low concern for human health. However, different validation rules were

subsequently applied for each of these categories.

According to NICNAS (2017b), chemicals of low concern for human health are those considered to be of low likelihood of
causing adverse effects upon exposure. The screening process to identify chemicals of low concern for human health

involved six steps:

e  Step 1: review of existing national or international lists of substances considered to be of low concern identified
in the IMAP Framework;

«  Step 2: analysis of these lists for their applicability for identifying coal seam gas chemicals of low concern for

human health;
e  Step 3: comparison of coal seam gas chemicals with the lists;
e Step 4: validation rules developed by NICNAS;

«  Step 5: further validation rules, developed by NICNAS, based on expert judgement to identify additional coal

seam gas chemicals of low concern for human health; and
e  Step 6: validation rules to identify polymers of low concern for human health.

Each of the six steps is briefly discussed further in the subsequent sections.
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Figure 2-13. Proposed Level-1 analysis to identify chemicals of low concern. RQ = risk quotient.
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2.2.1.1. Step 1 and 2: Review of existing national or international lists of
substances considered to be of low concern and analysis of lists for applicability
for identifying coal seam gas chemicals of low concern for human health

NICNAS (2017b) reviewed six existing schemes used in Australia and overseas to qualify substances as of low concern for
human health. From the six tools considered as being relevant, five were deemed applicable for identifying coal seam gas

chemicals of low concern (Table 2-5).

Table 2-5 Identified lists/groups for determining chemicals of low concern.

Category Identified schemes/lists Used by NICNAS (2017b) to
identify coal seam gas
chemicals of low concern for

human health

Lists of chemicals identified as safe US EPA High Production Volume (HPV) Yes

with no condition of use Challenge Program Indicator 1

European Union (EU) Regulation that deals | Yes
with Registration, Evaluation,
Authorisation and Restriction of Chemical
substances (REACH) Annex IV

Lists of chemicals identified as low Inert Ingredients Eligible for US Federal Yes with validation (see below)
risk under conditions used Insecticide, Fungicide, and Rodenticide Act

(FIFRA)

US Food and Drug Administration (FDA) Yes

Generally Recognized as Safe (GRAS)

Lists of chemicals with reduced REACH Annex V Yes with validation (see below)
regulatory requirements based on

their origin

2.2.1.2. Step 3: Comparison of coal seam gas chemicals with the low concern
chemical lists

The 113 chemicals reported to be used in drilling and hydraulic fracturing for coal seam gas extraction in Australia were
compared with five of the lists identified in Table 2-5 Of the 113 chemicals, 38 were identified as potentially of low

concern for human health based on their entries in these lists (NICNAS 2017b and Appendix 1).

NICNAS (2017b) considered that the uses of chemicals for extraction of coal seam gas in Australia may be different from
those under which they have been considered low risk in other jurisdictions. Therefore, additional validation rules on
chemicals identified by the FIFRA and US FDA GRAS lists were applied to ensure that coal seam gas chemicals that
warranted more detailed assessment would not be simply classified as chemicals of low concern for human health

(described below).

2.2.1.3. Step 4: Validation rules developed by NICNAS

The 38 chemicals identified as potentially of low concern for human health (see step 3) were evaluated against a set of
validation rules previously developed by NICNAS for the IMAP Framework (NICNAS 2015). Chemicals meeting the following

criteria were considered as requiring further assessment:
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*  chemicals identified as a concern or for which regulatory action has been taken overseas
*  chemicals identified in international studies analysing blood in babies' umbilical cords

. chemicals meeting hazard criteria developed by NICNAS for use in the IMAP Framework based on any of the

following sources:
0  Safework Australia's Hazardous Substances Information System (HSIS)

0  European Union (EU) Regulation on Classification, Labelling and Packaging (EU CLP; conversion of old

EU classifications to adopted Globally Harmonised System of Classification (GHS)
0 International Agency for Research on Cancer (IARC)
O  National Toxicology Program - Report on Carcinogens (NTP ROC)
O  USEPA Cancer Guidelines
0  American Conference of Industrial Hygienists (ACGIH) Categories
O  EU list of endocrine disrupters
O List of neurotoxic chemicals from the Agency for Toxic Substances and Disease Registry (ATSDR).

. chemicals included in the Poisons Standard (the Schedule for Uniform Scheduling of Medicines and Poisons
[SUSMP]) (TGA 2012) (except where the listing is in Appendix B of TGA 2012)

. chemicals removed from Annex IV of REACH as part of the review process

«  strong or moderate acids and bases, quaternary ammonium salts, and anhydrous deliquescent materials.

2.2.1.4. Step 5: Further validation rules developed by NICNAS to identify additional
chemicals of low concern for human health

An assessment of the chemicals internationally recognised as safe and/or of low risk (Step 2) enabled NICNAS to develop
further validation rules (based on expert judgement) for identifying additional chemicals that may be considered of low

concern for human health. These rules are described below.

Binary inorganics and organic acid salts
The hazard profiles of binary inorganics and salts of organic acids were characterised taking into consideration the separate
toxicities of the anion and the cation components. The following anions, cations and organic acids were identified for

potential inclusion in the list of chemicals generally considered of low concern:

e Na* K*, Mg?, Ca%, CI, COs%, PO,*, NOs, OH-, 0% and SO,4%, and simple salts of acetate, citrates, lactates,

tartrates, malates and di- and tri- phosphates.

This judgement was based on the occurrence of a number of such simple salts on the lists in Table 2-5, and the absence of
classifications under Safework Australia's Hazardous Substances Information System (HSIS) for simple salts, except where

these were classified for local irritant properties relating to acidity, basicity or desiccation.

Hydrates
As hydrates of a substance or hydrated ions are formed by association of a substance with water, the hydrates of chemicals
considered as being of low concern for human health are themselves also considered as low concern for human health, as

will hydrates where the anhydrous form is ruled out due to desiccation effects.

Naturally occurring substances
Naturally occurring substances — that is, unprocessed chemicals occurring in the natural environment — for which there are
no known toxicological effects, such as nut hulls or wood dust, were also considered as substances or chemicals of low

concern for human health.
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However, it should not be assumed that dusts from these substances do not present a hazard to human health. High
concentrations of dust in the workplace may cause unpleasant deposition of dust in the ears, eyes and upper respiratory
tract. An exposure standard of 10 mg/m3, measured as inhalable dust (8 h time weighted average) has been assigned for
such ‘nuisance’ dusts. This exposure standard for dusts not otherwise classified is only applicable when the particulate
material does not contain other substances that may be toxic or cause physiological impairment at lower concentrations.
In these circumstances, the exposure standard for the more toxic substance should be applied. For example, where a dust
contains asbestos or crystalline silica, exposure to the materials should not exceed the appropriate value for these
substances (Safe Work Australia 2012).

2.2.1.5. Step 6: Validation rules to identify polymers of low concern

Validation rules developed for discrete chemicals were considered inappropriate to be used for polymers. Therefore, an
additional set of validation rules was developed to identify polymers of low concern. Validation for polymers involves a

comparison of the polymers to the NICNAS’ New Chemicals Program Polymer of Low Concern (PLC) criteria.

The PLC criteria used in the NICNAS New Chemicals Program are based on certain characteristics such as Number Average
Molecular Weight (NAMW), proportion of low molecular weight species, Functional Group Equivalent Weight (FGEW) for
reactive functional groups and the stability of the polymers (NICNAS 2013).

To apply this validation rule, reactive functional groups (RFGs) are identified in the polymers under consideration. These
RFGs are then screened against the RFGs considered to be of low concern as described in the NICNAS Polymer of Low
Concern (PLC) criteria. Polymers with RFGs other than those considered of low concern in the PLC criteria were assigned
for further assessment by NICNAS (2017b). The following polymers were identified as being of low concern based on this
additional set of validation rules: i) 2-propenoic acid, methyl ester, polymer with 1,1-dichloroethene, ii) Guar gum,
carboxymethyl 2-hydroxypropyl ether, sodium salt, iii) 2-propenamide, homopolymer, iv) 2-propenoic acid, polymer with

2-propenamide, v) polyacrylamide/polyacrylate copolymer, vi) Polymer | (CBI), and vii) Polymer Il (CBI).

2.2.2. Chemicals of low concern for the environment per the National Chemicals
Assessment

The approaches used for the environmental assessments include a quantitative (deterministic) and qualitative approach
(DOEE, 2017b):

* A quantitative (deterministic) approach was developed to assess chemicals for which sufficient physico-chemical
data is available to allow for modelling and calculations of the predicted environmental concentrations that

might occur as a result of release of the chemical under a variety of scenarios.

¢ A qualitative assessment approach, based on expert judgement and weight of evidence, may be used for the risk

assessment of those chemicals for which insufficient data is available for quantitative calculations.

The quantitative and qualitative methods conform to Australia’s national environmental risk assessment guidance manual
(EPHC 2009a) and were informed by the principles outlined in Organisation for Economic Co-operation and Development
[OECD (2014)] and the US Environmental Protection Agency’s Framework for ecological risk assessment (US EPA 2014b).
The US EPA Framework is based on principles described in a series of publications from the US National Research Council
on scientific risk assessment methods (US NRC 1983; US NRC 1994; US NRC 2009).

2.2.2.1. Quantitative assessment approach

When sufficient physico-chemical data is available to allow for modelling and calculations of the predicted environmental
concentrations that might occur as a result of release of the chemical, and suitable ecotoxicological data is also available, a
guantitative environmental risk assessment can be undertaken. The quantitative environmental risk assessment
undertaken as part of the National Chemicals Assessment uses the risk classification (i.e. the characterisation of the RQ) for
each chemical in accordance with the principle outlined by EPHC (2009a) and ANZECC/ARMCANZ (2000) guidelines.
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The deterministic assessment approach includes four main stages (DoEE 2017b):
e  Stage 1: problem formulation — identification of appropriate environmental compartments

«  Stage 2: hazard and effects characterisation — characterises the ecotoxicity of chemicals based on available data;
calculate a predicted no effect concentration (PNEC) for the organism most sensitive to the chemical under

consideration.

«  Stage 3: exposure characterisation — characterises the potential exposure of environmental receptors (such as an
aquatic ecosystem) to a chemical if it is released into the environment. Use mathematical models are used to
calculate the predicted environmental concentration (PEC) of the chemical in the relevant compartment. The
scenarios under which chemicals may be released to surface environments by coal seam gas activities in Australia
were investigated using a tiered process whereby the values used for modelling evolve from standard

conservative values to more realistic values.

e Stage 4: risk characterisation — quantifies and describes the environmental risk of a chemical used under

specified scenarios. The PEC is compared with the PNEC to calculate a risk quotient RQ.
The classifications of risk for each chemical or chemical group assessed are:

*  Chemicals with RQ < 1 are of “low concern”, i.e. they are unlikely to have adverse environmental impacts if used

in accordance with the assessment scenarios,

*  Chemicals with > 1 RQ < 10 are of “potential concern”, i.e. further risk mitigation measures may be required if

the chemical is used,

*  Chemicals with RQ = 10 are of ‘potentially high concern’, i.e. further risk mitigation measures are likely to be

required if the chemical is used.

Where the National Chemicals Assessment screened out chemicals at Tier 1 (RQ < 1), the chemical is considered to be of
low concern for the particular scenario assessed and not requiring further assessment. The Tier 1 assessment is
conservative by design (e.g. uses bounding estimate values, and assumes that the coal seam gas working site is anywhere

in Australia). Chemicals presenting a potential concern (RQ 2 1) proceed to a Tier 2 assessment (DoEE 2017b).

The Tier 1 environmental risk assessment revealed that 3 chemicals showed RQs < 1: calcium chloride (CaCl2), ethanedial,
and methanol (DoEE 2017b).

Note again that exposure scenarios considered for deeper groundwater provide a higher degree of attenuation (i.e. lower
predicted environmental concentrations) compared to the scenarios for surface handling (considered in the National
Chemicals Assessment). Therefore, the latter scenarios are considered sufficiently conservative to not underestimate the
impact in case of deeper groundwater scenarios.

2.2.2.2. Qualitative assessment approach

When no suitable ecotoxicity data are available for quantitative risk assessment purposes, qualitative risk assessments may
be used. Qualitative environmental risk assessments can be undertaken in accordance with the IMAP approach (NICNAS
2015) and the approach developed by Environment Canada (Environment Canada 2003). This approach is informed by

intensive compilation, analysis and interpretation of the available scientific literature on each chemical.

The Environmental Risk Assessment Guidance Manual for Industrial Chemicals (EPHC 2009a) recommends the approach

developed by Environment Canada (2003) for applying expert judgement to matters including:
*  Creating a weight of evidence to support the selection of pivotal information.
e Qualitative analysis of degradation and persistence of chemicals.
e Qualitative analysis of bioaccumulation.

e Qualitative analysis of inherent ecotoxicity.
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The Canadian approach to qualitative assessment of chemicals with limited data informed the methodology used in
Australia to assess industrial chemicals under the Inventory Multi-tiered Assessment and Prioritisation Framework (IMAP).

This Framework operates under the National Industrial Chemicals Notification and Assessment Scheme (NICNAS 2015f).

Consistent with the deterministic approach, the risk classification for each chemical evaluated is determined in accordance
with the principles outlined by EPHC (2009a) and the Australia and New Zealand Conservation Council Agriculture and
Resources Management Council of Australia and New Zealand (ANZECC and ARMCANZ 2000a) guidelines. The

classifications of risk for each chemical or chemical group assessed are:

. Chemicals of ‘low concern’: These chemicals are assessed to be unlikely to have adverse environmental effects if
they are released to the environment from coal seam gas operations. Chemicals of low concern do not require
specific risk management measures.

e Chemicals of ‘potential concern’: These chemicals have the potential to cause adverse environmental effects if
they are released to the environment from coal seam gas operations. Specific risk management measures may be

necessary to ensure that chemicals of potential concern do not harm the environment.

. Chemicals of ‘potentially high concern’: These chemicals are likely to cause adverse environmental effects if they
are released to the environment from coal seam gas operations. Specific risk management measures are likely to

be required to ensure that chemicals of potentially high concern do not harm the environment.
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2.3. Selection of chemicals for proof-of-concept testing

2.3.1. Methodology

Representative chemicals were selected for assessment of attenuation and dilution from typical chemical groups (chemical
indicators) if reliable data (or QSAR data) were available on i) physicochemical properties mobility (geological attenuation)
and persistence (biological and chemical attenuation), ii) health effects and ecotoxicity, and iii) chemical use for CSG
extraction in Australia. Sublethal toxicity effects of contaminants such as endocrine disruption are not considered in this
study. Similarly, the effects of mixtures of contaminants are not considered as the ecotoxicological data to develop the

required concentration additive models of mixture toxicity are not available.
The chemicals tested included the following (Table 2-6):
e Typical hydraulic fracturing and drilling chemicals:

0  chemicals that are unlikely to pose a risk of adverse health effects (long-term public exposure) based

on NICNAS (2017b): bronopol, methyl-chloro-isothiazolinone

0  chemicals of potential concern (a potential risk of adverse health effects in case of long-term public
exposure, NICNAS 2017b): boron (boric acid, borax)

0  chemicals that could not be assessed based on the Inventory Multi-tiered Assessment and Prioritisation
Framework (NICNAS 2015): limonene

0  chemicals that represent an important group of polymers used in hydraulic fracturing and that are of

low concern for human health (NICNAS 2017b) and the environment (DoEE 2017b): acrylamide polymer

. Explosives are used to obtain a pattern of perforations through the casing and cement sheath and into the
productive formation to provide effective flow communication between a cased wellbore and a productive

reservoir: HMX (cyclotetramethylene trinitramine) is commonly used for casing perforation (Hansen 2011).

e Geogenics: a small number of geogenics have been included to demonstrate the framework is sufficiently generic
to include i) effects of anthropogenic chemicals on geogenic chemicals (mobilisation due to changes in redox, pH,
EC); and ii) changes in solubility and mobility of geogenics due to interaction between
degradation/transformation products and geogenics. Selected chemicals are: 2-methylphenol, naphthalene,

uranium, arsenic, and barium.

Although a large number of cement chemicals/additives (typically set accelerators, set retarders, extenders, weighting
agents, dispersants, fluid-loss control agents, lost circulation control agents, and other specialty additives are used for
wellbore cement slurries) are used in preparing grout for the borehole cement sheath (Michaux et al. 1989), they would all
have a very low mobility as they are incorporated in the cement minerals and thus part of a solid matrix. For this reason
they were excluded from the hazard screening. Consideration has been given to the fact that the conditions of use of CSG
chemicals in Australia may be different from those under which they have been considered low risk in other assessments,
typically surface environments. Especially the conditions within deep groundwater, i.e. higher temperature, pressure, and
salinity, anoxic, etc., are likely different from conditions considered to determine if chemicals are of low concern.
Therefore, this study has tested chemical behaviour in deep groundwater as a means to identify if they are of low concern

or warrant more detailed assessment.

The Level-2 analysis provides understanding about chemicals that is complementary to the “lists-and-rules” based analysis.
This allows to verify one does not end up with false negatives or false positives as a result of the Level-1 analysis. However,
this testing should be to check that the proposed process works as anticipated and should not be for hazard or risk

assessment purposes.
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Chemicals have been selected to mainly demonstrate the operability of the Level-2 analysis; some of these chemicals have
been part of the National Assessment of Chemicals Associated with Coal Seam Gas Extraction in Australia or IMAP
assessments, others have not been assessed previously. This study will not run any of the chemicals through the Level-1
“identification of chemicals of low concern” step, mainly because this study is not an assessment of the hazard or risk
associated with specific chemicals. Demonstrating the Level-2 analysis, which involves pathway conceptualisation and

analysis including travel time estimations and attenuation, is the focus of this study.

The Level-2 analysis may be used to confirm or validate chemicals identified as “of low concern”, based on considering
different pathways and exposure scenarios (typical of deep groundwater) than what would be considered under the Level-
1 “identification of chemicals of low concern”. This validation is appropriate because previous coal seam gas related
assessments (DoEE 2017b, NICNAS 2017b) only considered surface environments (soil and surface water) and shallow
groundwater, whereas deep groundwater conditions pose different biogeochemical conditions that may result in different
attenuation, and possibly different pathways. Inclusion of these chemicals also allows for testing and validation of the
deeper groundwater methods as, based on the conceptual model, it is considered unlikely that risk quotients will increase

in deeper groundwater environments when compared to the shallow environments tested previously (NICNAS 2017b).

Note that the output of the Level-2 analysis is a Dilution Attenuation Factor — DAF (i.e. the reciprocal of concentration at
the receptor for a hypothetical unit chemical concentration at the source), which allows ranking of the chemicals in terms
of their potential for exposure and attenuation. Typically, chemicals with a high potential for exposure will have a low
potential for attenuation; conversely, chemicals displaying a low potential for exposure likely have a high potential for

attenuation.

2.3.2. Description of selected chemicals

2.3.2.1. 2-Methylphenol

Phenolic compounds such as phenol and 2-methylphenol have been observed in both low-rank and bituminous coals
(Siskin and Aczel 1983) and these are likely to be derived from cleavage of aromatic compounds as well as transformation
of plant cell walls under high pressure and temperature during coal formation. In the US phenolic compounds such as
dimethylphenol have been detected in coal seam gas produced water in concentrations up to 5.89 mg/L (Orem et al.
2007). Phenol was detected at a level of 0.3 ug/L in Australian coal seam gas water holding ponds of the Walloon
production area (Stearman et al. 2014). Specific drinking water guidelines for phenols currently do not exist (Orem et al.
2007; NHMRC and NHMMC 2011; WHO 2011). Therefore, the effect of chronic, long-term exposure to phenolic
compounds is not well established. For the protection of aquatic life in freshwater ecosystems a threshold of 4.0 ug/L was
recommended by the Canadian Council of Ministers of the Environment (CCME 1999a). For aquatic ecosystem protection
(95% protection level) the Australia and New Zealand water quality guideline for phenol is 320 pg/L (ANZECC/ARMCANZ
2000).

2.3.2.2. Naphthalene

PAHs such as naphthalene belong to the naturally occurring compounds also known as geogenic compounds. Owing to
their low water solubility (de Maagd et al. 1998), PAH contamination of water is generally considered to be of lesser
concern. Nevertheless, they are of significance due to the known hazards, such as carcinogenicity, that they can present for
human and environmental health (EC 2003). For aquatic ecosystem protection (95% protection level) the Australia and
New Zealand water quality guideline for naphthalene is 16 pg/L (ANZECC/ARMCANZ 2000). Analysis of coal seam gas
produced waters from the Powder River Basin (WY, USA) indicated PAHs were the most commonly observed group of
organic compounds; total PAH concentrations ranged up to 23 pg/L (Orem et al. 2007). In a more recent study total PAH

concentrations in coal seam gas produced water from the US were shown to exceed 50 -100 pg/L (Orem et al. 2014). Based
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on 47 sampled wells of the Walloon coal seam gas production area, Stearman et al. (2014) reported only seven wells with
detectable levels of PAHSs, including naphthalene and phenanthrene. The maximum naphthalene and phenanthrene
concentrations from a single well were 0.046 ug/L and 0.02 pg/L, respectively. Of all detected PAHs, naphthalene was
detected at the highest concentration. Naphthalene was detected at a level of 0.06 pg/L in Australian coal seam gas water

holding ponds of the Walloon production area (Stearman et al. 2014).
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Table 2-6. Chemicals selected for screening and attenuation analysis. NCA = National Assessment of Chemicals Associated with Coal Seam Gas Extraction in Australia

No

Name

CAS Number

Group (class)

Reasons for selection

2-methylphenol (o-cresol)

95-48-7

Phenol/cresols (Geogenic)

Identified based on previous work on Australian coal seams
Greater likelihood of detection

A toxic compound but no local water quality guidelines
Medium mobility and low persistence

Good data availability

Naphthalene

91-20-3

PAH (Geogenic)

Naphthalene represents a broader class of polycyclic aromatic hydrocarbons which are

an important class of geogenic compounds
Low mobility and moderate persistence

Good data available in literature

3-5

Uranium, barium, arsenic

7440-61-1,
7440-39-3,

7440-38-2

Inorganics/ radionuclides

(Geogenic)

Identified based on our previous work on geogenic contaminants release from
Australian coal seams. Arsenic is a contaminant of general of concern in groundwater
systems. Uranium represents a common coal-derived radionuclide. Boron and Barium

were detected at relatively high concentrations in the geogenic contaminants work.

HMX

2691-41-0

Explosives

(Drilling chemical)

A nitroamine compound with interesting chemistry
Minerals may play a role in its mobility

Moderate mobility, high persistence

2-butoxyethanol

111-76-2

Surfactant

(HF chemical)

Surfactant used as pre-flush hydraulic fracturing additive
Can be of concern in large, uncontrolled spills

Very similar properties to 1,2 ethanediol (ethylene glycol), CAS RN 107-21-1.
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NCA (human health hazard
screening): requiring
further human health

hazard assessment;

NCA (human health hazard
risk assessment): MOE
indicates the chemical is
unlikely to pose a risk of
adverse health effects to
workers (long-term
occupational exposure);
MOE suggests a potential
risk of adverse health
effects for long-term public
exposures in the absence of
standard risk managemetn

measures;

NCA (environment):
Assessed to be of low
concern for the

environment

High mobility and low persistence
Anaerobic pathway probable

Some data available

Bronopol

52-51-7

Biocide

(HF chemical)

NCA (human health hazard
screening): requiring
further human health

hazard assessment;

NCA (human health hazard

risk assessment): MOE

Biocides — toxic by design — environment concern

Of concerns to workers (if safeguards not in place)

Very high mobility, moderate persistence

Bronopol transformation products (halonitromethanes) are more toxic

Some data available
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suggests a potential risk of
adverse health effects for
workers in the absence of
standard risk management
measures; MOE indicates
the chemical is unlikely to
pose a risk of adverse
health effects for long-term

public exposures

NCA (environment): no

longer in use as of July 2015

Methyl-chloro-

isothiazolinone

26172-55-4

Biocide
(HF chemical)

NCA (human health hazard
screening): requiring
further human health

hazard assessment

NCA (human health hazard
risk assessment): MOE
indicates the chemical is
unlikely to pose a risk of
adverse health effects for
long-term public exposures
and to workers (long-term

occupational exposure)

Represent thiazole biocides

Used as a HF chemical for microbial control
High mobility, high persistence in water
Anaerobic degradation possible

Model data available.

10-11

Boron (boric acid, borax)

10043-35-3,
1303-96-4

Gel management

(HF chemicals)

Of broader interest as HF and geogenic category
Recommended for further assessment (environment assessment — NCA)

Boric acid high environmental concern in case of spill (NCA)

55




Boric acid, borax: NCA
(human health hazard
screening): requiring

further human health

hazard assessment

Boric acid, borax: NCA
(human health hazard risk
assessment): MOE indicates
the chemical is unlikely to
pose a risk of adverse
health effects to workers
(long-term occupational
exposure); MOE suggests a
potential risk of adverse
health effects for long-term
public exposures in the
absence of standard risk

management measures

IMAP- low/high concern

12 Limonene 138-86-3 Terpene hydrocarbon Represent important class of terpene solvents
(HF chemical) Replacement of xylene- and toluene- based solvents
NCA — not assessed Soluble and biodegradable
IMAP — could not assess Some data available
13 Acrylamide polymer 9003-05-8 Anionic polymer Represent important group of polymers used in hydraulic fracturing

(HF chemical)

NCA (hazard screening):
Low concern for human

health and environment

Being anionic likely to be mobile in geologic formations

Significant literature available due to possibility of acrylamide impurity (carcinogenicity

controversy)
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2.3.2.3. Boron

Boron is naturally present in Australian coal seams as a geogenic constituent (Apte et al. 2017b; Ransley et al. 2015). It may
also be introduced into the coal seam during hydraulic fracturing as boron compounds are commonly used constituents of
hydraulic fracturing fluids (e.g. as a gel cross-linker) (Campin 2015). At pH ranges typical of groundwater systems boron is
present as a mixture of the negatively charged borate anion B(OH), and also a neutral species: B(OH); (WHO 1998a).
Neither species are known to have a strong sorptive affinity to solid phases. Boron concentrations in groundwater depend
on local geology and can typically vary from 0.3 to 100 mg/L (WHO 1998a). Campin (2015) reports boron concentrations in
flowback water from coal seams in the Surat range from 0.05 to 56 mg/L (median value of 18 mg/L). Background boron
concentrations in key aquifers of the Surat Basin are reported by Ransley et al. (2015) and summarised in Table 2-7. The
ANZECC and ARMCANZ (2000) water quality guideline for ecosystem protection for boron in surface waters is 370 ug/L
(95% protection level). Subsequent European analysis (Schoderbroeck et al. 2011) yielded a guideline value of 180 pg/L
(95% protection level). A recent revision of this value increased it to 830 pg/L (Binet et al. 2016). For the protection of
human health, the concentration of boron in drinking water should not exceed 4 mg/L (NHMRC and NHMMC (2011).

Table 2-7. Background boron concentrations (mg/L) in Surat Basin formations (Ransley et al. 2015).

Formation Number of samples Range Median
Condamine alluvium 18 0.05-0.3 0.1
Gubberamunda Sandstone 667 0.05-6 0.1
Springbok Sandstone 148 0.01-4 0.3
Walloon Coal Measures 645 0.05-1.7 0.56
Hutton Sandstone-Marburg 211 0.02-1.02 0.05
Subgroup

2.3.2.4. Arsenic

Dissolved arsenic is present in two oxidation states of arsenic in natural waters: As(V) and As(lll) (US EPA 2004b). Arsenate
is the thermodynamically stable form of arsenic in oxygenated waters (Figure 2-14), however, significant concentrations of
As(I11) may be found in such waters owing to the slow kinetics of oxidation of As(ll) to As(V) (US EPA 2004b). Arsenic(ll1)
may be the major dissolved arsenic species in deep groundwater systems because of the expected redox potential and low
oxygen concentrations (Figure 2-14, US EPA 2004b). The sorption of both As(Ill) and As(V) onto iron hydroxide solid phases
is significant and varies with pH (Dixit and Hering 2003) and redox potential (Mallants et al. 2001). Over the pH range 7 to
8, As(lll) has a slightly higher affinity for hydrous iron oxide and goethite than As(V) resulting in solid-liquid partition
coefficient, Ky, values between a factor of 2 to 2.5 time higher for As(lll) than As(V) (Dixit and Hering 2003). Under
reducing conditions, the reduction of Fe(lll)-oxides to Fe(ll) makes the sediment less effective in adsorption of As, while
A(Ill) appears as uncharged As(OH); which has a lower affinity for sorption than As(V) which appears as monocharged
H,AsO4 (Mallants et al. 2001).

The ANZECC/ARMCANZ (2000) water quality guideline for ecosystem protection for As(V) and As(lll) in fresh waters are 13
ug/L and 24 pg/L respectively (both 95% protection level). Over the last 20 years there has been an increasing
international focus understanding the mobility and behaviour of arsenic in groundwater systems because of its occurrence
at high concentrations in drinking water supplies sourced from shallow aquifers in countries such as Bangladesh (Smedley
and Kinniburgh 2002). Arsenic in drinking water is a problem because of its high toxicity and carcinogenicity (Hughes et al.

2011). Based on a global data set, the typical arsenic concentrations in groundwater was found to be less than 10 pg/L,
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however groundwater concentrations up to 5000 pg/L may occur in contaminated regions (Smedley and Kinniburgh 2002).
Background arsenic concentrations in key aquifers of the Surat Basin are reported by Ransley et al. (2015) and summarised
in Table 2-8. Reported values for arsenic(ll1) in the Precipice Sandstone aquifer at Reedy Creek and Condabri (Surat Basin)
are 0.0012 and 0.0005 mg/I, respectively (Prommer et al. 2016).

Table 2-8. Background arsenic concentrations (mg/L) in Surat Basin formations (Ransley et al. 2015).

Formation Number of samples Range Median
Condamine alluvium 18 0.0005-0.01 0.003
Gubberamunda Sandstone 81 0.0005-0.003 0.001
Springbok Sandstone) Nd nd nd
Walloon Coal Measures 148 0.0003-0.022 0.001
Hutton Sandstone-Marburg 145 0.0005-0.0031 0.001
Subgroup
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Figure 2-14. Eh-pH stability diagram for the dominant arsenic aqueous species at 25°C, total dissolved arsenic concentration: 106 mol/L (US EPA 2004b).
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2.3.2.5. Uranium

Uranium (U) has sixteen isotopes; all are radioactive. Several isotopes of uranium are naturally occurring radionuclides,
including 238U (half-life 4.47 x 10° years), 23°U (half-life 7.04 x 108 years), and 23*U (half-life 2.46 x 10° years). Naturally
occurring uranium typically contains 99.274 % 238U, 0.720 % 23U, and 0.0057 % %3*U by weight (IAEA, 2001). Uranium can
exist in the +3, +4, +5, and +6 oxidation states, of which the +4 and +6 states are the most common states found in the

environment (Ochs et al. 2015).

Uranium is a geogenic constituent found naturally both in coal seams and geological formations (Apte et al. 2017a). The
highest concentrations of uranium are found in igneous rocks such as granite (Taylor 1964). The solution speciation of
uranium in natural waters is dominated by two oxidation states: U(VI) and U(IV). U(VI) is more soluble and hence more
mobile than U(IV). Most studies have focussed on the U(VI) oxidation state as it is assumed this oxidation state is
predominant in groundwater (US EPA 1999a). The solution speciation of uranium is complex (Figure 2-15) with
complexation of U(VI) by carbonate (affected by carbonate concentration and pH) and natural organic matter being
significant factors influencing the solubility and mobility of uranium (US EPA 1999a). Exposure of U(IV) containing rocks to
oxygenated groundwater leads to the oxidation and mobilisation of uranium as U(VI) carbonate complexes (Langmuir
1978). The ANZECC/ARMCANZ (2000) water quality guideline for ecosystem protection (low reliability) for uranium in

surface waters is 0.5 pg/L. Shaw (2010) reported 238U concentrations in raw produced Australian CSG water up to 1.45

me/L.
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Figure 2-15. Calculated distribution of U(VI) aqueous species as a function of pH for typical river water (US EPA 1999b) [The species distribution is based on a
concentration of 1,000 ug/L total dissolved U(VI)].
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2.3.2.6. HMX

HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) is a widely used nitroaromatic high melting explosive and has
applications, along with other explosives, during the hydraulic fracturing process to perforate the well casing prior to allow
flow of groundwater and gas into the well and to inject hydraulic fracturing fluids (Savostianov 1991). Unreacted explosives
(duds or detonation residues) could end up in the coal seam waters from where could become available for dissolution and
subsequent migration. Lewis et al. (2009) discusses several ways why explosives fail to detonate. Most reports of HMX in
the environment relate to its discharge from HMX manufacture (TOXNET). The sorption of nitro-containing explosives,
including the chemically related TNT and RDX, increases as clay content increases, although HMX still has a relatively low
affinity for sorption, even in the case of clay enrichment (Sharma et al. 2013). HMX is therefore considered to be relatively
mobile within soil environments (TOXNET). HMX is also relatively stable under and resistant to degradation a range of
environmental conditions (aerobic and anaerobic) (Walker and Kaplan 1992, Brannon et al. 2005) and has been detected in

groundwater near munitions manufacturing facilities (Lewin et al. 1997).

2.3.2.7. 2-Butoxyethanol

2-Butoxyethanol or 2BE is a surfactant used as pre-flush hydraulic fracturing additive and acid additive. Large quantities
have been used in the US and Canada (US Congress Report 2011; Wylde and O’Neil 2011). It is also one of the hydraulic
fracturing chemicals used in Australian coal seam gas operations (APPEA 2014). The role of the pre-flush additive is to
preferentially wet the formation to allow for better propagation of the fracture through the production zone and post-
fracture production of the load water, and ultimately, hydrocarbons (Wylde and O’Neil 2011). Despite being readily
degradable, 2BE is also known to bioaccumulate and is generally toxic (Harris et al. 1998). 2BE was declared a Priority
Existing Chemical under Australia’s National Industrial Chemicals Notification and Assessment Scheme. The assessment of
2BE demonstrated it is highly mobile in soil and water and has been detected in groundwaters underlying municipal

landfills and hazardous waste sites in the US.

2.3.2.8. Bronopol

Bronopol is a biocide used in hydraulic fracturing wells in the US (US Congress Report 2011; Kahrilas et al. 2014) and
Australia (QGC 2012). Bronopol is also used as preservative in cosmetic products, liquid soaps, and cleaning agents
(Madsen et al. 2001). It is very toxic to aquatic organisms such as algae and oysters; the observed LC50 is 1.6 mg/L for
Daphnia magna (Sigma-Aldrich 2014) and 0.77 mg/L for the Eastern Oyster (US EPA 1995b). Substantial spills into surface
waters or streams may therefore have noticeable ecotoxicological effects on aquatic species. Upon degradation in alkaline
solutions, bronopol will release formaldehyde, bromide and nitrite (Madsen et al. 2001). Bronopol was shown to produce
2-hydroxymethyl-2-nitropropane-1,3-diol (tris) and 2-bromo-2-nitroethanol (US EPA 1995b). Bronopol has been reported
to hydrolyze within 3 h at 60 °C and pH 8, producing formaldehyde, nitrosamines, and other molecules (Swenberg et al.
1980; Dunnett and Telling 1984; Challis and Yousaf 1990; Loeppky 1994; US EPA 1995b). Although, the parent compound
(bronopol) is rather short-lived in the environment, its degradation products are toxic (e.g. formaldehyde) and more

persistent (e.g. bromonitromethane) (Douglass et al. 1978; Swenberg et al. 1980; Cui et al. 2011).

2.3.2.9. Methyl-chloro-isothiazolinone

Methyl-chloro-isothiazolinone (5-chloro-2-methyl-4-isothiazolin-3-one), also known as MCI, belongs to the thiazole class of
biocides and is used as a microbial inhibitor during hydraulic fracturing (APPEA 2014), along with wider antimicrobial
applications, such as in personal care products. MCl has a very high water solubility, a high degree of mobility in the

environment and is reasonably stable. However, MCl is prone to chemical hydrolysis under alkaline conditions (US EPA
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1998b). However, we could not find any measured sorption data on this compound. Toxicity of MCI to aquatic organisms,

especially bacteria, is relatively high (Carbajo et al. 2015).

2.3.2.10. Barium

Barium is naturally present in coals seams as a geogenic constituent (Apte et al. 2017a; Ransley et al. 2015). It may also be
introduced into the coal seams during drilling as barium sulfate (CAS 7727-43-7) which is used extensively in drilling fluids
to increase fluid density (Campin 2015; NSW Chief Scientist and Engineer 2012). Campin (2015) reports barium
concentrations in Australian CSG flowback water from 0.049 to 16 mg/L (median value 5.9 mg/L). The mean dissolved
barium concentration of produced waters from the Powder River Basin coal bed methane area was 670 pg/L (Rice et al.
2000). Under typical groundwater conditions there are no redox reactions of significance, therefore barium will be present
as Ba(ll) (WHO 1990). Barium forms an insoluble precipitate with sulfate and when high enough, the ambient
concentration of sulfate can control barium concentrations. Sorption onto solids phases is likely to be dominated by
electrostatic interactions. lonic strength, pH, cation exchange capacity and the surface area of the sorbing phases are likely
to be controlling factors influencing adsorptive affinity (WHO 1990). The barium guideline value for drinking water is 2
mg/L (NHMRC and NRMMC 2011). The mean crustal abundance of barium is 425 mg/kg (Taylor 1964), however the
element is enriched in coal and is present at concentrations up to 3000 mg/kg (Bowen 1966). Typical barium
concentrations in surface waters are quite variable and typically range between 7 to 15,000 pg/L (WHO 1990). In key
aquifers of the Surat Basin background barium concentrations are reported by Ransley et al. (2015) and summarised in
Table 2-9. Reported values for barium in the Precipice Sandstone aquifer at Reedy Creek and Condabri (Surat Basin) are

0.028 and 2.15 mg/I, respectively (Prommer et al. 2016).

Table 2-9. Background barium concentrations (mg/L) in Surat Basin formations (Ransley et al. 2015). n.d. = no data

Formation Number of samples Range Median
Condamine alluvium 2 0.151-0.4 0.3
Gubberamunda Sandstone n.d. n.d. n.d.
Springbok Sandstone) n.d. n.d. n.d.
Walloon Coal Measures 634 0.016-5.3 0.6
Hutton Sandstone-Marburg n.d. n.d. n.d.
Subgroup

2.3.2.11. Limonene

Limonene occurs naturally in certain trees and bushes, orange peels and pine sap. Limonene and other so-called
monoterpenes (terpene hydrocarbons) are released in large amounts mainly to the atmosphere, from both biogenic and
anthropogenic sources. Limonene is used as a flavour and fragrance additive in food, household cleaning products, and
perfumes. Limonene is also used as a solvent in degreasing metals prior to industrial painting, for cleaning in the electronic
and printing industries, and in paint as a solvent. Terpenes such as limonene are replacements for xylene- and toluene-
based solvents. Compared with aromatic solvents, terpenes have good solvency, and are biodegradable, less toxic, and less
flammable. Limonene is a chemical additive of water and guar based hydraulic fracturing fluid systems; its use has been

reported for the US (US Congress Report 2011) and Australia (Santos 2013).
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2.3.2.12. Acrylamide polymer

Polyacrylamide is polymeric material used as friction reducer and scale inhibitor within fracturing fluids in Australia
(Commonwealth of Australia, 2014b) but is also widely used as a flocculant in water treatment, as a soil conditioner in
agriculture and for oil recovery applications (US EPA 1995a, Caulfield et al. 2002). The degree of acrylic acid residues within
the polymer leads to polyacrylamide generally being of an anionic nature (Caulfield et al. 2002). It has a very high water
solubility, is reasonably resistant to degradation in the environment and are generally of low environmental concern
(Caulfield et al. 2002). There is concern, however, relating to the presence of the relatively toxic acrylamide monomer as
an impurity or degradation product of the polymer (US EPA 1995a). Depolymerisation of polyacrylamide or hydrolysis of
the polymer leads to it having an anionic nature due to the presence of acrylic acid and this, along with its high water

solubility, mean that polyacrylamide is expected to be highly mobile in a soil environment (Caulfield et al. 2002).
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2.4, Identification of assets within the Gunnedah Basin

Potential assets for use in the spatial analysis and particle tracking analysis are based on the asset registers developed
within the Bioregional Assessment Program (O’Grady et al. 2015). For the Namoi subregion, the three asset groups
(ecological, economic and socio-cultural assets) and their subgroups and classes are summarised in Table 2-10. Only a
subset of the complete asset register was used in the current spatial analysis. The subset was defined on the basis of a
buffer zone of approximately 30 km around the study area; this buffer zone was previously defined by CDM Smith (2014)
to select water bores in the immediate vicinity of the potentially impacted area. The same buffer zone was used here to
focus the spatial analysis on those assets closest to the potentially impacted area. To verify this area was large enough and
would encompass all possible groundwater pathways, preliminary particle tracking analysis was undertaken which
confirmed that solute particles released at the boundary of the study area would not travel beyond the buffer zone (for
details see section 2.6.4.3.1). Particle tracking also indicated contaminants were unlikely to move south from any CSG well
(Figure 2-54), therefore spatial analyses of frequency-proximity focused on the area from due west (270°) to due east (90°)

of CSG wells (explained in section 3.1).

2.4.1. Ecological assets

The ecological assets group has three subgroups: subsurface features (groundwater), surface water features, and

vegetation (Table 2-10). Groundwater features include (Figure 2-16):

e 33 groundwater-dependent assets (groundwater flow systems (aquifers) and groundwater management zones

(alluvium or stratum)) and 8 non-water-dependent assets (geological features, i.e. eight geological formations).

Surface water features account for 1142 groundwater-dependent assets, including (Figure 2-17):

. Rivers or stream reaches, tributaries, anabranches or bends,

. Lakes, reservoirs, lagoons or estuaries,

. Waterholes, pools, rock pools or billabongs,

. Wetlands, wetland complexes or swamps,

*  Groundwater fed springs (marsh, sedgeland, bog, spring or soak), and

. Floodplains.
The vegetation subgroup has two classes:

« groundwater dependent ecosystems, of which 442 are water-dependent and 246 are non-water-dependent

. habitats of iconic species (67 are water-dependent).

It is important to emphasise that Bioregional Assessments consider the potential impact to the habitat of species, not the
individual species per se. All assets in the ‘Surface water feature’ and ‘Groundwater feature (subsurface)’ classes of the
asset database were assumed to be water-dependent assets and attributed as ‘likely’. Assets listed as ‘likely’ are those with
a clear and demonstrated link to aquatic ecosystems, (e.g. aquatic species) (O’Grady et al. 2015). In the current spatial
analysis only the water-dependent assets that occur within the 30 km buffer zone® and are located between 270° and 90°

north from CSG wells are taken into account.

As can be observed from Figure 2-17 and Figure 2-18, many of the surface water features are either line elements or large
polygons. In the spatial analysis, these multipart features have been converted to many single part features to allow

calculation of distance between CSG wells and geographically separate parts of elements (see further section 3.1).

8 This buffer zone was previously defined by CDM Smith (2014) to select water bores in the immediate vicinity of the potentially impacted
area of the study area
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Table 2-10 Summary of ecological assets within the preliminary assessment extent of the Namoi subregion (O’Grady et al. 2015). Only the water-dependent
assets within the 30-km buffer area are considered in the current study.

Subgroup Class Not in water- In water- Total assets Assets within
dependent asset dependent asset (asset list) 30 km buffer
register register between 270°
and 90° from
CSG wells
Groundwater Aquifer, geological 8 33 41 10
feature feature, alluvium
(subsurface) or stratum
Groundwater total 8 33 41 10
Surface water River or stream 0 767 767 109
feature reach, tributary,
anabranch or bend
Lake, reservoir, 0 31 31 6
lagoon or estuary
Waterhole, pool, 0 10 10 0
rock pool or
billabong
Wetland, wetland 0 279 279 105
complex or swamp
Marsh, sedgeland, 0 21 21 1
bog, spring or soak
Floodplain 0 34 34 8
Surface water total 0 1142 1142 229
Vegetation Groundwater- 246 442 688 43
dependent
ecosystem
Habitat (potential 26 67 93 19
species
distribution)
Vegetation total 272 509 781 62
Total 280 1684 1964 301
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