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Author background and relevant expertise

I am currently employed full-time as a Senior Lecturer in the School of Engineering at RMIT University, in
Melbourne. | received my PhD from Monash University in 2011, on the use of environmental isotopes and
geochemistry to assess sustainability of groundwater usage and controls on groundwater quality in a water-
stressed region of northern China. For the last 6 years, while employed at RMIT, | have taught hydrogeology,
geochemistry and groundwater modelling to environmental and civil engineering students, and supervised
Masters and PhD projects in applied hydrogeology research. | have been awarded more than half a million
dollars in research funding as a lead chief investigator on more than 10 research grants, which have supported
projects examining groundwater sustainability and contamination issues in Australia and China. | have
published more than 25 peer-reviewed international journal articles, which have been cited more than 400
times, and | am on the editorial board of the Hydrogeol ogy Jour(tiak journal of the International

Association of Hydrogeologists).

| acted as an independent scientific expert witness regarding hydrogeology and groundwater quality issues
during the Victorian Parliamentary Inquiry into unconventional gas in 2015. My submission to the inquiry was
extensively cited in the committee’s final report (Parliament of Victoria, 2015). | was also commissioned by
the then Department of Environment and Primary Industries (DEPI) to carry out baseline monitoring of
methane and isotopes in groundwater in areas of potential future unconventional gas activity — particularly the
Gippsland Basin. This work was recently published in a peer-reviewed international journal article (Currell et
al, 2016).

Summary: Risksto groundwater and the environment from unconventional gas

There are a number of potential risks to the environment (particularly groundwater and surface water) and
human health from unconventional gas, and these have been the subject of intense worldwide debate over the
last five years or so (Osborne et al, 2011; Vidic et al, 2013; Vengosh et al, 2014; Jackson et al, 2014; US EPA,
2016). Since 2010, a growing body of research has been carried out worldwide (particularly in the United
States) to understand the risks and impacts to the environment and human health associated with hydraulic
fracturing and other aspects of the unconventional gas life cycle.

The list of risks presented in the Background and Issues pagarepared by the scientific inquiry panel

identifies many of these risks and is comprehensive as a ‘high level’ first-pass assessment of the major issues.
This submission seeks to provide further detail and advice with respect to more detailed assessment and
management of particular risks that are within my field of expertise and which were identified in the paper, in
particular:

a) Groundwater and surface water contamination associated with spills of ‘flow-back’ or ‘produced’
water generated during hydraulic fracturing and/or gas well development;

b) Release of stray or ‘fugitive’ gas into shallow aquifers and/or the near surface atmosphere;

c) Creation of new pathways for fluids (including potential contaminants) to travel between different
geological layers and contaminate groundwater or surface water bodies.

Figure 1 provides a schematic representation of where these risks apply in association with unconventional ga:



Abaridoned wels
i £

Intermian s te-depth fomatons

Mgy saling walil fodmiations

Figure 1 — Simplified representation of unconventional gasaction and potential pathways for impacts téewa
resources and the environment. From: Vengosh €@l4).

1. Groundwater and surface water contamination

Contamination of groundwater and surface waterajer environmental risks that require careful
management in any unconventional gas operation é&damd et al, 2013; Vengosh et al, 2014, Vidic gt al
2013; Jackson et al, 2014). The major pathwayshighmwcontamination of surface and/or groundwater ca
take place (whether hydraulic fracturing is invalia the gas project or not) are:

a) Contamination by wastewater, including hydraulacturing fluids, produced water or ‘flowback
water’ that may be spilled, leaked and/or inapgedply managed as it is brought to the surface and
stored, treated and transported around a site;

b) Contamination due to well integrity failures, legabandoned boreholes, or geological pathways
such as faults and fractures that may allow gasoafidids to escape from unconventional gas
reservoirs and cross-contaminate other aquifers.

According to Professor Robert Jackson (from thafStd University School of Earth Sciences) and
colleagues, who have published extensive peerwedestudies on the environmental impacts of
unconventional gas in the United States:

“Maintaining well integrity and reducing surfacellgpand improper wastewater disposal are central
to minimizing contamination from the hundreds oéwcticals found in fracturing fluids and from
naturally occurring contaminants such as saltsalsieand radioactivity found in oil and gas
wastewaters.” (Jackson et al, 2014; p.241).

To this end, any assessment of the environmesta essociated with a potential future unconveatigas
development should contain detailed datasets aalgsas that includes the following:

1. Detailed baseline groundwater chemistry data fgrfarmation water occurring in the strata targeted
for gas development, and overlying aquifers whi@yine affected by contamination (e.g. Currell et
al, 2016);

2. Detailed chemical characterisation of the fluidd¢oused (or proposed to be used) for hydraulic
fracturing, as well as chemical characterisatioprotiuced water/flowback water generated during
any preliminary gas exploration activity;

3. Analysis of the potential pathways and mechanisynsitich contamination of shallow aquifers by
fluids or gases may take place - such as:
a) legacy/abandoned boreholes,
b) well faults (e.g. engineering failures, ruptureding, blow-outs)
c) geological features, such as major faults anddractones
d) Surface spills and leaks of hydraulic fracturingdk or flowback water from well-heads, storage
dams or pipelines



4. Programs to locate, identify and mitigate such pathways — such as surveys of legacy boreholes
(and if required, cementing/decommissioning of alosyed or faulty wells), detailed geological
surveys to identify locations of faulting/fracturenes, and carefully engineered surface infrastract
to handle produced water and minimise the riskpdfssand leaks

5. Risk assessment strategies, whereby the hazagtihtibd and consequence of contamination
associated with hydraulic fracturing and producedeware assessed, with detailed supporting
assumptions and relevant data;

6. Ongoing monitoring plans to rapidly detect any dlerices of groundwater contamination with fluids
of gases associated with these risk pathways;

7. Detailed strategies to rapidly minimise and mitggahy such impacts as they are detected

1.1 Risks due to flow-back water and other produced fluids during unconventional gas
development

‘Flowback’ water is the fluid which returns to teerface (via the gas well) following hydraulic fragng.
This water contains a mixture of the original hydiafracturing fluid (approximately 10 to 40%),ugl
formation water which mixes with the fracking fluichile underground — for shale gas this usually pases
saline formation brines (Jackson et al, 2014). Bk water is generally poor quality, and it coméaa
number of potential pollutants including high sainelevated heavy metal contents, radio-nuclales
organic chemicals used in the fracturing fluid it (e.g. Warner et al, 2013). As such it mustdrefally
managed and appropriately treated. Recent reshascéhown that the large scale and rapid develdpohen
the shale gas industry in the United States hadentgoroblems with the management of flowback water
well as hydraulic fracturing fluids prior to théijection into gas wells), and leaks and spills aihi
contaminate the environment are relatively commdis ( EPA, 2016; Patterson et al, 2017).

A recent study by Duke University and the Unitedt& Geological Survépatterson et al, 2017), showed
that some form of spill or leakage of wastewater diecurred at between 2 and 16% of unconventicsl g
wells drilled and operated in the United Stateswbich data have been collected. These rates appbéa
relatively consistent, regardless of whether thewells are subject to hydraulic fracturing or ¢(fegure 2).
The Patterson et al, survey includes a large, septative dataset - tens of thousands of indivigaalwells
across different states and different types of omentional gas projects. According to their data, risk of
such spillage/leakage incidents is greatest withenfirst 3 years of drilling and development @jigen gas
well. The US EPA'’s 5-year nation-wide review of iagps of shale gas on drinking water (US EPA, 2016),
estimated a similar percentage of spillage incil¢om the basis of smaller sample size), associetad
hydraulic fracturing fluids specifically, and notttht spills occur both prior to hydraulic fracngi(e.qg.
during mixing and preparation of the fracking fladthe well-head) and following hydraulic frachgi
(flowback water).
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Figure 2 - Wastewater spill rates in the United Statesmuenber of wells in shale, coal and tight gas &ogierations.
Data sourced from the National Center for Ecoldgiegalysis and Synthesis spills data visualizatiooi:
http://shappartnership.net/groups/hydraulic-fraotwebapp/spills.html

Spills and leaks of wastewater at unconventionalvgells occur due to a variety of reasons, inclgdin
accidents during storage and transport of wastewatdlow lines, equipment failure and human error
(Figures 3 & 4).
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Figure 3 — Conceptual diagram of unconventional gas seslpwing points at which spillage/leakage of wasider
commonly occur. From: Patterson et al. (2017).
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Figure 4 — breakdown of the number and cause of waste wpiks from unconventional gas operations in fetates in
the U.S. From: Patterson et al. (2017).

On the basis of these data, it is reasonable tdwda that regardless of the level of care, andidsére of
project operators to minimise spills and leaksrmafanventional gas wastewater, there will inevitdi#ysome
spillage/leakage incidents associated with any oweational gas project of significant size, whereby
flowback water or other wastewater is unintentibnadleased to the environment. A cautious and
conservative approach to this issue, which recegrtisat spills and leaks will inevitably happerthisrefore
warranted. The key questions in the minds of ptaeerators and regulators should thus benmether
wastewater spills and leaks will occur, but rather:

a) how to minimise the incidence of these events to the greateshepassible, so that the number of
spill/leak incidents approaches the low end oftyipécal range (e.g. 2% of wells rather than 15%);

b) how to detect as rapidly as possible when these events do fake,ghrough leak/spill detection
systems and an extensive network of shallow groatelvmonitoring wells; and

c) how to contain and mitigate the consequences of these events so that theytiaweal impact on the
environment.

Baseline groundwater geochemical data (collectéor&@ny development takes place) is a critical
requirement in this approach. An example of a lxselata collection program in Australia condugtedr to
unconventional gas development (in areas knowre farbspective for tight gas) is the Victorian Water
Science Studies (Jacobs, 2015; Currell et al, 20A6jher detail and data from these studies isvaHzelow
in section 2.

2. Contamination of aquifersand the atmospher e with fugitive (stray) gas

2.1 Groundwater contamination with fugitive methane

It is now well documented that contamination oflElvaaquifers with ‘stray gas’ or ‘fugitive metharneas
occurred in a number of areas of the United Stiesto unconventional gas development (Bair, 2010,
Osborn et al 2011, Ground Water Protection Coui6i,2, Jackson et al, 2013, Darrah et al, 2014sdacet
al, 2014).

As is noted in the review by Professor Robert Jaclend colleagues, most instances of fugitive gas
contamination impacting shallow groundwater duartoonventional gas have to date occurred as & @sul
problems with the casing and cementing of gas anddter wells in the project areas. Abandoned @gpa
wells are another possible conduit for cross-comation of aquifers with fugitive methane:

“In well leakage, fluids (liquids or gases) can matg through holes or defects in the steel casing,
through joints between casing, and through defecatiechanical seals or cement inside or outside the
well. A build-up of pressure inside the well anraiisi called sustained casing pressure (SCP) and can
force fluids out of the wellbore and into the epviment. In external leaks, fluids escape between th



tubing and the rock wall where cement is absemaampletely applied. The leaking fluids [including
stray gas] can then reach shallow groundwatereoatinosphere.” (Jackson et al, 2014, p. 337).

In some extreme cases, gas contamination of shallmifers can result due to major well-failure desits
such as ‘blow-outs’, which take place when there sggnificant build-up of sustained casing pressaithe
well. Bair (2010) describe the findings of an exgeemel appointed to document the mechanism okook
incident in Bainbridge County, Ohio, which resultednethane contamination of shallow water bored, an
explosion in a home basement from fugitive metHankl-up (Figure 5):
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Figure5 - Schematic diagram showing mechanism of gas contimmof shallow aquifers, based on a case study in
Bainbridge County, Ohio. From: Bair, (2010).

As with surface leaks of unconventional gas wastefyé is acknowledged in the technical and regear
literature that faults in a small percentage of\galis are inevitable, and as such it is not pdegibeliminate
the risk of stray gas (or fluid) contamination agated with well faults entirely - particularly angas project
with a large number of wells. Jackson et al, (2Qi#)d data showing that between 3 and 6% of wielise
Marcellus Shale in Pennsylvania (a highly develogieale gas resource in the United States) expekenc
failures within the first 3 years of operation. 8anrates of failure are reported for wells drdlléor
conventional or unconventional oil and gas projéectthe United States (Jackson et al, 2013b).

As with CSG wastewater contamination of groundwhtan the surface, a rigorous assessment and
management plan for possible fugitive gas contatisinaia well faults requires that extensive anthded
baseline groundwater chemistry datasets be callgnier to development of the project. As discussed
section 1, such baseline groundwater chemistryidaagre-requisite for effectively monitoring atetecting
any possible leakage of gas (or fluids) into shallpoundwater as a result of gas development &giisuch
as hydraulic fracturing). An example of a basetmanitoring program which included repeated measargs
of methane in shallow (and deep) groundwater algagebearing geological formations is the Victondater
Science Studies, carried out in 2015 in associatitimthe Gippsland Bioregional Assessment projed.,
Jacobs, 2015). This program used specialised greated and gas sampling techniques to determindibase
concentrations of methane in groundwater in theo&8gnd and Otway basins — which at the time were
considered potential future areas of unconventigaaldevelopment. The baseline data served to dodum
pre-existing levels of gas in groundwater.



In partnership with this sampling, an isotope samgpbrogram was conducted by Currell et al (20T6)s
allowed existing sources of methane and associggedhemical processes in aquifers overlying gaesitp
to be better understood. Isotopic characterisatilanvs for ‘fingerprinting’ of gases from particulaources-
such as naturally occurring bacterial methane predun relatively shallow sedimentary formationsj a
thermogenic gases produced at great depth, whecthartypical targets for gas development. As amgte,
an increase in the concentrations of thermogeipie as in water wells containing little pre-exigtimethane
and/or methane with a different isotopic signa(steh as biogenic gas), would be a clear indicaifon
contamination by fugitive gas, which may be morféalilt to establish without the isotope data irdaidn to
baseline concentrations. Examples of data collaotétese monitoring programs are shown belowgaoris
6 to 8. Datasets of this kind provide a mechansnmiderstand pre-existing levels of dissolved gases
other potential contaminants that could be assedtiaith unconventional gas development, charaet¢nis
current-day processes controlling groundwater guadiaquifers near potential gas targets, andtifjeany
changes that might occur to groundwater chemisugh{ as dissolved gas concentrations or otheriassdc
changes), following hydraulic fracturing or othérconventional gas activity.
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Figure7 — Basellne isotopic characterisation of methargraundwater in the Gippsland Basin (Currell e28l16).
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Figure 8 - Baseline isotopic characterisation of dissoluegthane in groundwater from the Gippsland basiow#ig
likely sources of dissolved gases under currentlitioms. Isotopic compositions can fingerprint gaem different
sources (Currell et al, 2016).

Similar baseline programs have been carried otlitarRichmond River catchment in northern NSW (Asken
al, 2015) and Alberta Canada (e.g., Humez et dl6R®uch monitoring programs (reporting methane
concentrations and isotopic compositions in growatdwin areas of possible unconventional gas dpusdot)
should be standard practice for any unconventigaslproject of significant size, to ensure a rigerbaseline
exists for assessing fugitive methane or otheraroimation impacts on overlying groundwater resasirce

2.2 Fugitive methane release to the surface atmosphere

In addition to the risk of contaminating water slymmuifers with fugitive gas, emissions of methaméhe
atmosphere during unconventional gas developmerda argnificant potential source of greenhouse gas
emissions. Methane is a potent greenhouse gasapitoximately 30 times the global warming potértfa
carbon dioxide on a 100-year timeframe. The patkstiurces of increased methane emissions to the
atmosphere from unconventional gas include leaks fyas well-heads (e.g. leaking valves or joins,Bay
et al, 2014); venting from wells and other gasemlbn, transport and processing infrastructurakdge that
occurs during gas well drilling — this was recemtétermined to be a significant source associatddskale
gas drilling in the United States (Caulton et 8l12); and de-gassing of methane from produced wlaaeis
stored in above-ground dams (Kort et al., 2014rdek et al, 2015).

In 2011, William Howarth (a professor at Cornellildrsity) and colleagues proposed that fugitivelraae
to the atmosphere from unconventional gas develapthee to well, pipeline and other leaks in thet&lhi
States was being systematically under-estimatathbgnal greenhouse gas inventories (Howarth &04l1).
Subsequently, a number of studies looked to quafutifitive methane to the atmosphere in areas énaidl
outside unconventional gas fields, including Ul&ls gas and coal-bed methane fields, and Austrabal
seam gas fields (e.g. Kort et al, 2014; Maher ,e2@14; Day et al, 2014; Caulton et al, 2014; Malibe
Energy Institute, 2016). These studies have largehfirmed the hypothesis that direct leakage ahanee to
the atmosphere during the ‘upstream’ part of theoamentional gas process (extraction, transport and
processing of the gas) can be a significant GHGcgyo@and potentially negate the relatively lower,CO
equivalent emissions associated with the ‘downstrd&arning of natural gas for energy (as compacecoal
or ail).

In Australia, Maher et al (2014) monitored nearface methane concentrations in northern New Soudle$V
and southeast Queensland, comparing areas withirseam gas development (the Tara and Casinoajds)fi
with areas outside gas fields. They showed thatsidace atmospheric methane concentrations were
elevated in the coal seam gas fields (up to 6. per million, and consistently above 2ppm) relato areas
of no coal seam gas development and similar geoPggsible explanations proposed were leaks argasd
well production and collection infrastructure, ieased soil gas emissions and/or de-gassing frodupeadl
water stored in above ground ponds containing btisdanethane.

Work conducted through the CSIRO by Day et al.1@@Gxamined gas leaks in some of Queensland’s coal
seam gas fields using similar technology. Theyd#ad gas production wells and pipelines, lookinglémtify
point source leakage to the atmosphere. They fthatdhe majority of operating CSG wells showeitklibr

no evidence of gas leakage, and that in generalaygents were at background atmospheric levelaigder,
one well was identified where increased levels effrane emission were occurring to the atmosphaestaa
valve which periodically vented gas to the atmosphe

A recent study by Dana Caulton and colleagues giubdi in thdProceedings of the National Academy of
Sciences, USA used both ‘top down’ estimates (using aircraftdabsieasurements of greenhouse gases) and
‘bottom up’ estimates (using ground based monitpirstruments) to determine fluxes of fugitive naeté to
the atmosphere in areas of shale gas productiorcéiias Shale) in Pennsylvania. This work showed
significantly higher fluxes associated with gadlidig, transport and processing than were previpusl
documented and used in industry and governmenhtovies of fugitive methane emissions, and highégh
the significance of emissions during drilling andiipad development:

“An instrumented aircraft platform was used to itfgriarge sources of methane and quantify
emission rates in southwestern PA in June 2012rdelregional flux, 2.0-14 g Gl * km 2, was
quantified for a~2,800-knf area, which did not differ statistically from attmm-up inventory, 2.3—
4.6 g CHs' km™. Large emissions averaging 34 g £&Hper well were observed from seven well



pads determined to be in the drilling phase, 2 éod&rs of magnitude greater than US Environmental
Protection Agency estimates for this operationalgeh The emissions from these well pads,
representing-1% of the total number of wells, account for 4-306Pthe observed regional flux. More
work is needed to determine all of the sourcesathane emissions from natural gas production, to
ascertain why these emissions occur and to evailloeiteclimate and atmospheric chemistry impacts”
(Caulton et al, 2014).

Other methods of detecting and quantifying suchssions, including satellite-based estimation of
atmospheric methane fluxes, have highlighted sicamt emissions from coal seam gas (called ‘codl-be
methane’ in the US) in New Mexico (Kort et al, 2018he significant methane emission anomaly idestif
in this area was attributed to either leakage f@®G wells and/or de-gassing from CSG wastewatetymexd
and stored in open ponds at the surface. The @ssnehmethane flux from the satellite derived rodthalso
showed higher levels of emission than those preWyoaccounted for by the US EPA’s inventories. Bhes
studies highlight that increased methane emisstize atmosphere are a common problem associatied w
unconventional gas development, which may causefisignt under-estimation of the greenhouse gas
emissions from these projects. The work of Howarttl colleagues (e.g. Howarth et al, 2011; Howa@i4)
proposes that these ‘upstream’ sources of greerlgagsmay neutralise the ‘donwstream’ benefitsatdinal
gas as a fuel in comparison to coal and otherlfhgdienergy sources.

As with groundwater, the collection of baselineadah methane concentrations (and preferably atdopi
compositions) in the near surface atmosphere esavépotential unconventional gas development is
therefore another critical step in ensuring fugitimethane resulting from gas projects can be astyra
assessed and quantified. Surveys of the pre-gatagement levels of atmospheric methane, using both
‘bottom up’ (e.g. ground surveys) and ‘top-downg(aircraft and/or satellite-based monitoring)ddde
conducted to provide an accurate baseline to cargraissions before, during and after gas developmen
Analysis of the isotopic composition of the atmast methane, using mobile continuous-flow isotogsss
spectrometry, can also help to ‘fingerprint’ theises of atmospheric methane in a given area, &sich
agriculture, landfills, wastewater treatment plaars gas wells.

An example of such a program conducted in Austialthe monitoring conducted in 2014 for AGL’s Cand
gas project. In this program, methane levels iratheosphere were collected using ground-basediperta
infrared mass spectrometers deployed at a ranigeations up-wind and down-wind of the CSG operstjo
and data on both the atmospheric concentratiomkisatopic compositions of methane were colleckat(fic
Environment, 2014). This study allowed pre-existhogirces unrelated to CSG (such as landfills am$tock)
to be measured and accounted for as well as Ca&detmissions — in this case one event of sigmfic
methane emission was detected due to gas procesginigies at the AGL plant.

Any unconventional gas project proposal shouldinetietailed strategies for both collection of sbalkeline
data, and ongoing monitoring to detect changesgitife methane emissions due to gas activity. Rapd
effective response plans should also be develapaddress any detected contamination with fugitive
methane, and quickly cut the contamination pathg)ay(

2.3 Radon and other hazardous gas emissions

In some cases, shale formations are associatedaiatiively high concentrations of naturally ocduogr
radioactive material (NORM) (e.g. Warner et al, 20T here is currently debate in the United States
whether hydraulic fracturing is causing increasaabls of emission and exposure of such radio-neslie
particularly through emission of radon gas andéoiium in wastewater discharged to the environment.

A recent study conducted by Casey et al, (2015n@ed nearly 1 million measurements of radon gag* (R
from the basements of houses situated above theelMas Shale, where hydraulic fracturing has been
extensive in recent years. They found that ther® avstatistically significant increase in levelgadon in
basements above areas of hydraulic fracturing cosdpa areas without shale gas development, p@sing
potential lung cancer risk. While the precise magdra and link with unconventional gas is not clhearl
delineated in this work, the data support the hypsis of increased overall fluxes of soil gas fromderlying
geological formations stimulated by hydraulic frtagig in areas where such activity is intensiveinducted.

These findings are consistent with work carriedioutustralia by Tait et al, (2013) who also showieatt
areas of intensive coal seam gas developmentTarg.gas field, Surat Basin) in Australia were albterized
by higher fluxes of radon and G®om soil gas than other nearby regions. In thsecit is notable that
hydraulic fracturing is not extensively conductedaciated with gas extraction. Hence, the fluxadfgas



may relate to other pathways such as de-presgariq@tiven by extraction of water from the gashiations)
or drilling activity, providing enhanced pathwaygain, conclusive resolution of the mechanism and
pathways of these soil gas emissions (and theardtip to gas development) has not been documesuted
there is ongoing debate about this issue.

Warner et al, 2013 showed that areas where shalegstewater was being treated and released to the
environment in Pennsylvania exhibited increasedltesf salinity and radium in stream sediments
downstream of water treatment plant discharge poklénce treatment of flowback water and other
wastewater from unconventional gas before re-uselease to the environment requires careful geocts
assessment, as the treated water may contain lefvgdsticular elements above background for aqadr
region.

As with the other risks outlined in this submissibaseline data is the critical pre-requisite foolaust
assessment of whether the above issues are dcaghisue for a given project, and for risk maragnt of
such projects.
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