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The Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining Development
(IESC) is seeking comment on the draft Explanatory Note, ‘Assessing Groundwater-Dependent
Ecosystems: IESC Information Guidelines Explanatory Note.’

The IESC notes the draft nature of the Explanatory Note and welcomes feedback onthe content,
usability and applicability. In particular, views are sought on:

e the technical content within the draft Explanatory Note. Are there any areas that are missingor not
captured adequately?

¢ the relevance to your specificarea of work and any views on its uptake and adoption.

¢ potential options to increase uptake and adoption.

The IESC and the Information Guidelines

The IESC is a statutory body underthe Environment Protection and Biodiversity Conservation Act 1999 (Cth)
(EPBCACct). One of the IESC’s key legislative functionsis to provide scientificadvice to the Commonwealth
Environment Minister and relevant state ministersin relation to coal seam gas (CSG) and large coal mining
development proposals that are likely to have asignificantimpact on waterresources.

The Information Guidelines outline the information project proponents should provide to enable the IESC
to provide robust scientificadvice on potential water-related impacts of CSG and large coal mining
development proposals. The Explanatory Note supports the Information Guidelines by providing further
information and guidance on undertaking comprehensive assessment and management of impacts to
groundwater dependent ecosystems (GDEs).

The Explanatory Note, ‘Assessing Groundwater-Dependent Ecosystems: IESC Information Guidelines
Explanatory Note.’

The EPBC Act lists “a waterresource, in relation to coal seam gas development and large coal mining
development” as a matter of national environmentalsignificance. A water resource is defined underthe
Water Act 2007 (Cth) and incorporates ecosystems that contributeto the physical state and environmental
value of the waterresource. As such, environmental assessments for proposed CSGand large coal mining
developments are required to identify potential GDEs and assess and manage potential impacts to GDEs
froma proposed development.

The draft Explanatory Note isintended to assist proponents in preparing environmental assessments for
projects potentially impacting GDEs. The Explanatory Note compiles information, and provides guidance,
on the use of a diverse range of toolsand methodologies currently available for identifying potential GDEs
and their condition, characterising groundwater reliance of GDEs, risk assessment and assessing potential



impacts. The Explanatory Note also explores avoidance, mitigation, monitoring and management options,
providing practical examples of theirapplicationin arange of environments.
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Executive Summary

Groundwater-dependent ecosystems (GDEs) are ecosystems that rely upon groundwater for their continued
existence. They may be 100% dependent on groundwater, such as aquifer GDEs, or may access groundwater
intermittently tosupplement their waterrequirements, such asriparian tree speciesinarid and semi-arid areas.
These ecosystems are sensitive to changesinthe groundwaterregimes that supportthem, asan increase indepth to
groundwater may draw water down beyond the reach of vegetation roots orremove waterfrom caves, creating
water stress for the GDEs.

GDEs are classed as:
e Agquiferand cave ecosystems (Subterranean GDEs)
o cavesoraquifers
e Ecosystemsdependentonthe surface expression of groundwater (Aquatic GDEs)

o River-base flowsystems—aquaticand riparian ecosystemsthatexistin oradjacentto streams
(including the hyporheiczone) fed by groundwater

o Wetlands—aquaticcommunities and fringing vegetation dependent on groundwater-fed lakes and
wetlands. These include palustrine, lacustrineand riverine wetlands that receive groundwater
discharge and can include some spring ecosystems

o Ecosystemswhichrely onsubmarine discharge of groundwater forits nutrients and/or physico-
chemical attributes

e Ecosystemsdependentonthe subsurface expression of groundwater ( Terrestrial GDEs)

Coal seam gas (CSG) and large coal mining (LCM) developments are important to the economy and production of
fuelin Australia yet pose potential risks to nearby GDEs. These risks include alterations of groundwaterregimes and
water quality that may impact on GDEs in the vicinity of proposed and operational CSGand LCM developments.

The purpose of this Explanatory Note is to describe the information required and tools available to assess the

potential risks to GDEs from CSG and LCM development, and to help a proponentwhoisrequiredto prepare an
environmental impact assessment with a section specifically devoted to GDEs. A logical frameworkis provided to

guide the proponentthrough the steps, which include:

e definingthe projectarea (includingthe footprint of surface infrastructure and the potential extent of
groundwater depressurisation) —Chapter 5

e undertakingadesktop study toidentify potential GDEs inthe projectarea — Chapter 5
e assessingthe level of groundwater dependence for each GDE and pathways of cause and effect — Chapter5
e identifyingbaseline ecological condition for each GDE — Chapter6

e assessingthelikelihood, frequency and magnitude of potential impacts to each GDE and determine the risks
relatedtothe CSG or LCM operation — Chapter 7

e prioritising options to avoid or mitigate impacts to GDEs and establish a monitoring plan to assess
effectiveness of mitigation oridentify unexpected impacts —Chapter 8

Case studiesare included to provide examples and support suggested guidance. Recommendations are highlighted
throughout and summarisedin Chapter9. The expected outcomes of key stepsinthe framework are given within

each chapterand summarised below.
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Identify GDEs in project impact area

e The proponentwill have alist and map of potential GDEs that may include alluvial aquifers, wetlands, rivers,
springs and vegetation communities, together with anindication of the likelihood of groundwater
dependence foreach potential GDEinthe project impact area.

Characterising ecosystem reliance on groundwater

e The proponentwill have assessed the likely level of groundwater dependence of potential GDEs in the
projectimpact area as high, medium, low or nil usingamultiple lines-of-evidence approach. Temporal and
spatial groundwater needs will be documented, and causal impact pathways identified. Where possible,
conceptual models will be updated with newinformation.

Determine baseline conditions

e The proponentwill have assessed baseline condition of GDEs within and outside the projectimpactarea,
recognisingthe needtoincorporate appropriatefield survey and monitoring methods that consider factors
such as site selection, level of survey detailrequired, sampling methods, determination of ecological value
and condition, level of groundwater dependence, suitable data analysis and well-justified management
options. The collected information will provide an understanding of the natural variability in each GDE and
inform decisionsto determinean ‘acceptable level of change’ with consideration of the ecological value of
each GDE. Monitoring programs should state the goals of monitoring, whatis to be measured, where and

how often, how each variable relates to potentialimpacts and GDE responses, and how the datawill be
stored, analysed and presented.

Assessimpacts and risk of CSG and LCM

e The proponent, afterdefining the baseline condition of each GDE within and outside the area of impact, will
have identified how the GDEs and the services they provide are likely torespond to changesin groundwater
regime and water quality, all processes likely to threaten GDEs as a result of CSG and LCM activities,and
which GDEs are most at risk and the likely consequences at regional/state/national levels.

Avoidance, mitigation and management plans
e The proponentwill have amanagement plan which prioritises avoidance and justifies mitigation measuresto

reduce impacts to GDEs. The management plan will include specific monitoring protocol s to assess
effectiveness of mitigation strategies oridentify unexpected impacts.

This Explanatory Note will help proponents provide the most comprehensive information possible within an

environmental impact assessment, based on the available data, to avoid delays in decision-making and ensure that
decisions are well informed.
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1 Background

1.1 Purpose

To provide appropriate scientificadvice to the Commonwealth Environment Minister and relevant state ministers,
the Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining Development (the IESC)
requires specificinformation to be included in coal seam gas (CSG) and large coal mining (LCM) development
proposals. This ensures decisions are fully informed and reduces delays in decision-making.

Specificinformation requirements are presentedin the IESC
Information Guidelines (IESC). For some topics, Explanatory Notes
have been writtento supplement the IESC Information Guidelines,
givingmore detailed guidance on particulartopics to help
proponents and consultants prepare their Environmental Impact
Assessments (EIAs).

The current Explanatory Note describes whatis required to assess
potential risks of CSGand LCM development on groundwater-
dependent ecosystems (GDEs). It outlines a logical sequence of activities to identify and map GDEs, investigate their
groundwaterdependence, waterrequirements, baseline condition and value, identify potential threats and assess
risks to GDEs from the proposed project. Relevant mitigation and management strategies are described, including
monitoring protocols to survey GDEs, detect potential impacts and demonstrate the success of mitigation strategies.
Tools and methods for GDE assessmentare reviewed to help proponents choos e the most effective approaches,
highlighting that where risks are higher, more effortis required to prevent decline in GDE condition as a result of
CSG or LCM development.

1.2 Legislative context

The managementof GDEs is incorporated in the National Water Initiative (NWI, 2004), an intergovernmental
agreement which highlights the importance of groundwaterand a ‘whole of watercycle’ approach to protect water
resources. The initiative acknowledges thata better understanding of the relationship between groundwater
resources and GDEs isrequired to facilitate their protection.

Australian and state regulators who are signatories to the National
Partnership Agreementseek the IESC’s advice underthe EPBCAct 1999
at appropriate stages of the approvals process fora coal seam gas or
large coal mining developmentthatis likely to have asignificantimpact
on waterresources.

A waterresource is defined as ‘(i) surface water or groundwater; or (ii)
a water course, lake, wetland oraquifer (whetherornotitcurrently has
waterin it); andincludes all aspects of the water resource (including
water, organisms and other components and ecosystems that
contribute to the physical state and environmental value of the resource)’ by the Commonwealth Water Act 2007
(Water Act, 2007), which supportsthe National Water Initiative.
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2 Groundwater-dependent ecosystems

2.1 GDE typology

GDEs are complex dynamic ‘natural ecosystems that require access to groundwaterto meetall or some of their
waterrequirements ona permanent orintermittent basis, so as to maintain their communities of plantsand
animals, ecosystem processes and ecosystem services’ (Richardson etal., 2011). The presence of diverse GDEs is
driven by temporal and spatial groundwater flow variability dependent on geology, climate and land use.

Groundwater, forthe purpose of this Explanatory Note, is defined as (i) water naturally occurring below ground level
ina zone of saturation (e.g. aquifer) andits capillary fringe, or (ii) groundwater that has been pumped, diverted or
released to that place for the purpose of being stored there (notincluding water held in underground tanks, pipes or
otherworks; Water Act, 2007). The definitionincludes waterin the soil capillary zone but notthe water held in the
soil above thiszone inthe unsaturated orvadose zone (Figure 1). Within the saturated zone, pores are filled with
water, whereas the capillary fringeand unsaturated zone increasingly have pores containing airas well as water
(Figure 1). Water in caves that is sourced from groundwaterisalsoincluded.

Figure 1. Conceptual model to define groundwater with respect to GDEs. SOURCE: Michigan State University (Image)

GDEs have groundwater-related ecological waterrequirements, both in quantity and quality (Boulton and Hancock,
2006; Eamus etal., 2006; Kath etal., 2014). Quantity referstoaspects of the groundwaterregime, includingthe
volumes, pressures, timing and variability of groundwater supply that govern the location, timing, frequency and
duration of groundwater connection. Quality refers to physical and chemical characteristics such as temperature and
water quality (especially salinityand nutrient concentrations). When investigating and monitoring GDEs, it is
essential tounderstand the underlying geology and related aquifer and flow systems, trends in groundwaterlevel,
spatial and temporal variability in GDE groundwater connection, and ecosystem composition (e.g. vegetation types,
stygofaunaspecies). Thisis particularly important when GDEs are relying on perched or highly localised groundwater
systems that may not be adequately considered in regional groundwater models, and where existing datais limited.

Stygofaunainclude subterranean animals thatlive in groundwater systems and inhabit the interstitial spaces of
sedimentary aquifers, the cavities of karstic aquifers, orthe fissures of rock aquifers. The presence of stygofaunain
an aquiferis oftenused asan indicatorthat the aquiferis an ecosystem. However, there are otherorganisms, such
as bacteriaor the roots of phreatophytictrees that use aquifers and thus define the aquiferas an ecosystem.
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GDEs occur in coastal andinland regions (Figure 2). Inthis Note, GDEs are defined usinga combination of typologies
from Hatton and Evans (1998) and the GDE Toolbox (Richardsonetal., 2011) andinclude:

e Agquiferand cave ecosystems (Subterranean GDEs)
o cavesoraquifers
e Ecosystemsdependentonthe surface expression of groundwater (Aquatic GDEs)

o River-base flowsystems —aquaticand riparian ecosystems that existin oradjacentto streams
(including the hyporheiczone) fed by groundwater

o Wetlands—aquaticcommunities and fringing vegetation dependent on groundwater-fed lakes and
wetlands. These include palustrine, lacustrineand riverine wetlands that receive groundwater
discharge and can include some spring ecosystems

o Ecosystemswhich rely onsubmarine discharge of groundwater forits nutrients and/or physico -
chemical attributes

e Ecosystemsdependenton the subsurface expression of groundwater (Terrestrial GDEs).

The terms ‘Subterranean’, ‘Aquatic’ and ‘Terrestrial’ GDEs are consistent with the classification system usedin the
Groundwater-Dependent Ecosystem Atlas (GDE Atlas), wherethese GDE types are discussed in greater detail (GDE
Atlas).

Forin-depth tutorials on GDEs and wetlands, referto the Queensland Government education modules
(WetlandInfo). These provide details on the different types of GDEs, their value, and how theyfunction. GDE types
and importance of GDEs are described in WetlandInfo. Referto the GDE Toolbox Pt1for detailed descriptions of GDE
types and case studies todemonstrate groundwater dependence within each type.

Terrestrid GOE .
Inland 4 gl Coastal
Riverin=RE GDE -
S N

-
Palusrine Wetland Palusrine Wetland
GDE ) GDE

6‘%& Estuarine GDE

LacustrineGDE

Lacustrine GDE

Riverine Wetland GDE AquiterGDE Wetland
e GDE

Figure 2. Illustration of GDE typology described above in section 2.1. SOURCE: Wetland Info (https://wetlandinfo.ehp.qld.gov.au)

RECOMMENDATION: A number of helpful publications are mentioned throughout this Explanatory Note to aid
proponents. Where possible, hyperlinks are given to open-access reports and relevant websites. However, some

references include scientificjournal papers that may need to be purchased as a low, one-off cost.

2.2 GDE values and ecosystem services

With respectto GDEs, the term ‘ecosystem value’ hasbeen usedinthe literature to mean two distinctly different
things:i) the naturalecological processes occurring within ecosystems and the biodiversity of these systems
(Richardsonetal., 2011), and ii) the worth of the ecosystem so that it can be compared to other ecosystems and
prioritised for conservation (Serov etal., 2012). The second definition isthe more appropriate one becauseit
expressesthe value of the biodiversity and ecological processes that underpin the provision of ecosystem servi ces by
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an ecosystem. Ecosystem services are the benefits that people obtain from ecosystems, and GDEs provide many
such services (Grieblerand Avramov, 2015).

Ecosystem value differs from ecosystem condition. Ecosystemvalue is when an ecosystemis given a monetary or
non-monetary value by society. A GDE may be deemed valuable ifitis close toits pristine condition, contains
threatened orendemicspecies, performs acritical ecosystem service, orhas some otheraspect that is treasured by
society. Ecological conditionis the state of a GDE regardless of whetherit contains any valuable assets (although
GDEs ingood ecological condition are often valued more highly than those thatare not).

Assigning value/rank to prioritise GDEs is practical for management purposes, and forms part of state based
assessmentcriteriain Queensland (Department of Environment and Heritage Protection, 2015) and NSW (Serov et
al., 2012). A value can also be assigned through a combination of community consultation, expert knowledge and
economicassessment (amenity, tourism, conservation, economic productivity; Eamus etal., 2006). However, the
intrinsicvalue of all GDEs in maintaining biodiversity and ecosystem function must be recognised, understanding
there are still significant knowledge gaps about theirvulnerability and resilience. Furthermore, itis critical that
assessment of ecological waterrequirementsis based on scientificinformation and is notinfluenced by management
objectives orchangesinvalue orpriority (Richardson etal., 2011).

Ecosystem value based on expert knowledge requires an
understanding of biodiversity, rare and endangered species listed as
threatened under national or state legislation, uniqueness (endemic
species), ecological condition, services provided, the nature of
groundwaterdependence (e.g. obligate/facultative GDEs or
frequency of dependence) and otherspecial features (e.g. culturalor
geological significance). Under Queensland state guidelines,
environmental valueis considered afunction of the health or
biodiversity of an ecosystem, the ecosystem’s natural state and
biological integrity, the presence of unique features (whichincludes & : oK
speciesand communities, as well as hydrological or geological features), and/orthe natural interaction between
ecosystems (Department of Environment and Heritage Protection, 2015).

Anotheraspect of GDEs thatshould be considered when determining theirvalueis the ecosystem services they
provide to humans. The full range of their ecosystem services is unlikely to be fully realised yet, as this area of
research isstill developing. Ecosystem services provided by the different types of GDEs are shown below, notingthat
all GDE types have the potential to support endangered and threatened species, be biodiversity hotspots and
provide waterforhuman consumption (Grieblerand Avramov, 2015):

e waterpurification and storage in good quality for decades to centuries
e active biodegradation of anthropogeniccontaminants and inactivation and elimination of pathogens
e carbon sequestration

e nutrientcycling(e.g. transformation of nutrientsin hyporheiczone and subsequent discharge to surface
waters)

e mitigation of floods (aquifers receive and retard large volumes of surface water) and droughts (groundwater
discharge sustains surface waters).

Ecosystems dependent on the surface expression of groundwater (Mitsch et al., 2015) may also provide the
following services:

e habitatfor animals (e.g. timing of wateravailability, te mperature regulation)
e timber/peatharvesting

e improve waterquality
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e mitigate flood and storm damage (e.g. wetlands receive and retard large volumes of surface water)
e sustainhumanculture (e.g. tourism)

e soildevelopment

e hydraulicredistribution of deep waterto shallow soil

e pollinatorhabitat

e prevention of soil erosion.

2.3 Threats to GDEs from CSG and LCM activities

As GDEs rely on groundwaterto sustain all or some of their waterrequirements, particularlyin arid and semi -arid
climates, they are at risk wheneverthere isachange in groundwater quantity and/or quality.

GDEs are vulnerable to CSG and LCM developments because of hydrological, hydrogeological and geological links
between the development and adjacent GDEs. Aquifers are the connecting features, and impacts from
developments can be transferred to GDEs through changesin eitherthe rock or sedimentary structure of the aquifer
or the water it contains. As a result, subterranean, aquaticand terrestrial GDEs are at risk of altered ecological
condition. Estuarine and marine GDEs such as submarine discharge springs are notdiscussed in this Explanatory
Note but may be relevantin the context of on-shore shale/tight gas operations.

Current environmental impact assessments of CSGand LCM are
often limited to GDEs that rely on groundwateraccess on a
permanentornear permanent basis (such as spring
communities), overlooking more episodicand opportunistic
groundwaterusers. Additionally, only protected or threatened
ecological communities that are listed, tend to be considered.
However, the legislative intent of the ‘watertrigger’ (Section 1.2)
isthat potential impacts from CSGand LCM to all GDEs should
be assessed. The next chapterdiscusses potential threats and

RECOMMENDATION: Proponents need to consider all GDEs, including those which are only partially dependenton
groundwaterand do notsupportany listed species. Forthisreason, anassessment of ecological condition, rather
than ecological value is critical in establishing a baseline indication of ecological condition.
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3 Potential impacts of CSG and LCM development on GDEs

Groundwaterdependence in ecosystems is extremely variable through both space and time, and among organisms.
Dependence by biota can be continuous (e.g. stygofaunalivingin aquifers), ephemeral (e.g. riparian trees that use
groundwater when soil moisture orsurface wateris not available) or strategically cued to critical life stages (e.g. fish
using warm upwelling groundwater for spawning). In addition, the proportion of groundwater needed to sustain the
ecosystem differs with GDE type. Forexample, aquifer ecosystems are 100% dependent on groundwater, whilstin
river baseflow systems groundwater contributions may be volumetrically low compared to overland flow.

Although wateris one of the main factors required by GDEs to
function, itis often the accompanying nutrients, organic matter,
dissolved minerals or other physico-chemical properties that are
exploited by groundwater-dependent plantsand animals. Such
requirementforother groundwater components potentially
makes substitution by surface water (or watertreated with
reverse osmosis)aninadequate mitigation option for some GDEs.

Impacts of CSG and LCM activities occur over spatial scales that
may extend beyond the immediate surface footprint of a project,
and through temporal scales reaching decades or centuries
beyond the life-of-mine. There are often longlag times between animpact occurringand symptoms appearinginan
ecosystem. All of this variability, coupled with the varying temporal and spatial nature of groundwater dependence,
make assessments of longer-term impacts difficult. Assessments must use the best available dataand knowledge to
forecast potential impactsinto the future, focusing on both the period of CSGor LCM operations and beyond to at
leastwhen groundwaterlevels are modelled to return to pre-operation levels.

3.1 Causal impact pathways

Many activities associated with CSGand LCM exploration, development and operations have the potential toimpact
GDEs (App Table 1). The magnitude and type of impact expected for a GDE are determined largely by the connection
betweenthe GDEand the CSG or LCM activities. This connectionis referred to as the causal pathway of connection
(alogical chain of events), and consists of four main conduits (Figure 3, defined in greaterdetailin Holland et al.,
2016):

e subsurface depressurisation and dewatering (A; Figure 3)
e subsurface physical flowpaths (B; Figure 3)

e surface waterdrainage (C; Figure 3)

e operational watermanagement (D; Figure 3).

Once the causal pathway has been established, each mechanism causing change (i.e. the impacting factor) needs to
be considered. These mechanisms can be grouped by activities that:

e interruptthe hydrological connection between a GDE and the aquiferitdepends on
e reduce groundwater quality

e causedirectdisturbance tothe ecosystem, such as the removal of groundwater-dependent vegetation or
excavation of aquifer material, or

e resultfrom cumulative impacts from multiple CSGand LCM operations and otheractivities, including
reduced groundwaterrecharge.
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Figure 3. Causal pathways of CSG or LCM development. SOURCE: Bioregional Assessments

Groundwater dewatering has several potential impacts on GDEs (Figure 4). One impactisthe lowering of the
groundwaterlevelaround groundwater-dependent terrestrial vegetation which reduces the availability of water that
can be accessed by an established vegetation root network, impairing the condition (or health) of the vegetation
community. The response of vegetation to water stress may take years to become obvious although some
vegetation communities die back almostimmediately (e.g. Banksia at Gnangara Mound, see CASESTUDY 6). Another
impactis the lowering of groundwaterlevel in unconfined aquifers or depressurisation of confined aquifers that
supply waterto springs. This reduces groundwater discharge to the springs and the surrounding dependent
vegetation, reducing spring flowand riparian vegetation condition.

A thirdimpactis the lowering of groundwater levels near rivers which can reduce groundwaterdischarge torivers,
changing surface water quality (e.g. temperature, salinity). There may also be reductions in surface water flow,
particularly during low flow (baseflow) conditions, as well as more cease-to-flow events than under natural
conditions. A permanently flowing river may become ephemeral, drastically changingits aquaticecosystem
characteristics. Lowering groundwater levels near rivers also reduces the availability of waterto surrounding
groundwater-dependent riparian vegetation and may put them under water stress, impairing riparian vegetation
community condition (Doody et al., 2009). The direction of groundwater flow can be reversed by lowered
groundwaterlevels nearrivers such that surface water recharges the aquifer, changing the river from gaining to
losing, further reducing surface water flow and changing water quality, soit may no longer be suitable habitat for
native aquaticfauna but may favourexoticspecies.

The impacts of lowering groundwaterlevels near wetlands resemble those listed aboveforrivers. However, there
are several additional processes that may be disrupted related to the reduced size and extent of wetlands, such as
potential exposure of acid sulphate soils resulting in water acidification (e.g. Sommer and Horwitz, 2009) and
reduced production of peat (e.g. ArmandineLes Landes etal., 2014).

16 | Assessing Groundwater- Dependent Ecosystems: IESC Information Guidelines Explanatory Note


http://www.bioregionalassessments.gov.au/assessments/maranoa-balonne-condamine-subregion

Healthy vegetation not impacted
by groundwater pumping

Unhealihy
terrestrial

it sl
Wgﬂﬂ:'l‘:f.
|

Lower
Watertable

Unconfined aguifer

RlEhanged]
_ﬂ%cuu diwaten] :\\:
i widirection

Reduced pres

Figure 4. Diagram demonstrating some impacts from Causal Pathway A - subsurface dewateringorlowering groundwater levels, and how GDEs
are potentiallyimpacted (SOURCE: Eamus et al., 2016)

3.1.1 Interrupted connectivity

GDEs can decline in condition when the ecosystem becomes hydrologically isolated from the aquiferitis dependent
on. Isolation may be permanent ortemporary, but its occurrence at a critical pointinthe life history of akey
organism can have a negative impact on GDE function. Frequent or sustained disconnection canirreversibly damage
GDEs. For example, Kath et al., (2014) demonstrated arelationship between extended periods of groundwater
disconnection and canopy condition decline, including instances of severe dieback in Eucalyptus camaldulensis (River
Red Gum) and E. populnea.

Itisalso importantto considerinterruptionsin connectivity between aquifers and theirrecharge areas, as this can
lead to a gradual decline in waterleveland altered groundwater physico-chemistry. Factors on the land surface that
altergroundwaterrecharge patterns include riverdiversion, construction of surface infrastructure, and changesin
topography as mine pits progress or longwall panels collapse. Many GDEs also depend on surface water for part of
the time, so theirbiodiversity and ecological processes may be impacted if Kol T T Ty
surface water flow and volume changes.

CSG and LCM activities that cause interrupted connectivity include:

e dewateringunconfined aquifers, which canlowerthe watertabletoa
depththat isinaccessibletotree roots, river baseflow systems and
wetlands. Aquifer dewatering can also alter the volume of saturated
sediments available for habitation by stygofauna communities, and
lowerthe watertable below a threshold where surface-derived
organic matter and oxygen become limiting.

e depressurisation of confined aquifers, thus removing water, gas or
rock from confined aquifers that may lead toa lossin the hydraulic
pressure pushing waterto the surface at springs or intorivers.

e changesto aquiferrecharge patterns, potentially impacting hotspots
of stygofaunadiversity that occurin recharge areas. Reducing recharge, either through paving or compacting
the land surface, or diverting runoff and river water, can impact aquifer ecosystems, reduce surface water
levelsandisolate surface-expressed GDEs.
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e changesto subsurface flow paths by pumping water from mine pits and production bores, orthe free
draining of groundwaterthrough the walls and floors of mine pits, can alter the direction and velocity of
subsurface flow paths. This can resultin water moving away from GDEs and towards the extraction point.

e fracturingof confininglayers, which may occur when less-porous layers of rock that separate aquifers of
differing water quality are penetrated during mining or drilling, or fractured following longwall subsidence.
This could lead to the transfer of pressurised or gravity-mobilised water between aquifers.

CASE STUDY 1 - Impacts of longwall mining on upland peat swamps in the Sydney Basin

Subsidence impacts observed in multiple upland peat swamps in the Sydney basin are detailed in CoA (2014). Key
findings include:

e longwallmining beneath upland peat swamps has fractured the underlying bedrock and altered swamp
water balances. The only strategy that has been proven to effectively mitigate the impacts of longwall mining
is to change the mine plan layout.

e remediation strategies in regions affected by longwallmining are primarily designed to restore the
hydrological regime. Remediation strategies have aimed to seal fractures on cracked stream beds but have
not attempted to repair fractures beneath peat sediments. There were no examples of upland peat swamps
impacted by longwallmining that were successfully remediated.

e remediation to preventvertical seepage beneath upland peatswamps was not attempted because proposed
remediation techniques have not been proven and require destruction of the surface environment.

Oneexample of a swamp impacted by longwall mining is the East Wolgan Swamp. The East Wolgan Swamp was
undermined ata depth of 330 min March 2006. By November 2006, rapid declines in groundwater level were
observed to interrupt connectivity. Saline mine effluent was discharged to the swamp forthree years (commencing in
2008). In November 2009, it was discovered that water was entering a cavity and not resurfacing, and that flow (pre-
mining 1 ML day?) from the swamp had ceased. In 2011, an ‘enforceable undertaking’ was issued following an
alleged breach of the EPBC Act. In 2012, remediation and restoration works were proposed but by this time there was
already extensive degradation of peaty swamp soils, channelling, dieback of swamp vegetation and invasion by
exotic species.

3.1.2 Reduced groundwater quality

A major potential threat to groundwater quality isthe release orleakage of saline waterfrom coal seamsinto
aquifers linked to GDEs. This can occur if CSG or LCM activities cause afracturing of less-permeablerock layers,
eitherduring mining or afterwards as subsidence that allows coal seam waterto mix with alluvial water. Saline
wateris often pumped from acoal seamto allow resource
extraction, then stored in dams priorto treatmentand
disposal. Storage dams have the potential to leak, allowing
waterto escape into the underlying groundwater system or
into surface waterways downslope. Storage dams also have
the potential to overflow if there is alarge rainfall event,
releasing waterinto the environment. Saline water from
coal seams, including water extracted during CSG
operations, is often treated with reverse osmosis to
produce fresh waterand a brine solution. Options for disposing of the brine solution are limited and mostly rely on
transportation offsite, using trucks orrail. Prior to disposal, the risk of leaking or overflow from storage dams must
be considered. Treated fresh water makes up the largest volume of the two products of reverse osmosis, and
although more benign than the concentrated brine solution, there are still potential contaminant risks because
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treated water can be devoid of ions or elements, such as calcium and bromide, which are essential for biological
processes.

Pits that extend belowthe watertable and are left open after mining cessation can fill with groundwater. However,
pit water chemistry can change through evapoconcentration and other hydrogeochemical processes, and the water
can become toxic, with acidic pHand higher concentrations of dissolved metals, metalloids and sulphates

(Bowell, 2002). Seepage of waterfrom the pitand into an aquifer can have long-termimpacts on associated GDEs.

Other pollutants can have localised impacts if they enter groundwater flow paths. These pollutantsinclude biocides
used inwatertreatmentor to prevent clogging of pipes and bores; drilling muds and lubricating fluids used in bore
construction; petrochemicals stored on-site; sewage or waste water from mining or CSG extraction camps; and other
toxicants. These impacts can generally be minimised or prevented by proper construction and maintenance of
equipment.

Another potential source of contamination to shallow groundwater is leachate from stockpiled coal and waste rock.
State-based legislative requirements are designed to protect surface waterways and aquifers from contamination
with leachate by specifying where stockpiles can occur, and how they are bunded and managed (e.g. South
Australian EPA 2017).

3.1.3 Direct disturbance

Risk assessments must consider activities that are not linked to groundwater, but which can also potentially impact
GDEs. These include vegetation clearing, river realignment, aquifer excavation and wetland draining. Often, the
impactsfromthese will be considered in other EIA sections and not
consideredinthe context of GDEs. This leads to oversightsinthe
mitigation ormanagement of risks. Forexample, if groundwater-
dependentvegetationis cleared and offsetagainstasimilar
vegetation type thatis not groundwater-dependent, then offsetting
does not protect the GDE nor does it protect the crucial role that the
vegetation playsin providing organic matter (viaroots) to aquifer
food webs. Similarly, river diversions around a proposed mine

pit may consist of an engineered channel that adequately connects
upstream and downstream reaches, but neglects the consequences

of lostaquiferconnectivity.

3.1.4 Cumulative impacts

Cumulative impacts to GDEs need to be considered if there is a possible compounding effect from the proposed CSG
or LCM activity with an adjacent one or otheractivities unrelated to CSGand LCM operations. Examples occur when
a cone of depression from one mine intersects the cone of depression from one or more nearby minesand amplifies
drawdown neara GDE. Plansformine expansion should assess the cumulative impacts of the projectasa whole not
justthe expansion area. This can be achieved using regional groundwater models such as that for the Surat Basin
(Janardhanaranetal., 2016).

More than two mines mightoccur across a localised region (e.g. Hunter Valley). Consideration should be givento
coordination between proponents of adjoining developments to assess the cumulative impacts operating together
and to share monitoring data and plans to effectively mitigate cumulative impacts.

Agriculture, urban water supply, power generation and other developments can also impair groundwater quality and
interrupt connectivity. Where these occur neara mine, theircumulativeimpacts must be considered and compared
to conditions atreference sites (representative monitoring sites outside the projectimpactarea, see section 6).

As consequences of CSGor LCM activities potentiallyoccur over decades or centuries, itisimportant that project
area impact assessments consider how GDEs will respond to or recoverfrom these operations under modelled
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climate change scenarios. Current forecasts for Australia are available from CSIRO ( Climate), and impacts to GDEs
from CSG or LCM activities should be considered underthese or newerforecasts as they are developed. Nugent et
al. (2013) provide a risk framework to manage GDEs under a changing climate.
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4 Framework for assessing GDEs in an environmental impact
statement

GDEs can be assessed using a logical framework (Figure 5) to (i) define the projectarea (which includes the footprint
of surface infrastructure and the extent of groundwater depressurisation), (ii) undertake a desktop study to identify
potential GDEsinthe projectarea, (iii) assess the level of groundwater dependence foreach GDE and the potential
pathways of cause and effect of CSG or LCM activities, (iv) identify
baseline ecological condition and value for each GDE, (v) assess the
likelihood, frequency and magnitude of potential impacts to GDEs
and determine the risks related tothe CSGor LCM activities, and (vi)
prioritise options to avoid or mitigate impacts to GDEs and establish
a monitoring planto test effectiveness of mitigation strategies and
identify unexpected impacts.

In 2011, the Australian groundwater-dependent ecosystems toolbox
(GDE Toolbox; Richardson etal., 2011) was published to aid
assessment of GDEs. Various methods or ‘tools’ were collated to aid
identification and conceptualisation of how water may be used by a GDE (summarisedin Table 2and detailedin App
Table 2). Many of these methods are updatedinthe current Explanatory Note, and form a basis for the logical
sequence of steps outlined in Figure 5. The next four chapters describe how to identify GDEs and their potential
groundwater dependence (Chapter5), how to survey GDEs to assess their baseline ecological condition and
ecosystemvalue (Chapter 6), how to assess risks of project-specificimpacts on GDEs (Chapter 7) and what options
exist foravoidance, mitigation and management of such risks (Chapter 8). These chapters follow the order of steps
presentedin Figure 5.
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Figure 5. Alogical framework of steps to aid a proponent’s understandingof the process undertaken to inform an Environmental Impact
Assessment forassessingand describing potential impacts, risks and mitigation options of CSG and LCM activities on GDEs.
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5 Identifying GDEs potentially impacted by project activities

5.1 Identifying project area impact boundaries

The area of potential impactfrom CSGand LCM development will likely extend beyond the immediate project
boundary to include surrounding areas connected through the affected oradjacent aquifers. Critically, assessments
needto considerall GDEs that are potentially affected by a project, regardless of whetherthey occurinside the lease
boundary or not. As itis notfeasible to wait until groundwaterimpact assessments provide a final boundary of
groundwaterimpact, proponents are likelyto have only a rudimentary understanding of how farimpacts are likelyto
spread. Therefore, impact boundaries should be drawn up by proponents based on the bestavailable information in
theinitial phases of anEIA, and then an appropriate buffershould be added. The impact area will be refined as
project plans develop, ecological and groundwater data are collected, and the groundwaterimpact assessmentis
completed (seearrow 1in Figure 5).

5.2 lIdentifying GDEs in project impact area

The nextstepisto establish where potential GDEs occur in
the projectimpactarea (see arrow 2 in Figure 5). The
objective isto generate alist and map ecosystems
classified as subterranean, aquaticorterrestrial GDEs that
have some potential reliance on groundwater. Thisisa
‘first pass’, designed to determine what GDEs existin the
projectarea and are therefore potentially at risk.

A desktop assessmentis undertaken using existing
resources which are generally indirectindicators of
groundwater use (e.g. maps, vegetation and wetland
assessments, geological reports, groundwater data,
satellite imagery, ecological reports). Directindicators are
obtained fromfield studies such as those that measure plant water use.

Where available, site-specificinformation should be used to develop a conceptual understanding of the interactions
between GDEs and groundwater (see section 5.3.1), along with potential causal pathways (section 3.1). However, in
the absence of sufficientlocal information, there are regional and national databases available to undertake an
initial assessment (App Table 3and App Table 4). A logical starting point for GDE assessmentsis the GDE Atlas (GDE
Atlas).

The Australian National Aquatic Ecosystem (ANAE) classification scheme aids with classifying aquatic GDEs (ANAE)
usingscale, hydrological class (e.g., surface water; subterranean), system (e.g. floodplain in the surface water class)
and habitat (e.g., watertype, vegetation).

5.2.1 Key indicators of groundwater dependence

Landscape indicators representing GDE presence can be hydrologic, geologic, hydrogeological, climaticand/or biotic.
Indicatorsinclude the presence of vegetation known to access shallow groundwater and associated vegetation
communities that are likelyto be GDEs (App Table 5 and App Table 6). Eamus et al. (2006) pose a series of questions
to aidin the identification of GDEs reliant on the surface expression of groundwater (Table 1). A suggested set of
ancillary data for this purpose is presentedin App Table 3.
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Table 1. Questions to guide the assessment of groundwater use in ecosystems (Eamus et al., 2006). Questions are cross-referenced to GDE rule
setsshowninAppTable7

Cross reference Positive answers to the following questions suggest an ecosystem may use

to App Table 6 groundwater:

1 Does a stream/river continue to flow all year, despite prolonged periods of zero or
very low rainfall?

2 For estuarine systems, does the salinity drop below that of seawaterin the absence of
surface waterinputs (e.g. tributaries or stormwater)?

3 Doesthe volume of flow in a stream/riverincrease downstream in the absence of
inflow from atributary?

4 Is the level of waterin a wetland/swamp maintained during extended dry periods?

5 Is groundwaterdischarged tothe surface forsignificant periods of time each yearorat
critical times duringthe lifetime of the dominant vegetation type?

6 Is the vegetation associated with the surface discharge of groundwater different (in
terms of species composition, phenological pattern, leaf areaindexorvegetation
structure) fromvegetation close by but whichis not accessingthis groundwater?

7 Is the annual rate of wateruse by the vegetation significantlylargerthan annual
rainfall at the site and the site does not receive eithersub-surface orsurface run-on?

8 Are plant waterrelations (especially pre-dawn and mid-day water potentials and
transpiration rates) indicative of less water stress (potentials closer to zero;
transpirationrate larger) than vegetation located nearby but not accessing the
groundwaterdischarged atthe surface? The best time to measure thisis duringrain-
less periods.

9 Is occasional (or habitual) groundwater release at the surface associated with key
developmental stages of the vegetation (such as flowering, germination, seedling
establishment)?

There are some common decision rules of groundwater dependence that guide GDE identification. Forexample,
vegetation associated with shallow groundwater (less than 10 m) are likely to be GDEs as they can often quite easily
reach and extract groundwater (Canadell etal., 1996). App Table 7 provides alist of guidingrules usedinthe GDE
Atlas.

5.2.2 Ancillary data sets and expert knowledge

In a “first pass’ assessment of potential GDEsinthe impactarea,
data setsand information can be collated to help represent some
of the variables of the indicators above. Mapping the likely
presence of GDEs at this stage is a process of overlaying spatial
data ina geographicinformation system (GIS) and incorporating
known GDE information to illustrate the locations of ecosystems
that potentially use groundwaterand theirlikely GDE type. In the
GDE Toolbox, thisstepisreferredtoas Tool 1 — Landscape
mapping (App Table 2 ). A non-exhaustive list of example spatial
data layersisgivenin App Table 3, with links to national and state
data sets (in App Table 4). Online resources, such as the GDE Atlas can also be used. The initial search mustbe more
comprehensive than databases specificto GDEs because gaps currently existin these databases, particularly for
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smallerecosystems (<90- 250 m?). Examples of databases to complement searches of the GDE Atlasinclude
GeomorphicWetland Mapping in Western Australia, and the Queensland Groundwater Database.

For example, GDE mappingforthe Comet, Dawson and Mackenzie River sub-basinsin Queensland was completed
using the Queensland GDE Mapping and Classification Method (DSITI, 2016). Digital maps were generated by
integrating spatial data with expertlocal knowledge collected over three workshops. This collation of knowledge
overcame one of the shortcomings of previous broad-scale mapping projectsin notaccounting forsite- orregion-
specificinformationin mappingrule sets.

Known GDEs are GDEs identified from past field studies or desktop studies that have established agroundwater
connection withinalandscape (see CASESTUDY 2). Known GDEs inthe projectimpactarea can be identified using
the GDE Atlas and literature review including journal papers, reports and other EIAs.

5.2.3 Remotely sensed data

Increasingly, remotely sensed imagery is becoming easily accessible and free. MODIS imagery, for example, can be
extracted viaNASA (MODIS data) and includes many variations of analysis-ready products that suitidentification of
GDEs such as vegetation indices at 250 — 500-m pixel resolution every 8days. Landsat, which has coarser temporal
resolution (16-day return) butfiner spatial resolution (30-m pixels), is also free from USGS (Landsat data) but
requires additional corrections beforeitis fit-for-purpose. The Australian Government is overcoming this constraint
withthe Data Cube, whichis pursuing a user-friendly interface to download Landsat products that are user-ready,
similartothat of MODIS.

Usingremotely sensed data provides a way to assess the landscape across broad to fine scales, and isencouraged as
a methodto identify potential GDEs and their groundwater dependence before and after CSGand LCM operations.
Landsat, for example, hasalongarchive of imagery whichisimportant tounderstand conditions priorto
development. As remote scientificanalysis methods progress, remote sensing will become an economicand valuable
tool to provide anindication of level of groundwater dependence (section 5.3) in conjunction with other methods in
a multiple lines-of-evidence approach (Doody et al., 2017). Suitable skills will be required to undertake and interpret
analysis.

CASE STUDY 2: Integrated mapping of GDEs across Victoria

Borenoles
In orderto identify threatened terrestrial GDEs across Victoria, a
landscape mapping approach was undertaken to identify potential
GDEs (Dresel et al., 2010). Various data sources, including published
field studies, were used to determine landscape settings of known
GDEs and to identify potential GDEs.

== Hydrology

Climate

Data sources included climatic zones to segregate a broad region;
state ecological vegetation classes; remote sensing Landsat e 'S
greenness; MODIS photosynthetic activity; land use; groundwater
depth; groundwater salinity; and surface geology.

Landform

Data overlaid in a GIS provided an approach to identify potential
GDEs. For example, vegetation where the ecosystem maintained a
constant greenness overa dry period and was associated with a
wetland ecosystem implies a high probability of GDE presence.
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RECOMMENDATION: Use the GDE Atlas, national-, state- and local-scale spatial data, remote sensing, expert
knowledge and scientificstudies to create and update conceptual modelsinanintegrated desktop study guided by
GDE rules of likely groundwater dependence. This will indicate potential GDE presence in and around the project
impact area and capture the relationships between potential GDEs and groundwater.

OUTCOME: The proponent will have alistand map of potential GDEs that may include alluvial aquifers, wetlands,
rivers, springs and vegetation communities, together with an indication of the likelihood of groundwater

dependence foreach potential GDE in the projectimpactarea.

5.3 Characterising the level of groundwater-dependence

Once potential GDEs have been identified, proponents need to understand how each GDE interacts with aquifer(s)in
the projectarea (see arrow 3 in Figure 5). Conceptual models (see section 5.3.1) will improve this understanding by
illustrating relationships of GDEs and groundwater, along with likely
causal pathways of potential impacts (section 3.1). However, to
assessthe level of groundwater-dependence, more informationis
needed on the specifics of the GDE - aquiferinteraction, particularly
the ecological water requirements of each GDE (section 5.3.2) and the
likelihood of groundwater-dependence (section 5.3.3). Details are
deemedrelevantifthey are aspects of groundwater regime or water
guality thatare likely to affect the GDEif changed (e.g. amount,
location, timing, frequency, episodicity of groundwater use).

5.2.4 Conceptualisation

Conceptual models, often presented as stylised diagrams, helpillustrate the relationships and interactions of GDEs
and groundwater, and are an important step inidentifying GDEs and understanding their groundwater dependence.
Itiscritical that these models show how CSG or LCM activityis linked to GDEs via the aquifer that connects them.
Conceptual models provide away to visualise complex processes simply, and are useful in elucidating and illustrating
likelyimpacts and their causal pathways (section 3.1). This understanding of the type, mechanism and pathway of an
impact can thenbe usedto guide the development of an appropriate monitoring program (section 6).

Conceptual models are asuggestedtool in the GDE Toolbox (T2 — conceptual modelling; App Table 2), and
Queensland’s Wetland Info site provides a step by step approach to theirdevelopment (Wetlandinfo). Serov et al.
(2012) present conceptual models to clarify groundwater andits relationship to GDE type.

5.2.5 Ecological water requirements of GDEs

Ecological waterrequirements of GDEs are those aspects of the natural groundwater regime that supportthe
persistence of critical ecosystem characteristics (biodiversity, ecological structure) and processes (ecosystem
function; Richardson etal., 2011). Thissection is specifically focused on the features of groundwater (flow, depth to
watertable, pressure and quality) that support ecosystems and need to be considered spatially and temporally. Itis
assumed that other hydrological requirements of GDEs (e.g. surface water) covered elsewhere in the EIA are also
considered, butthese are not discussed here.

A numberof methods exist for establishing the ecological waterrequirements and groundwater dependence of
GDEs and are detailedin App Table 2and summarisedin Table 2. Tools T3 - T6 aim to identify the sources of water
used by vegetation, and tools T7 - T8 and NT5 (see CASESTUDY 3) aim to identify whethervegetation uses more
waterthan islikely to be available without access to groundwater. A multiple-lines-of-evidence approach is required
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to determine level of groundwater dependence (high, medium, low, nil). Dependence level is related to quality of
data used (qualitative versus quantitative) and the number of lines of evidence (see Doody etal., 2017). The
‘precautionary principle’ (taking preventative action in the face of uncertainty) is employed when insufficient data
existstodeterminedependence.

Table 2. Summary of tools for assessing GDEs which incorporate field data (see App Table 2 for full details). T=Tool showninthe GDE Toolbox;

NT=New Tool
Code Tool

T3 Pre-dawn water potential

T4 Plant waterstable isotopes

T5 Plant wateruse modelling

T6 Plantrooting depth and morphology

T7 Plant groundwater use field methods

T8 Vegetation water balance

T9 Stygofaunasampling

T10 Evaluation of surface water—groundwaterinteractions

T11 Environmental tracers

T12 Introduced tracers

T13 Long-term observation of ecosystem response to
change

T14 Numerical groundwater modelling

NT4 Genetic/DNA analysis

Shallow alluvial aquifersinherently have a high likelihood of being GDEs, and require sampling for stygofaunato
confirmthis (T9). Recentadvancesin environmental DNA (eDNA) analysis provide anew approach toidentify
stygofauna habitats overlargerscales (Goricki et al., 2017). While eDNA is still largelyin the realm of research, it will
likely become more readily available as atool for consultantsin the next five years (see CASESTUDY 4). Tools T10 -
T12 detail techniques forunderstanding how groundwaterinteracts with aquatic GDEs (e .g. rivers, wetlands, springs,

= swamps). Inaddition to these techniques, groundwater connection can
-

be confirmed through the presence of stygofaunainthe hyporheic
zone (Hancock, 2002).

The degree of groundwater dependence will occur overa continuum

that varies proportionally over space and time. Itis seldom possible to
guantify how much groundwaterall ecosystems use, orexactly when.
What is required at this stage is an indication that the ecosystem does
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use groundwateranditslikely level of dependence, and thatisolation of the potential GDE from the aquifer will
resultinsignificant change in ecosystem condition.

Initial investigations into the potential reliance of ecosystems on groundwater need to be supported by alonger-
term approach to understanding the ecological responseto change. This can be achieved through targeted
monitoring programs designed along causal pathways (section 3.1), which test specific hypotheses of how
ecosystems are affected by changestothe aquifer (e.g. T13and T14, Table 2; App Table 2). CASESTUDY 5 presents
an example of long-term monitoring of ecosystem response to change in groundwater conditions (T13).

It isimportantto returnto section 3.1 at this stage to ensure all causal pathways likely toimpact on the GDEs are
identified and documented. Conceptual models should also be updated.

RECOMMENDATION: Assess ecological water requirements of GDEs and use these to confirm causal pathways
(section 3.1) that may create a change in GDE status through altered groundwater regimes. Use multiplelines of

evidence todetermine groundwater dependence where possible.

CASE STUDY 3: Landsat remote sensing delineation of GDEs

Remote sensing provides a broad-scale, fine-resolution and temporal ability to map GDEs. Landsatimagery is
especially suitable with a long, freely accessible globalarchive and spatial resolution of 30 m. Multi-spectralindices
such as NDVI(Normalised Difference Vegetation Index) and NDWI (Normalised Difference Wetness Index) are ideal to
track changes in vegetation greenness and wetness, respectively. In combination, they can be used to map GDEs by
defining vegetation status over prolonged dry periods. It is expected that vegetation dependent on groundwater
(phreatophytes) willmaintain higher greenness over extended dry periods as well as higher surface water content
related to increased water availability in comparison to dryland, rainfall-dependent xeric vegetation.

A study undertaken in the south-west of

Western Australia identified GDEs using NDVI/

and NDWI (Barronetal., 2012) in a

Mediterranean climate with hot dry

summers. From field assessments, a number B cu
of GDEs were known to be associated with

localised groundwater, diffuse discharge e o
zones and riparian vegetation. The study was L__Jcs
founded on thetheory that due to limited B c.
rainfall over a six-to seven-month period, soil [os
moisture stores would be depleted and areas

that maintained constant greenness and high

surface moisture (wetness) were indicators

thatvegetation were likely to have access to N
groundwater. The research identified two A
land cover classes (CL) of GDEs, two classes ? ; 2|°
of non-GDEs and a class which identified Kilometres

open waterbodies. All classes are shown in the associated map, where CL1 contains GDEs with permanent access to
water (high greenness and wetness); GDEs in CL2 have reduced access to groundwater but remain green over a long
dry period (slow-drying GDEs); CL3 ecosystems have no groundwater connection and hence are not GDEs in a fast-
drying landscape; CL4 highlights open water bodies (GDEs) where wetness is high but green ness is low; and CL5
shows areas of low greenness which are not GDEs. The mapping demonstrated good agreement with field data
where GDEs were associated with springs, riparian vegetation along perennialrivers, break-of-slope seepage zones
and terrestrial vegetation with access to shallow groundwater.
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CASE STUDY 4: Environmental DNA (eDNA)

Environmental DNA (eDNA) is the DNA released by organisms as they move through the environment. The DNA of a
range of aquaticorganisms can be detected in water samples at very low concentrations. In aquatic environments,
eDNA is diluted and distributed in water where it can persist for one to three weeks; however, once trapped in
sediments, the DNA can be preserved forthousands of years.

Large-scale assessment of groundwater ecosystems has typically been based on assessment of the presence of
obligate groundwater invertebrates (stygofauna). However, these represent a very small portion of the ecosystem
diversity, and the microbial component of the aquifer ecosystem is responsible for the key ecosystem functions
relating to water quality. Using eDNA provides an opportunity to rapidly identify a more representative suite of
microorganisms that exist within an aquifer.

Advances in eDNA processing will continue toimprove the capacity to identify the presence of a range of
microorganisms within an aquifer, and to map and monitorthe distribution of endangered, rare (e.g. Goricki et al.,
2017) and invasive species. In standing waters, such as lakes and ponds, eDNA has been used to estimate population
abundance of target species. However, the spatialand temporal distribution of eDNA in flowing waters is a more
complicated process and requires more research (e.g. Shogrenetal., 2017).

5.2.6 Confirming the likelihood of groundwater dependence

- A measure of GDE likelihood identifies regions of the projectimpact area
that require furtherassessment to characterise levels of groundwater

! connectivity and thresholds beyond which condition of the GDEs will
declineif groundwater alteration occurs. Likelihood of accessing

¥+ groundwatermay be used as a proxy for groundwaterdependence in the
» ‘_. early stages of impact assessment. Without detailed field surveys, itis
difficultto quantify the likelihood, soit can be reported qualitatively as
high, medium, low and nil. Forgroundwater-dependent vegetation
communities, the likelihood of dependence can be determined initially by
the species of tree (for speciesthat have aknown dependence on groundwater, see App Table 5) or groundwater
depthas reported by local or regional monitoring data. Forexample, astand of Red Gum on a floodplain where the
watertable is5 m deep will have a high likelihood of accessing groundwater, based on published records (App Table
5 and App Table 6).

Rivers are assigned a high likelihood of groundwater dependence if groundwater levels nearthe riverchannel are
shallow and the watertable intersects orruns just below the lowest pointin the river cross-section. All subterranean
watersinalluvial aquifers are likely GDEs and are assigned a high likelihood of groundwater dependence.
Groundwater dependence of other GDEs will be medium or low. If the ecosystem does not access groundwater(i.e.,
has a likelihood of nil), itis nota GDE.

To determine likelihood requires afurther targeted desktop study once potential GDEs have been identified. The
guiding questions provided in Eamus etal. (2006; Table 1) aid assessment of likelihood, wherebya positive answer to
any one questioninferslikelihood of being a GDE. To answer these questions, additional dataand analysis such as
stream flow or groundwaterregime are required. Vegetation dependence on groundwater canbe determined from
literature reviews and species information givenin App Table 5and App Table 6. Additional remote sensing analysis
at this stage can generate datasets or highlight relationships to groundwater which help to reveal likely groundwater
dependence (Eamusetal., 2015a).
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Various approaches using desktop analysis to identify likelihood of
GDEs include vegetation analysis, groundwater-surface interaction
studies, remote sensingand geologic mapping (Dreseletal., 2010).
Integrative methods using geological, hydrogeological and ecological
data sets with the inclusion of expert opinion (and location of known
GDEs) are now commonly used to provide reliable estimates of
likelihood, employing a multiple-lines-of-evidence approach. The
method undertaken to create the GDE Atlas providesarelevant
example of dataintegration (Doody et al., 2017) as does CASE STUDY 2.

Using desktop analysis and integration of three indirect data sources (vegetation community mapping, groundwater
level dataand remote sensing greenness), DP1(2016) demonstrate amodel toidentify vegetation with high, medium
and low potential for groundwater dependence. Frequency matrices for each GDE type (vegetation, wetland, etc)
are created where a classification of 1, 2, 3 and 4 responds to high, medium, low and no potential (orlikelihood) to
extract groundwater, respectively (Table 3).

Table 3. Groundwater depth (m) and number of times in a 10-year period that greenness remained above a determined threshold to indicate
groundwater use for woody vegetation. 1=high, 2=medium, 3=low, 4= no potential. See DPI(2016) for fullmethods.

1-4 times 5-8 times 9-10 times

0-8 m 3 2 1
8-12m 3 2 2
12-16 m 3 3 2
16-20 m 4 3 3
>20 m 4 4 3

OUTCOME: Proponent will have assessed the likely level of groundwater dependence of potential GDEsin the
projectimpact area as high, medium, low or nil using a multiple lines-of-evidence approach. Temporal and spatial
groundwaterneeds will be documented, and causal impact pathways identified. Where possible, conceptual models
will be updated with new information.
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6 Baseline ecological condition assessment and field survey
requirements

The baseline ecological condition of a GDE is the state of the ecosystem priortothe start of CSG and LCM activities.
Where the GDE occurs in an agricultural or other modified landscape, there may already be some pre-existing
influences onthe ecosystemthat have moveditfrom apristine condition and this should be considered. Inan EIA,
the main purpose of determining baseline ecological valueis to understand the ‘starting point’ of the ecosystem
priorto development. This becomes abenchmark that future monitoring can be compared against. Ifa GDE isin a
poor state priorto CSG or LCM development, thereshould be anaimtoimprove its condition during and beyond
operations.

6.1 Baseline conditions

To define the baseline condition of GDEs prior to CSG and LCM activities (see arrow 4in Figure 5), the spatial extent
and magnitude of groundwater drawdown or depressurisation needs to be determined, as do any changes expected
to water quality. The vulnerability of each GDE to predicted changesin water chemistry, volume and/or pressure can
then be assessed using data collated for each GDE in the projectimpact area. Monitoring programs and conceptual
modelling of causal pathways (section 3.1) are critical for defining how GDEs are likely to respond to groundwater
systemthreats.

Priorto commencement of activities that may affect groundwaterregimeand water quality, itis critical to establish
the baseline ecological and hydrological conditions within and outside the projectimpact areato ensure that
changes due to CSG or LCM activities can be distinguished from those due to natural variability and climate change.
This can be achieved usingacombination of published and unpublished reports, databases, remotesensing and field
assessment (seesection 5). Detailed guidelines for determining baseline condition exist foraquifer communitiesin
Western Australiaand Queensland (WA EPA, 2016; DSITI, 2014). These guidelines use the stygofauna community as
the main biological indicator to assess ecological condition of aquifers.

6.2 Requirements for GDE field surveys

Field surveys of GDEs are required fortwo key purposes: i) to confirm the presence
of all potential GDEsin the projectarea (ground truthing), select referencesites
outside the projectimpact area, and assess the baseline condition of GDEs; and ii) to
identify arepresentative subset of GDEs to use for detectingimpacts and monitoring
the effectiveness of mitigation strategies.

When establishingafield survey protocolinthe impact assessment phase of a CSG or
LCM project, itisimportant the proponent considers how the sites, protocols and
samplingregimes will be used throughout the project, including beyond completion
of CSG and LCM activities. This saves time, and will likely improve impact assessment
efficiency. Ideally, GDE data collection sites and protocols can be consistently used to
(i) establishif the ecosystem is groundwater-dependent; (ii) determine baseline
condition and ecological value; (iii) monitor forimpacts during CSG or LCM activities;
and (iv) where applicable, assess GDE recovery after operations cease. This Note is
concerned mostly with (i) and (ii) although proponents should also consider uses (iii)
and (iv) when establishing their survey routines.
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6.3 Field surveys and monitoring

As mentionedin section 5.3field surveys for GDE assessment are important to confirm each
potential GDEidentified inthe desktop study is groundwater-dependent, and assess the
nature of that dependency (section 5.3.2). This allows ecosystems not dependent on
groundwaterto be eliminated from furtherassessment. The focus here is eitherto confirm
that thereisa connection between the ecosystem and an aquifer (inthe case of GDE
vegetation communities, wetland GDEs and river baseflows) or that stygofauna are present
(foraquiferecosystems). Field-based tools are summarised in Table 2and App Table 2.

The second purpose of pre-development field surveysis to establish the baseline condition
and ecological value of the ecosystem once it has been confirmed as a GDE. If the ecosystem
islisted as threatened understate or federal legislation, orif it contains species or
populationsthatare listed, thenits value is considered as high. Other benchmarks forvalue
include biodiversity, how common the ecosystem type is throughout the landscape, its
spatial extent, the ecosystem services it provides and whetherit contains endemicspecies
(Serovetal., 2012; see Section 2.2).

Sufficient understanding of baseline conditions is essential so that benchmarks can be set for
future comparisons once CSGor LCM activities commence. Groundwater dependence
changes spatially and temporally. Therefore, to estimate natural variability, baseline
sampling needs to be sufficiently replicated within an ecosystem type (e.g. at several
locationsin a vegetation community, wetland system oran aquifer) and datashould be
collected more than once, with one survey occurring at or near the time of optimal
groundwater dependence.

Proponents must also establish reference sites outside the expected impact area. Doing so
indicates whether changes observed across GDEs in the impact area exceed changesinthe
broaderregion which may be explained by climate variability or other sources of variability.

A key consideration for samplinginthe ‘impact assessment’ phase of a projectis how it will
be usedto inform monitoring during the operational and post-operational phases. The type
of data and how, when, and where itis collected during the initial stages of amonitoring
program will need to be compatible with future surveys designed to detect changes from
impacts. Preferenceshould be giveninthe ‘impact assessment’ phase to choosing sites that
can be includedin subsequent monitoring programs throughout the life of a project. During
the early stages of field surveying, the proponent can sample intensively to identify redundanciesin sites and
variables, and thenrefine these to a representative subset of sites and variables for efficient long-term monitoring.

6.4 Site selection

To assess the condition and value of GDEs inthe early phase of an EIA, sites need to be selected thatare
representative of the GDE types that exist within the projectimpactarea. For
example, samplinglocations foraquifer ecosystems should initially focus on
areas where stygofaunaare most likely and attempt to coveras much of this
GDE as possible. However, stygofauna surveys usually rely on access to an
already existing bore network which limits where samples can be collected
and the number of suitable bores available to each aquifertype (CASESTUDY
5; App Table 8).

Preferably, GDE survey sites should be located close to existing groundwater
monitoring bores as groundwaterdatais critical to understanding the specific nature of the groundwater and GDE
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interaction. If no monitoring bores are neara GDE, especially ahigh-valueone, they should be installed and
monitored in conjunction with the GDE.

If sites are selected forthe purpose of detecting a future potentialimpact, such as watertable drawdown, then
sampling points should be within the region where the impactis likely to occur but also include suitable equivalent
reference sites outsidethe likely projectimpactarea.

The short time over which EIA data is usually collected limits assessment of GDE temporal variability. This datais
seldom sufficient for use in establishing baseline conditions against which future monitoring will be compared. To
overcome this problem, reference sites need to be established. These should be located in areas where impacts from
CSG or LCM activities (whichincludes the project underassessment as well as existing and likely future operations)
are negligible, but where the ecosystems are still subject to changes consistent with pressures notcaused by CSGor
LCM activities. Inalandscape where the GDEis already subject to pressures of irrigated agriculture or other
modifications, reference sites should also experience similar pressures so thatimpacts due to CSG or LCM activities
can be successfully distinguished.

Each high-and medium-value GDE should have multiple sampling sites with enough replication to differentiate
natural variation inthe ecosystem forspecies that are sensitive to groundwater regime change. Dependingon the
location of GDEs with respect to watertable drawdown, it may be necessary to stratify sampling to account for the
impacts of differentlevels of drawdown. Forexample, agroundwater-dependent patch of vegetation might suffer
more where the predicted drawdownis 10m than in a location furtherfromabore or mine, where drawdown will
onlybe 2 or 3 m (assumingthereis nota threshold depth to watertableshallowerthan 2 m where majorimpacts
abruptly occur).

CASE STUDY 5: Carmichael Coal Mine and Rail Project Stygofauna Survey(GHD 2012)

The Environmental Impact Statement Terms of Reference for the Carmichael Coal Mine, in Queensland’s Galilee
Basin, required the ‘description to Order or Family taxonomic rank of the presence and nature of stygofauna’, and
specified that the sampling and survey methods should follow WA EPA (2003, 2007) gquidelines forsampling. At the
time, these guidelines were considered best practice for Australia.

The guidelines specify that sampling should occur over at least two seasons and collect samples from at least 40
bores (WA EPA 2003). These bores should access all aquifers present in the projectimpact area, buta higher
emphasis should be placed on aquifers likely to have stygofauna (such as alluvial aquifers).

In reality, stygofauna sampling is restricted by bore availability. Bores are not always in the optimallocation due to
installation for purposes other than the collection of stygofauna samples. For the Carmichael Coal Mine, where the
project tenement covers approximately 25,740 ha, 19 bores were sampled on each occasion, with only two of these in
alluvial aquifers. This is because there were very few suitable bores
presentin the alluvium (GHD, 2013). Although two stygofauna taxa
were collected from a clay aquiferand one of the coal seams, no bores
were sampled from the alluvial aquifers of the two largest systems in
the study area, the Carmichael and Belyando Rivers.

To better understand the stygofaunal diversity of the impact area,
bores need to be installed in the alluvial aquifers, and more data
collected. With only two bores sampled from alluvium, it is likely that
stygofauna diversity in the Carmichael Mine was under-estimated.

With more specific and detailed sampling guidelines now in place in
Queensland (DSITI 2014) and a better understanding of stygofauna ecology and distribution, subsequent stygofauna
sampling regimes will be developed to target the appropriate aquifers and undertake sampling in sufficient spatial
detail. Forthis to be achieved, it may be necessary to install monitoring bores that are not just located forthe
purpose of water quality sampling, but can also be used for stygofauna sampling.
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RECOMMENDATION: Prioritise site selection and suitable replication during the pre-development stage sothata
representative subset of sites can be included in subsequent monitoring to track changes during CSG or LCM
operations. Locate sites near groundwater monitoring bores.

6.5 Assessing ecosystem value

The purpose of assigning an ecosystem or ecological value to a GDE inimpact assessmentis to assess what might be
lostas a result of development and to make informed decisions. It also provides amethod to prioritise avoidance
and mitigation strategies, and guide monitoring programs.

When assessing the ecologicalvalue of a GDE (see Section 2.2), a proponent must considerthe criteriathat exist for
the state or territory in which they work. They need to consider the ecological condition of the GDE under current
and historical land management, how this differs fromits likely condition priorto any impact from CSG or LCM
activities, and the potential for the ecosystemto returntoits pre-impact condition with and without mitigation
measures. The process of establishing ecological condition, and the thresholds used to determine whether the
ecosystemisingood, moderate or poor condition, will vary for each GDE and its regional significance. Usually, field
surveys will be required tofill information gaps. Guidance on
field assessment of ecosystem condition or value for
subterranean faunais detailedin AppendixGand App Table 8
and App Table 9.

Inan EIA, it is critical to understand ecosystem value with
respectto how GDEs interact with the surrounding environment
and the myriad of ecosystem services that they may provide.
Eamus etal. (2006; see section 2.2) recommend thatvalue be
assigned to GDEs through a combination of community
consultation, expert knowledge and economicassessment
(amenity, tourism, conservation, economic productivity) and that where value, threat (vulnerability) and uncertainty
are the greatest, GDEs should be prioritised using the ‘precautionary principle’. Guidance on community consultation
and economicassessmentare outside the scope of this document.

Serov etal. (2012) provide acomprehensive guidefor attributing alow, moderate or high value to GDEs, including
consideration of:

e thesensitivity of GDE communities to changesin groundwater (e.g. high value - GDEs for which only slight
changesingroundwaterlevel can resultinloss of biota orservices; moderate value - GDEs that require a
moderate change in groundwaterto cause change in their distribution, composition or condition)

e |ocation of GDEs (e.g. high value - within State Reserves)

e condition(e.g. highvalue- GDE is relatively unaltered with good condition; low value - highly modified from
natural state and decliningin ecosystem condition)

e uniqueness (e.g. high value - GDE contains endemic, relictual, rare orendangered species; moderate value -
GDEs contain vulnerable orthreatened biota)

e services(e.g. highvalue - GDEs that provide multiple ecosystem services to society)
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6.6 Data requirements

The GDE Toolbox contains alist of different sampling methods available for GDEs (App Table 2). Pragmatically, the
sampling regime must fit within the time constraints allowed for preparing the EIA, which means long-term datasets
will not be available for most types of data.

Each GDE in a projectimpactarea should be surveyed priorto commencing operations, and the levels of detail and
samplingintensity are guided by GDE ecological value and condition (section 2.2), level of groundwater dependence
and vulnerability (see section 7.2). A higherlevel of survey effort should be allocated to GDEs that have a high
ecological value and/orare potentially at higherrisk.

Remotely sensed data offers an opportunity to coverbroad areas quickly and economically (see Section 5.2.3), and
can be used to demonstrate changes through time in terrestrially expressed GDEs such as river baseflows, springs
and vegetation communities. However, for many GDEs, field surveys are required to determine baseline condition.
Priorto conductingfield surveys, proponents need to considerthe type of datarequired. Data needs to sufficiently
fillany gapsidentified in the desktop phase of the assessment (section 5), be useful forindicating ecological value,
and establish whether the ecosystem hasaconnection toan underlying aquifer (see Eamus et al. (2006) and Table 1
for criteriato determine groundwater connection).

Critically, ecological dataneedsto be paired with B -‘
groundwater dataso the link between GDE condition |-

and groundwaterlevel and quality can be determined = :
and monitored. However, consideration should be given T i ]

to lag effects (e.g. Red Gum tree decline may take six
monthsto become obvious after groundwater lowering)
and antecedent conditions that mightinfluence current
ecological state (e.g. health of a GDE might have
declinedand be ona declining trajectory before
operations). The interaction between a patch of
vegetation and groundwaterthatit dependson can be
betterunderstood (and later, better managed) if
groundwater datacomesfrom as nearthe source as possible. Once a GDE has beenidentified, one ormore bores
should be installed nearby to monitor local groundwater and other ecologically relevant data(e.g. electrical
conductivity, pH, dissolved oxygen concentration, dissolved organiccarbon and nutrient concentrations).

Samplingfrequency willvary between different GDE types, and is often constrained by funds available to undertake
sampling. Canopy cover of riparian vegetation, forexample, will often change in relation to season and water
availability. If wateris scarce or its extraction is energy-limited, native eucalypts will drop leaves and reduce water
use to compensate (Doody et al., 2009; 2015). Sampling atleast quarterlyis advised to assess the seasonal trends
related tovegetation dynamics. This can be supplemented with remote sensing of greenness to establish along-
term baseline of seasonal canopy response trends. GDEs that potentially serve as early warningindicators of
groundwater change should be sampled with higher frequency (e.g. stygofauna).

All non-spatial data (e.g. water quality, ecological condition, groundwater level) should be linked to aknown point on
the landscape, such as a GPS point, forinclusion in spatial databases. Maps are often the main visual means of
displaying GDE location and condition, so an ability to overlay data on these maps can be importantforillustrating
interactions between groundwater regime and ecosystem condition (see example in Figure 6).
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Figure 6. Mappingexample demonstratingthe combination of overlayingmaps of depth to groundwater (top left) and vegetation (top right) to
reveal potential GDEs from the intersection between the two (bottom), in three classeswhere groundwateris 0-5m, 5-10m and 10-20 m near
Hill Riverinthe Northern Perth Basin, Western Australia. Vegetationis not considered a GDE when groundwater depthis greaterthan 20 min

this example. SOURCE: Rutherford et al., 2005.

It may also be possible to use the data collected for othersections of an EIA. Most EIA documentsincludeachapter
assessing vegetation communities (including riverine vegetation), and this can be used to indicate value (e.g.
biodiversity, presence of threatened species or communities) of communities that are also groundwater-dependent.

6.7 Survey level of detail

Generally, GDEs should be sampled at a level of detail sufficienttoindicate the degree of groundwater dependence
and theirecological condition and value. For this, the survey mustinclude enough replication of each GDEto enable
an understanding of their ecological condition over space and time. Greater detail willbe needed if threatened
species exist or othersignificant components are present that may be impacted by changes tothe groundwater
regime orgroundwater quality. Forexample, if a floristics survey finds a threatened orchid thatisreliant on the
hydraulicredistribution of water by a patch of groundwater-dependent trees, the population of orchids occurringin
the patch of vegetation should be mapped so changes through time are evident.

Surveys needtoadequately consider:

e thespatial extentof a GDE, ensuringthere are enough data pointsto represent a GDE’s characteristics
across a gradient of depth to groundwater (forexample), and that there are enough suitable bores nearbyso
ecological condition can be paired with groundwater data (e.g. waterlevel and water quality)

e thenumberofsurveysneededateachssite to understand temporal patterns (e.g. seasonal or occasional
wateruse) in each GDE

e variablesrequired, and level of detail needed to adequately assess GDE value (e.g. for stygofauna, should
identification be taken to species level?)
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e samplingfrequency, especially where responses may be rapid or provide early indications of impending
severe impacts

e matching data with the causal pathwaysin the conceptual models of the GDEs to justify why particular
variables (and theirsampling regime) were chosen to detect and monitorimpacts to GDEs

RECOMMENDATION: Proponents should identify a suitable number of reference sites outside the projectimpact
area that are representative of GDEs in the projectimpact area. The sampling regime (number of sites and frequency
of sampling) needs to reflect ecological value and condition, level of groundwater dependence and level of risk to

the GDE, and must be justifiedin the EIA.

6.8 Data analysis and management

Spatial and non-spatial analyses are required to determine
the extentand condition of GDEs.

Data analysis should allow foranindication of an ‘acceptable
level of change’ inacritical variable (e.g. species diversity,
pre-dawn leaf water potential), and this can be determined
using past data. For most GDE types, data on ecological
condition will be sparse or non-existent priorto the initiation
of EIA studies, so an understanding of natural variability will
be limited. Management plans developed during the EIA

= ——— - L~ phase need to acknowledge this and setrealisticmonitoring
———— = —— = : goals that are adaptable to new data. Impacts to GDEs may
not be immediate, requiringan additional period for data collection if the projectis approved. Some estimate of
these time lags should be made, and could be guided by conceptual models of causal impacts and groundwater
dependence (Section 5.3.1)

An ‘acceptable level of change’ can be determined through either comparisons betweenimpactand referencessites
or comparisons with patterns published in the scientificliterature or reports of similar projects.

Ideally, all data collected during GDE assessments for EIA projects should be stored in a central repository, such as
the GDE Atlas, soit is available foruse by other proponents orresearchers wishingtoincrease our understanding of
the interactions between GDEs and aquifers. There are several state-based databases where GDE datasets are stored
(e.g. Wetland Infoand the Subterranean Aquatic Fauna Database in Queensland).

Proponents must take responsibility for managing and storing the data collected. Throughout the life of a project,
the consultant collecting dataforthe EIA may differ from the consultant conducting the monitoring duringthe
operational phase. Therefore, data management and storage should sit with the project proponents. Unless the
proponentrequests raw datafrom the consultantand stores it appropriately, datawill be lostand the only
information available willbe that presentedin reports. Without access to pre-impact data, it can be difficultto
detectwhether GDE changes have occurred.

OUTCOME: The proponent will have assessed baseline condition of GDEs within and outside the projectimpactarea,
recognisingthe needtoincorporate appropriate field survey and monitoring methods that consider factors such as
site selection, level of survey detail required, sampling methods, determination of ecological valueand condition,
level of groundwater dependence, suitable data analysis and well-justified management options. The collected
information will provide an understanding of the natural variability in each GDE and inform decisions to determine
an ‘acceptable level of change’ with consideration of the ecological value of each GDE. Monitoring programs should
state the goals of monitoring, whatis to be measured, whereand how often, how each variable relates to potential
impacts and GDE responses, and how the data will be stored, analysed and presented.
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7 Assessing risks of project-specificimpacts to GDEs

Once baseline assessment has been undertaken for each GDE and its ecological value has been established, there
must be an assessment of potential projectimpacts to develop arisk assessment protocol which considers the
magnitude, frequency and duration of each impact (see arrow 5in Figure 5).

7.1 Assessment of impacts

State-based guidelines for assessingimpacts to GDEs existin New South Wales (Serov etal., 2012) and Queensland
(Department of Environment and Heritage Protection 2016). Both of these provide instructions to proponents on
how to identify GDEs in the project impactarea and how to determine which activities are likely to resultinimpacts.

In New South Wales, the stepsinvolved inthe assessment process (once GDEsin an impactarea have been identified
and theirecological significance and condition are determined) are:

e determinethe impactof the activity on all GDEs, including the aquifer community

e determine magnitude of risk to all GDEs

e applya GDE Risk Matrix (App Table 10, Serov etal., 2012)

e developamanagementplan consistent with the outcomes of the risk category determined in the Risk Matrix

The GDE Risk Matrix (App Table 10) outlines appropriate management responses for
an environmental value undera particular activity. The matrix consists of a vertical axis
that represents ecological value and a horizontal axisthatrepresentsthe level of risk
of an activity. The ranking of both ecological values and riskis assigned as being High,
Moderate or Low (App Table 10).

# The Risk Matrix management action table (App Table 11) identifies both the level of
managementactionrequired and atime frame relevant to each GDE in which this

" action needstobe implemented (Action Priority). Managementactions are aligned
with ecological value and do notvary with changesinrisk (e.g. the rules forthe
management of high ecological value GDEs are the same whetherthe riskis high or
low). However, the timing of management actions variesin response to the risk level.

;Fhse tools can be used to assess project-specificimpacts and associated risks to GDEs in the projectimpact area.
Only Queensland (Qld Guidelines) and New South Wales (NSW Guidelines) guidelines require an assessment of GDE
ecological value, magnitude of impact and significance of impacts at regional and state levels. The Queensland
Guidelines are notas prescriptive as the NSW guidelines in defining managementactions based on the combination
of ecosystemvalue andrisk posed by the activity.

7.1.1 Ecological response to change in groundwater condition

Defining how GDEs mightrespond to changesin groundwater condition (e.g. change in regime such as magnitude of
fluctuation, discussed in Richardson et al. (2011)) are best described using demonstrated relationships. However, as
these are seldom available, pictorial conceptual models (Section 5.3.1) and causal pathways (Section 3.1) can be
developed and used tojustify predicted responses. Understanding GDE responses to changesin groundwater
condition canthen be supported by data and demonstrated relationships if they are available, once a conceptual
understandingis developed.

Toolsto help determineecological function in relation to change in groundwater regime (e.g. leaf water potential,
isotope and water use studies - Table 2 and App Table 2) may need to be applied spatiallyand temporallyas
demonstratedin CASESTUDY 6 to understand the interaction between the GDEand groundwater connection.
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In general, changesin groundwater availability have been found toimpact growth, reproduction, recruitment and
mortality of groundwater-dependent biotaand to alterthe structure and function of GDEs (Eamus et al., 2006; Kath
et al., 2014). Data collected from monitoring programs can be used to derive and revise conceptual and predictive
modelsto furthertest hypotheses of how ecosystems may change ifimpacted by threatening groundwater-related
processes. Forexample, field data collected after conceptual model development confirmed that riparian Red Gum
will access groundwater when otherwatersources are not easily available (Doody et al., 2009), furtherinforming the
processes displayedin the conceptual model. This may lead to a new hypothesis that groundwateralterationin
riparian areas supporting Red Gum will have significantimpacts during times of extended drought when rainfallis
below average and surface waterflows are substantially reduced.

Assessing GDE response to change in groundwater condition mustinclude spatialand temporal consideration of:

e howthe GDE (or one of its components) is likely to respond to changes in groundwater regime and water
guality

e the natural range of hydrological conditions under which the GDEs persist
e thehydrological thresholds thatrepresent the limits of ecosystem persistence and resilience or vulnerability

As uncertainty in determining thresholds between hydrologicregime and ecological response can be high,
particularly during the early years of CSG and LCM development, NSW and Queensland integrated risk assessments
into their protocols for determining threats to GDEs (section 7.2). This aims to minimise the impacts on the most
valuable and vulnerable GDEs (Rohde etal., 2017) until theirecological water requirements are better understood
through long-term monitoring of ecological response to changesin groundwaterregime(T13- long term observation
of ecosystem response to change, Table 2and App Table 2) and modelling ecosystem response to potential threats
to groundwater (T14 - numerical groundwater modelling, Table 2and App Table 2).

CASE STUDY 6: Long-term monitoring of ecosystem response to
changes in groundwater condition: Gnangara Mound, Western
Australia

Gnangara Mound is a shallow unconfined aquifer thatis used to
supply groundwater to the Perth metropolitan area. Surface water,
groundwater and vegetation have been monitored around Gnangara
Mound overthe last four decades. The amplitude of seasonal
fluctuation in groundwater levelis about 2.5 m. Only two years after
groundwater extraction commenced, groundwater levels declined by an additional 2.2 m during summer. The decline
in watertable coupled with lower-than-average annualrainfalland a period of high summertemperatures resulted in
extensive dieback of Banksia species (a loss of between 20 and 80% of adults of overstorey species and up to 64% of
adults of understorey species) within 200 m of the production bore. No significant overstorey or understorey dieback
occurred at the reference site overthe same period (Groom et al., 2000). Many subsequent studies, summarised in
Eamuset al. (2015b), examined the vulnerability of Banksia species to changes in the dep th to the watertable by
using a number of techniques forunderstandingvegetation water stress (including xylem embolism vulnerability, leaf
water potential, Huber values (the ratio of sapwood to leaf area), leaf-specific hydraulic conductivity, and root
growth).

Key findings included:

e two of thespecies of facultative phreatophytes were more resistant to xylem embolism at the upper slope
(greaterdepth to groundwater) than atthe lower slope (Canham et al., 2009).

e vegetation species in order of increasing sensitivity to groundwater level decline were: B. menziesii, B.
attenuata, B. ilicifolia and Melaleuca preissiana (Froend and Drake, 2006).

e critical leaf water potentials below which dieback would be likely to occur (Froend and Drake 2006).
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e atthesurface, root growth respondedto seasonality and microclimate whereas atdepth, root growth
continued all year and was dependent on soil aeration (e.g. rapid root elongation following a declining
watertable and dieback as groundwater levels rose, Canham et al., 2012).

e groundwaterleveldeclines of 50 cm year* resulted in mass dieback of both mesic and xeric species whereas
at the reference site, groundwater level declines of 9 cm year™ reduced the abundance of both mesicand
xeric species but did not cause the replacement of mesic with xeric species (Froend and Sommer 2010).

e reduced groundwater levels have caused incidents of
reduced groundwater quality, with salt water intrusion
occurring in some coastaland estuarine parts of
Gnangara Mound.

e Jlowered groundwater levels have contributed to
acidification of some wetlands due to the exposure of
acid sulphate soils. Artificial watering of the wetlands
has reduced the impacts of acidification on
macroinvertebrate communities (Sommer and
Horwitz, 2009).

7.2 Risk assessment

Risk assessments provide amechanism to make an indicative valuation, via athreat analysis, of how the current
GDEs mightchange if groundwater conditions change (Richardson etal., 2011). To assess the risk of CSG andLCM
activities affecting GDEs, risk assessments need to define relationships for each threat between (i) the consequences
to the ecosystem, spatially and temporally, as afunction of the severity of the threat; (ii) the likelihood of the threat
affecting each GDE; and (iii) the significance of impacts in aregional/state/national context.

Serovetal. (2012) presentarisk assessmentapproach that:
1. identifies GDEtypesandtheirinferred degree of dependence on groundwater
2. determines ecological value of the aquiferand its associated GDEs
3. determineslikely impact of an activity on the aquiferand/oridentified GDEs
4. determinesthe level of potential risk from an activity
5. develops managementstrategies through arisk matrix approach (App Table 10).

Where there are multiple threats, Richardson et al. (2011) suggest a risk analysis using a Bayesian Belief Network
(BBN; e.g. Hart and Pollino, 2009).

By understanding the ecological value and vulnerability of GDEs to activities affecting groundwater, GDEs with high
ecological value and/or subject to high risk can be identified so that managementactions can be prioritised to
minimise risk while monitoring programs seek to reduce uncertainty (Rohdeetal., 2017; App Table 11). Monitoring
programs may take yearsto produce sufficient datato reduce uncertainty about how dependent GDEs are on
groundwater orto quantify what the relevant thresholds of change in groundwater condition are that will affect
GDEs. Incorporating a risk assessmentinto an adaptive management framework can help prioritise work, reduce risk
and avoid adverse impacts on GDEs despite the uncertainties (Rohdeetal., 2017). However, itis likely that more
targetedinvestigations will stillbe required to better understand the relationships between ecosystem conditionand
groundwater availability using more advanced methods (e.g. Table 2and App Table 2, Rohde etal., 2017).
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RECOMMENDATION: Risk assessment must be undertaken in all EIAs to identify GDEs with high or medium
ecological value and/or at high or medium risk from impacts of CSG and LCM activities so that management actions

can be prioritised to reduce risks. All GDEs must be protected, however.

7.3 Gaps in current GDE assessments

The inclusion of GDEs inimpact assessments has beenarequirementin Queensland and New South Wales forless
than a decade, so there is still some uncertainty among consultants about how GDE assessments should be
undertaken. This has led to gaps inthe assessment process, which in turn potentially resultsin underestimating
impacts of CSG and LCM activities on GDEs in the projectimpactarea. Examples of these gapsinclude:

e use of online databases only ratherthanincorporatingfield survey and detailed desktop studies
e assessments carried out by non-GDE specialists who miss critical information orinterpret findings incorrectly

e informationgapsinecology, taxonomy and distribution of many
groundwater-dependent species and their degree of groundwater
dependence

e failuretousethe besttool or model fora task

e assessments thatfocusononlythe area proposedforexpansion,
rather than the cumulative impact of the whole operation and
adjacent activities

e gapsinlegislated requirements (see CASESTUDY 7)

e uncertainty by proponents about whatis required foradequate GDE assessments.

RECOMMENDATION: GDE impact assessments must not rely solely on online databases but should be followed up
with desktop and field surveys by qualified specialists who use appropriate methods and models.

7.3.1 Information sharing between consultants during the EIA process

For CSG and LSM projects, GDE impact assessments are often completed in conjunction with otherimpact
assessments of vegetation and aquaticecology. During this EIA process, avastamount of information is gathered
abouta region, and information not collected specifically for GDEs can be valuable in GDE assessments.

Itisimportantthat this relevantinformation be shared freely between consulting groups where possible, either
through direct communication, via a facilitating party, or through the company undertaking the CSG or LCM
activities. This will prevent the needless repetition of work, and allows a more holisticassessment of potential
impacts.

RECOMMENDATION: Project consultants should share information during all stages of EIA development to provide a
full assessment of potentialimpacts on GDEs.
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CASE STUDY 7: Narrowing the gaps in impact assessment for aquifer ecosystems

In Queensland, up until2014 there was a requirement only to identify stygofauna specimens to Family level and then
assess their status as endemic. As there are few taxa that are endemic at the Family level, most assessments
concluded that impacts to aquifer ecosystems would be negligible.

Only Family level identification was required because stygofauna taxonomy and understanding of stygofauna ecology
and distribution was rudimentary. Many regions had not been sampled for stygofauna, so the species present were
unknown, as was theirecology and any understanding of the species’ ranges.

In Western Australia, stygofauna impact assessment guidelines required specimens to be identified to Species level
using morphologicalfeatures or DNA analysis (WA EPA 2003, 2007). This resulted in a vastincreasein knowledge
about stygofauna distribution, and led to a rapid increase in the
number of known stygofauna species. It also meant thatimpact
assessments were more robust, and proponents betterable to assess
the level of stygofaunalendemism in theirimpact area. In 2014, the
Queensland Government released Guidelines forthe Environmental
Assessment of Subterranean Aquatic Fauna (DSITI 2014) which
specified that most crustaceans were to be identified to Genus while
othergroups could be identified to Order or Family. Genus-level
taxonomy is possible for most crustacean groups, and these groups
are the ones most likely to be stygofauna. Where taxonomic expertise
is limited, geneticanalysis should be used following morphological
assessment.

For assessments of potentialimpacts to aquiferecosystems, there is a need for stygofauna collected for CSG and LCM
projects to be identified to Genus or Species level. This will allow proponents to more reliably assess endemism in the
collected stygofaunaltaxa and willincrease knowledge in stygofauna biodiversity and distribution in eastern
Australia. Concurrent collection of environmental data (electrical con ductivity, dissolved oxygen concentration,
temperature, pH, depth of watertable below ground, depth of bore screen) will increase understanding of stygofauna
tolerances to water quality and changes in groundwater level.

All data should be stored in a central state-based repository that is moderated and publically available, such as the
‘Queensland subterranean aquatic fauna database’. A stygofauna database could be linked to the national GDE Atlas
to enable searches by geographical region and taxonomic group.

OUTCOME: The proponent, after defining the baseline condition of each GDE within and outside the area of impact,
will have identified how the GDEs and the services they provide are likely to respond to changesin groundwater
regime and water quality, all processes likely to threaten GDEs as a result of CSG and LCM activities,and which GDEs
are mostat risk and the likely consequences at regional/state/national levels.

42 | Assessing Groundwater- Dependent Ecosystems: IESC Information Guidelines Explanatory Note




8 Avoidance, mitigation and management options

Once the location and condition of GDEs in the projectimpactarea are known, the key managementaim isto
protectthem from impacts of CSG and LCM activities that will reduce theirecological value, whether the impacts
occur in the pre-construction, construction, operational or post-operational phase (including rehabilitation). This
requires strategic planning to prevent adverseimpacts of CSGand LCM activities on GDEs, and development of
management plans to mitigate the impacts on GDEs when impacts are unavoidable orunforeseen (seearrow 6in
Figure 5). This is best achieved with a GDE management plan that details the ecological components and water
requirements of each GDE, theirecological condition and value, and the legislative status underwhich they might be
protected. Research and monitoring must underpin any management plan to inform adaptive management which
will reduce environmentalimpacts and contribute to anincreased understanding and therefore protection of
ecological valuesinthe projectimpact area.

8.1 Management Plans

A management plan should present the causal impact pathways (section 3.1)
illustratedin appropriate conceptual models, and use information from desktop
analysesandfield surveys (sections5and 6) to identify likely GDEs, their ecological
waterrequirements, baseline conditions and ecosystem values. From this
information, potential threats and risks are assessed (section 7) so that optionsto
avoid or mitigate impacts can be presented and justified.

Research and monitoring are fundamental to inform the management plan and
develop sampling regimes to assess GDEs against baseline conditions and reference
sites (Section 6). All phases of operation should detail management control
measures foreach GDE againstissuesthat mightchange as a result of CSG or LCM
activities, such as groundwater drawdown, pestinvasion and fire. The plan must
establish amonitoring protocol with sampling at a suitable frequency to detect
change in condition of taxa such as threatened floraspecies (section 6.3).

Ve
If some change to condition occurs or is predicted, mitigation measures must be detailed for each GDE which outline
whata triggerfor corrective action mightbe (e.g. drawdown in the vicinity of aspring complex exceeding athreshold
level thatis determined through research and monitoring). The corrective action should also be described in full, and
ofteninvolves some form of adaptive management. Forexample, monitoring could be repeated immediatelyand if
non-compliant results recur, anincidentreportandinvestigation could commence that leads toimplementation of
suitable corrective actionidentified as part of the mitigation strategy.

The management plan should considerany opportunities toimprove condition of GDEs evenif they have become
degraded through historical land use, both inside and around the projectimpact area. This will enhance the overall
biodiversity values and ecological condition of the area.

8.1.1 Objectives and indicators of management plans

The key objective of amanagement planisto presentactions and procedures that need to be followed duringall
phases of CSG or LCM activities to avoid or mitigate adverse impacts on GDEs. Performance indicators guidethe
managementand protection of GDEs and are development-specific. Exampleindicators given in GHD (2013) include:

e impactson GDEs do not cause unacceptable orunapproved loss of biodiversity values

e downstreamflow changes remain within natural fluctuations
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e environmental values relating to aquaticecosystems, stockand domesticuse, and cultural values are
maintained.

8.1.2 Avoidance

Avoidance is the preferred option for preventing significantimpact to all GDEs, especially high-value ones. Avoidance
involves comprehensive planning to select access routes and development sites which will avoid impacts to GDEs.
This mightinclude alteringaroad, rail or pipelinealignment to avoid removing avegetation GDE, or revising mine
location or aspect to reduce impact area or magnitude. Mine dewatering plans might require alteration to avoid
impacts related to timing, extent or magnitude of dewatering that may impair hydrological links to GDEs.

If significantimpacts can be avoided, the need for mitigation and offsets to provide environmental benefits to
counterbalance the impacts can also be avoided.

RECOMMENDATION: Avoidance of impacts to GDEs is the preferred option for preventing significantimpacts from
CSG and LCM activities.

8.1.3 Miitigation

Mitigationisthe reduction of all unavoidableimpacts as much as
possible (see CASESTUDy 8 foran example). While avoidance is the
preferred management option, usually CSGand LCM activities will
have some impacts on GDEs which will need to be reduced through
mitigation measures.

Whereiitis determined thatloss or mortality of groundwater-
dependent vegetation and faunais likely to occur, it is critical to
actively manage and enhance the ecological values that characterise
the projectimpactarea and surrounding landscape before and
during operationsto reduce the overall impact on biodiversity

values.

Mitigation actions include supplementing reduced hydrological connectivity to riparian GDEs with treated water
recovered during CSGand LCM activities, removing weeds and pests, and controlling sediment erosion.

Mitigation strategies must be supported by:
e scientificliteratureand case studies where the strategy has been successful

e ajustification of why and how the proposed mitigation measures will be successful, using the causal
pathways shown in conceptual modelling

e aplanto monitorthe effectiveness of the mitigation by targeted monitoring of GDEs

e astatementof howto determine whether a mitigation measure is asuccess orfailure, highlighting how to
detectearly signs of failure or benchmarks against which successis determined (e.g. no decline compared
with reference sites outsidethe impact zone)

e astatementofthe managementoptions available if mitigation fails.

RECOMMENDATION: Mitigation strategies to preventimpacts to GDEs are critical when avoidance is not possible.
These strategies are required early in an EIA to protect areas potentially at risk. Targeted monitoring is needed to

confirmthe effectiveness of these mitigation strategies.
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CASE STUDY 8: Mitigation strategy for reduced spring flow: Weeli Wolli Creek

Weeli Wolli Creek system, located in the Pilbara, north Western Australia, is a source of permanent waterin a dry
landscape. The creek system, including a spring and pools, is considered a high priority ecosystem because it supports
a unique community of vegetation and fauna, some species of which are endemicto the spring. In 2009, the spring
was nominated forlisting as a Threatened Ecological Community at the State level, on the basis of floristic
communities as well as the diverse aquaticinvertebrate and significant stygofauna communities (van Leeuwen,
2009). Furthermore, Weeli Wolli Creek has considerable spiritual and cultural value to the Traditional Owners. There
are five active mines in Weeli Wolli catchment.

Undernatural conditions, most creeks in the Pilbara are ephemeral, with flow only occurring after occasionalintense
rainfall events. However, groundwater discharge from Weeli Wolli Spring maintained perennial creek flow for
approximately 2km, becoming ephemeralfurther downstream. Permanent pools were also present on the creek bed
nearthe spring. The perennialspring discharge was episodically swamped by peak storm-derived creek flow.

Weeli Wolli Spring woodland includes known obligate (Melaleuca argentea) and facultative (E. camaldulensis and E.
victrix) groundwater-dependent trees and a unique understorey forthe area (including sedge and herbfield
communities) that fringe many of the pools. The extent of these vegetation types are regularly disturbed by intense
rainfall and flooding, which is also likely to instigate regeneration.

The Weeli Wolli Creek catchment s rich in stygofauna, with 56 species recorded, most of which were around Weeli
Wolli Spring (Bennelongia 2015). A number of creek line and hyporheic species of conservation and/or scientificvalue
have been identified (WRM, 2015):

e Hyporheicspecies: Vestenula n. sp. (Ostracod - new species), Chydaekata sp., Paramelitidae sp., Maarrka
weeliwolli (Stygal paramelitid amphipods - short range endemic) and Pygolabis weeliwolli (stygalisopod —
shortrange endemic).

e Macroinvertebrate species: Hemicordulia koomina (Pilbara emerald dragonfly —IUCN near threatened),
Eurysticta coolawanyah (Pilbara pin damselfly —IUCN near threatened), Ictinogomphus dobsoni (Pilbara tiger
dragonfly —Pilbara endemic, restricted distribution), Aspidiobates pilbara, and Wandesia sp. (Water mites —
Pilbara endemic, restricted distribution).

Mine dewatering and discharge of surplus water were processes

i identified that could potentially threaten the Weeli Wolli Creek system.
42 Anirrigation system was designed to counter the impacts of

' groundwater drawdown - reducing spring flow and causing
groundwater levels to drop out of reach of phreatophytic vegetation. To
counteractthis, surplus mine wateris discharged at several locations in
the creek line to maintain basalflow and permanent pools in the vicinity
of the spring. This water also supports a shallow groundwater system,
riparian vegetation, and some phreatophytic vegetation that requires
additionalirrigation. Watering will continue forthe duration of the dewatering operations and untilnaturalspring
flow resumes.

Ten years after dewatering and irrigation commenced, naturalspring flow has ceased and there have be en some
changes in vegetation, howeverthe overallecosystem of the spring and creek appearto be functioning supported by
artificial spring discharge (EPA, 2018). However, the impact of groundwater dewatering and artificial watering at
Weeli Wolli Spring on stygofauna, hyporheicand macroinvertebrate species is not apparentin currently available
literature.

Concern remains that discharge of surplus water into the creekline, which extends the perennially flowing portion of
Weeli Wolli Creek for several more kilometres downstream, could cause adverse impacts due to thelong-term
increase in average water levels.
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8.1.4 Environmental Offsets

An environmental offsetis defined as an activity undertaken to counterbalance the residual impact of a prescribed
activity on a prescribed environmental matter (Environmental Offsets Act 2014) or measures to compensate forthe
residual adverse impacts (unavoidable impacts) of an action on the environment. Offsets counterbalancethe
impacts that remain after avoidance and mitigation measures. They are required if residual impacts are significant.
Where GDEs have endemicspecies oraspring complex has a rare combination of species, offsettingis unlikely to be
aviable optionif residualimpacts are significant. Therefore, other options requireinvestigation.

Offsets do notreduce the likely impacts of a proposed action but compensate forany residual significantimpact.
Offsets can create a net positive or, atleast, should aim forno net overall loss of ecological value. Examples of
offsetting GDEs are currently rare, although a proposal is made in the GDE Management Plan for Carmichael Coal
Mine to offset 4 ha of groundwater-dependent waxy cabbage palm (GHD 2014). There are 2744 ha of suitable waxy
cabbage palm habitat available outside the impactarea, so direct offsetting may be possible inthis case. Indirect
offsetting was also proposed, through measuresincluding:

e seedcollectionand plantingalong upstream reaches of the Carmichael River
e relocation of plants

e contributingtoresearchtounderstand range, waterdependence, and thresholds of threatening processes
to waxy cabbage palms

e conservation activities in waxy cabbage palm habitat outside of the projectimpactarea.

Rehabilitation may be considered. However, investigation is required to ensure that pre-impact groundwater
regimes and water quality can be established, and that the cumulative impacts over decades do not completely
degrade the GDE. Under the NSW AquiferInterference Policy 2012, proponents are required to provide asecurity
deposittobe held by the NSW Government to ‘coverthe costs of remediation works for unforeseen impacts or
ongoing post-closureactivities’. The amount deposited is to reflect the level of risk to the aquifer or its dependent
ecosystems, andis determined separately for each case.

8.1.5 Monitoring

Monitoringis essential to measure the effectiveness of the
mitigation practices. Monitoring programs need to be
project-specificand should include monitoring for changesin
the groundwaterregime (e.g. declinesin waterlevel), aswell
as changesto GDE condition (e.g. changesin pre-dawn leaf
wateruse). In establishing a monitoring program to assess
effectiveness of mitigation practices:

e each of the variables measured should have aclearly
justified purpose, and be explicitly linked to the
mitigation measure(s) it aimsto test

e thelevel of detail (numberof replicates, number of sites, survey timing, precision of measurement of
variables) should be sufficientto detect the level of change thatindicates animpact

e ecological datashould have associated groundwater data

e datashouldbe analysed rapidly to allow adaptive management actions and the mitigation of unforeseen
impacts

Variables that show changesinthe aquifer condition (ratherthan the GDE) and provide real-time datashould be
used as early indicators of imminentimpacts to a GDE. Examples of real-time sources for groundwaterdatainclude
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telemetered loggers that measure groundwater leveland salinity, as well as satellite imagery. If groundwater data
shows exceedance of site-specificguidance values (ortriggervalues) is likely to occur, field surveys can be used to
assessthe level of ecosystem stress, and the results used to prompt changes to management strategies.

There are very few biological or ecological variables that can be used as early warning signs of impact from CSG or
LCM activities. Impacts to GDEs can be observed through alossin condition orvisible signs of stress inindividual
ecosystem components. However, symptoms often appear at the surface only afterthe effects of the impact have
taken hold. By thistime, it may be too late for successful mitigation. Hence, real-time groundwater dataisimportant
to GDE monitoring programs so that mitigation actions are as effective as possible.

RECOMMENDATION: Identify hydrological and/or ecological variables that serve as early indicators of groundwater
change to draw attention toimminentimpacts to GDEs.

It can be relatively easy to use historical datato establish thresholds beyond which GDEs are impacted by changesin
groundwater regime and/or water quality, but harder to establish valid biological benchmarks by which to formulate
thresholds for monitoring ecosystem condition. Forexample, surveys duringimpact assessment can be used to
confirmthat stygofaunaare present, but datasets are usually small because stygofauna are often sparsely
distributed (WA EPA 2007). This leadsto problemsin setting baseline conditions to which future monitoring data
should be compared.

In the Carmichael Mine examplein CASESTUDY 5, only two stygofaunataxawere collected duringthe impact
assessment. One was represented by two specimens, and the second by one specimen. With such limited baseline
data, itis difficult to state whetherornot future miningis havingan
impact on the stygofaunaif variables of only stygofauna diversity and
abundance are used.

Nevertheless, although there are currently difficulties in setting
benchmarks forimpact to stygofauna communities, aninitial
indication of aquifer biodiversity is a critical part of an EIA. As
techniquesinanalysing environmental DNA (eDNA) become more
refined (see CASESTUDY 4), it may be easierto detectif a species has
become absentfrom an aquifer. Currently, eDNAis useful in
detecting distribution of indicator and rare species of
macroinvertebrates (Machleretal., 2014) and fish speciesrichness (Olds et al., 2016). Modelling techniques are
being developed that should soon allow estimates of fish densities (Chambertetal., 2017). Samples of eDNA have
alsobeen usedto map the distribution of crypticsubterranean salamanders (Goricki etal., 2017), soislikely tobe a
useful tool in future assessments of aquifer ecosystems and ecological processes (Korbeletal., 2017).

OUTCOME: The proponent will have a management plan which prioritises avoidance and justifies mitigation
measurestoreduce impacts to GDEs. The management plan will include specific monitoring protocols to assess
effectiveness of mitigation strategies oridentify unexpected impacts
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9 Concluding statements and recommendations

New CSG and LCM projectsin Australia and expansions to existing developments need to considerimpacts to GDEs
because of legislative requirements. State-based policies aimed at protecting GDEs have been evolving since 2002, as
have guidelines and tools to assistin the proper consideration of GDEs inimpact assessment. The refinement of
policy and assessment protocols overthe past decade as new information becomes available has resultedinsome
inconsistenciesin how impacts to GDEs are considered. This Explanatory Note provides an assessment framework
that is consistent with requirementsin both New South Wales and Queensland, and can be applied to other states
and territories as necessary.

There are still many uncertaintiesin ourunderstanding of how GDEs use groundwater, and how they are then
affected when the groundwateris removed or contaminated. Little is also known about how best to manage GDEs
whenimpacts are imminent, or how to restore impacted GDEs. All GDE assessments need to take these uncertainties
intoaccount and should adaptto new knowledge that becomes available.

Online spatial and non-spatial databases are critical components toimproving GDE assessment. However, many

GDEs are currently unmapped so impact assessments should not rely solely on searches of online databases. Where

there are potential GDEs in the projectimpactarea, field-based assessments must be conducted to determine their

ecological condition and value and the nature of theirreliance on groundwater. The power and accuracy of online
e l 3 databases would be substantially improved if the different

' databases were coordinated, curated and updated regularly

5. with data gathered duringimpact assessments.

“. | Many of the options for mitigatingimpacts to GDEs have largely

gone untested, and deservefurtherresearch. Proposed

| mitigation measures should be carefullyconsidered and

| justified. Proponents should identify clearand testablecriteria

that can be used to determine success of the proposed

o v mitigation strategies. Options should also be giveninthe event
O~ of failure.

9.1 Summary of recommendations

All recommendations apply to both CSGand LCM developments, and expansion of existing projects.

e A numberof helpful publications are mentioned throughout this Explanatory Note to aid proponents. Where
possible, hyperlinks are given to open-access reports and relevant websites. However, some references
include scientificjournal papersthat may need to be purchased as a low, one -off cost.

e Proponentsneedtoconsiderall GDEs, including those which are only partially dependent on groundwater
and do notsupportany listed species. Forthisreason, anassessment of ecological condition, ratherthan
ecological value is critical in establishing a baseline indication of the ecological condition

e Use the GDE Atlas, national-, state-and local-scale spatial data, remote sensing, expert knowledge and
scientificstudies to create and update conceptual modelsinanintegrated desktop study guide d by GDE
rules of likely groundwater dependence. This willindicate potential GDE presence in and around the project
impactarea and capture the relationships between potential GDEs and groundwater.

e Assessecological waterrequirements of GDEs and use these to confirm causal pathways (section 3.1) that
may create a change in GDE status through altered groundwater regimes. Use multiplelines of evidenceto
determine groundwater dependence where possible.
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e Proponentsshouldidentify asuitable number of reference sites outside the projectimpactareathatare
representative of GDEsin the projectimpact area. The sampling regime (number of sites and frequency of
sampling) needsto reflect ecological value and condition, level of groundwater dependence and level of risk
to the GDE, and must be justified in the EIA.

e Riskassessment mustbe undertakeninall EIAstoidentify GDEs with high or medium ecological value and/or
at high or mediumrisk fromimpacts of CSG and LCM activities so that managementactions can be
prioritised to reduce risks. All GDEs must be protected, however.

e GDE impactassessments mustnotrelysolely ononline databases butshould be followed up with desktop
and field surveys by qualified specialists who use appropriate methods and models.

e Projectconsultants should share information during all stages of EIA developmentto provide afull
assessment of potential impacts on GDEs.

e Avoidance of impacts to GDEs isthe preferred option for preventing significantimpacts from CSGand LCM
activities.

e Mitigation strategiesto preventimpactsto GDEs are critical when avoidance is not possible. These strategies
are required earlyinan EIA to protect areas potentially at risk. Targeted monitoringis needed to confirm the
effectiveness of these mitigation strategies.

e Identify hydrological and/orecological variables thatserve as early indicators of groundwater change to
draw attentiontoimminentimpacts to GDEs.
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11 Abbreviations and acronyms

ACLUMP Australian Collaborative Land Use and Management Program
BBN Bayesian Belief Network

BOM Bureau of Meteorology

CSG Coal seam gas

CSIRO Commonwealth ScientificIndustrial Research Organisation
DEM Digital Elevation Model

DPI Departmentof Primary Industries

DSITI Department of Science, Information Technology and Innovation
EIA Environmental Impact Assessment

EIS Environmental Impact Statement

EPA Environment Protection Agency

EPBC Environment Protection and Biodiversity Conservation

ET Evapotranspiration

GA Geosciences Australia

GDE Groundwater-Dependent Ecosystem

IDE Inflow-Dependent Ecosystem

IUCN International Union for Conservation of Nature

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

MODIS Moderate Resolution Imaging Spectroradiometer

NASA National Aeronautics and Space Administration

NDVI Normalised Difference Vegetation Index

NDWI Normalised Difference Wetness Index

NVIS Native Vegetation Information System

NWI National Water Initiative

Projectarea  Likelyareaofimpactfrom CSG or LCM activity, plus a bufferzone

TEC Threatened Ecological Community
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12 Glossary

Bioregional assessment is a scientificanalysis of the ecology, hydrology, geology and hydrogeology of abioregion,
with explicitassessment of the potential direct, indirect and cumulative impacts of CSG extraction and coal mining
development on water resources. The central purpose of bioregional assessments is to inform the understanding of
impacts on and risks to water-dependent assets that arise in response to currentand future pathways of coal seam
gas and large coal mining development.

Coal seam gas developmentis defined underthe EPBCAct as any activity involving CSG extraction that has, or is
likely to have, asignificantimpact on waterresources (including any impacts of associated salt production and/or
salinity), eitherinits ownright or when considered with other developments, whether past, present or reasonably
foreseeable.

Conceptual model is a descriptive and/or schematichydrological, hydrogeological and ecological representation of
the site showingthe stores, flows and uses of water, which illustrates the geological formations, water resources and
water-dependent assets, and provides the basis for developing water and salt balances and inferring water-related
ecological responsesto changesin hydrology, hydrogeology and water quality.

Cumulative impact is defined as the total impact of a CSG and/orlarge coal mining development on waterresources
when all past, presentand/orreasonably foreseeable actions that are likelyto impact on water resources are
considered.

Ecological processes are part of the components that contribute to the physical state and environmental value of a
waterresource and can include processes such as nutrient cycling, eutrophication and carbon metabolism.

Facultative GDE are deep-rooted plant species thattapintogroundwater, via the capillary fringe, to satisfy at least
some portion of their environmental water requirement, but will also inhabitareas where theirwaterrequirements
can be metby soil moisture reserves alone. Thatis, the species will be groundwater-dependentin some
environments, but notin others.

Groundwater-dependent ecosystems (GDEs) are ecosystems that require access to groundwateron a permanentor
intermittent basis to meetall orsome of their waterrequirements so as to maintain their communities of plants and
animals, ecological processes and ecosystem services. GDEs include terrestrial vegetation, wetlands (swamps, lakes
and rivers) and ecosystems in aquifers and caves.

Groundwaterregime is the prevailing pattern of groundwater movement through an aquiferovertime. The regime
considers the magnitude, duration, and frequency of water level fluctuations, as well as the direction of water
movementthrough the three-dimensional space of an aquifer. Inputto the aquifer, changes to aquifer hydraulic
conductivity, and waterlost from the aquiferalso need to be included.

Hyporheic zone is the region beneath and alongside a stream/river/wetland bed, where thereis mixing of shallow
groundwaterand surface water.

Inflow-Dependent Ecosystem is a GDE Atlas term that describes ecosystems that are likely to be usinganother
source of waterin addition torainfall. IDEs include groundwater-dependent ecosystems as well as ecosystems which
use sources of water otherthan rainfall (e.g. surface water, water stored in the unsaturated zone, irrigation).

Known GDEs are those GDEs which have previously been identified using field studies or desktop studies. They can
be soughtfrom reports and scientific publications.

Large coal miningdevelopmentis defined underthe EPBCActas any coal miningactivity that has, orislikelyto
have, a significantimpact on waterresources (including any impacts of associated salt production and/or salinity),
eitherinitsown right or when considered with other developments, whether past, present or reasonably
foreseeable.
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Numerical models divide space and/ortime into discrete pieces. Features of the governing equations and boundary
conditions (forexample, aquifer geometry, hydrogeological properties, pumping rates or sources of solute) can be
specified as varying over space and time. This enables more complex, and potentially more realistic, representation
of a groundwatersystemthan could be achieved with an analytical model.

Obligate GDE are organisms that only inhabitareas where they can access groundwater, viathe capillary fringe, to
satisfy atleast some proportion of theirenvironmental water requirement.

Piezometerisa specially designed bore with ashortintake screen to monitor groundwater levels at a specific point
inan aquifer.

Phreatophytes are deep-rooted plants that obtain asignificant portion of theirrequired water from the phreatic
zone (zone of saturation) orthe capillary fringe above the phreaticzone. Phreatophytes are plants that are supplied
with surface waterand often have their roots constantly in touch with moisture.

Riparian vegetationis vegetation thatisadjacent or situated on the banks of a riveror wetland.

Significantimpact is defined by the Significant Impact Guidelines (DoE 2013) as an impactwhich isimportant,
notable or of consequence, having regard toits context orintensity. Whetherornotan actionislikelytohavea
significantimpact depends upon the sensitivity, valueand quality of the waterresource which isimpacted, and upon
the intensity, duration, magnitude and geographicextent of the impacts.

Water balance is a mathematical expression of water flows and exchanges, described as inputs, outputs and changes
instorage. Surface water, groundwaterand atmosphericcomponents should be included.
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Appendix A Impacts

App Table 1. Activities in CSG and LCM development that potentiallyimpact on GDEs. These activities present risks to GDEs that include

alteringthe number of native s pecies and species composition within GDE communities; disrupting e cological processesthat deliver ecosystem
services; damage aquifer geologic structure; increasing risk of exotic s peciesinvasion; removing GDE habitat; altering groundwater quality; and

changing timing, duration, pressure and flow conditions of groundwater

Impactingactivity

When doesthis impact need to
be consideredin EIA?

Factors to considerduring
impact assessment

Aquiferdewatering

Aquifer
depressurisation

Excavationof
overburden

Surface
topographychanges

Riverdiversion

Type of impact Type of GDE
affected

Watertable All

lowering; change

timing and

magnitude of
groundwater level
fluctuations

Loss ofartesian Springs
pressure

Removal of upper All GDE types
aquifer

Altergroundwater Vegetation;
recharge patterns wetlands;

river baseflow;
aquifer GDEs

Disconnectriver
and aquifer

River baseflow;
aquifer GDEs

Aquifer connectionto surface
GDE; aquiferlikelyto have
stygofauna (alluvial, karstic,
calcrete)with dewateringata
magnitude and duration outside
natural variability

Depressurisation of anaquifer
connectedto a spring

When overburdenis anaquifer
thatsupports GDEs

Majorlandscape changes such as
excavation of mine pit;
subsidence of longwall panels

If connection exists between
channeland aquifer

Magnitude, duration,
frequency, and timing of
dewatering; how these
compare to pre-impact
conditions

Initial watertable depth;
water level fluctuationrange
overannual andsupra-
annual timescales, amplitude
and rate of change

Watertable lowering —will it
convertgaining
stream/wetlands to losing
ones?

Lost pressure; alteration of
discharge flow rate to s pring

Flow rate changesaffect
waterlevel, permanence, and
spring water quality

Watertable depthin
overburden;aquifer porosity

Alteration of subsurface flow
paths with excavation

Alterationto channelling of
waterto orfrom aquifer
recharge zones; availability of
groundwater modelling

Potential flow changes
consideredin groundwater
modelling

If GDEs have some level of
reliance onsurface water

Ifthe divertedreachis
dependent on groundwater,
eitherlocallyor upstream

58 | Assessing Groundwater- Dependent Ecosystems: IESC Information Guidelines Explanatory Note



Impactingactivity

Type of impact

Type of GDE
affected

When doesthis impact need to
be consideredin EIA?

Factors to considerduring
impactassessment

Leaking of saline water
from surface storage
orthrough fractures
between aquifers

Construction and
operation of surface
infrastructure
(buildings, roads, rail,
pipelines, stockpile
areas)

Leachates from coal or
rock stockpiles

Vegetation clearing

Open pit lake

Increasein aquifer All GDEs
salinity; declinein

water quality

Permeable surface All GDEs
compaction;

pollutionfrom

effluents,

petrochemicaals,

explosives, other

on-site chemicals

Potential
groundwater
pollutionfrom
salineoracid
drainage

Aquifer GDEs

Directimpactto
groundwater-
dependent
vegetation;
removal of organic

Vegetation;
aquifer GDEs

mattersource for
aquifer
communities

Aquiferimpact Aquifers;
through poor river baseflow;
waterquality wetlands

Pressurised, lower a quifer of poor
water qualityoccurringbeneath
an aquifer with better quality
waterthatsupports GDEs

Overflow orleakage from storage
dams and waterinfiltrates
aquifers

When hydraulic fracturingis
planned and thereis potential for
a confining layerto be ruptured.

Location ofinfrastructure on
upslope ofaquifer recharge areas
(including coaland rock
stockpiling areas)

Potentially toxic stockpile
leachate

Removal of large vegetation areas
considered

When potential for pitlake to
leak intoaquifer supporting GDEs

If dilution of saline water will
occur

Rate of saline water
dispersal

Chemistryof saline water
compared to receiving
aquifer

Footprint ofdisturbance area

Geochemiaal characteristics
of the stockpiled rock;
process of stockpile draining

Frequency of vegetation
groundwater extraction

Potential to release water
into the surroundingaquifer
through seepage

Geochemical rock
characteristics; chemical
changesin pit wateronce
miningceases

Flow rate and direction of
groundwater drainage
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Appendix B Tools to identify GDEs

App Table 2. Summaryof toolsforassessing GDEs. Adapted fromthe GDE Toolbox (Evans etal., 2013). ToolsT1-T14 are showninthe Toolbox.
New tools (NT1-NT5) have been included as tools not documentedinthe Toolbox, but relevant to identification of GDEs

Code Tool Brief description Further

information

T1 Landscape Locating and identifying ecosystems that are potentially GDE Toolbox
mapping groundwater-dependent based ona number ofbiophysical
parameters such as depth to watertable, soilsand
vegetationtype. Assessing primary productivity, water
relations and/or condition of ve getation communities using
remotelysensedimages to infer use of groundwater

T2 Conceptual Documentation of a conceptual understanding ofthe GDE Toolbox
modelling location of GDEs andinteractions between ecosystems and
groundwater
NT1 GDEAtlas A web-based national dataset of Australian GDEs. The Atlas  Bureauof
includes a nationalinflow-dependentlandscapes layer Meteorology

which is derived fromremotely sensed data. Itindicates the
likelihood that a landscape is utilising water in addition to

rainfall

GDE Atlas
NT2 ANAE Australian National Aquatic Ecosystem (ANAE) classification Departmentof the
classification framework is a nationally consistent process for classifying  Environmentand

aquaticecosystemand habitat types within a regional and Energy
landscape setting

ANAE

NT3  GDEtypology 1. Aquiferandcave ecosystems GDE Toolbox

2. Ecosystems dependentonthe surface expression of
groundwater

3. Ecosystems dependentonthe subsurface expression of
groundwater

T3 Pre-dawn leaf Identification of groundwater uptake by components of GDE Toolbox
waterpotential vegetationon the basisof pre-dawn measurements of leaf
water potential

T4 Plant water Use of naturally occurring stable isotopes of water to GDE Toolbox
stableisotopes identify sources of water used for plant transpiration

15 Plantwateruse Identification of sources andvolumes of water used for GDE Toolbox
modelling planttranspiration, by using mathematical simulations of

plantfunction

T6 Plantrooting Comparison ofthe depthand morphology of plant root GDE Toolbox
depth and systems with measured or estimated depth to the
morphology watertable, inorderto assess the potential for groundwater
uptake
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http://www.bom.gov.au/water/groundwater/gde/
http://www.environment.gov.au/resource/aquatic-ecosystems-toolkit-module-2-interim-australian-national-aquatic-ecosystem-anae

Further
information

Brief description

T7

T8

T9

T10

Ti1

Ti2

NT4

NT5

Ti3

Ti4

NT5

Plant
groundwater use
determination

Waterbalance -
vegetation

Stygofauna
sampling

Evaluation of
surface water—
groundwater
interactions

Environmental
tracers

Introduced
tracers

Genetic/DNA
analysis

Literature

Long-term
observation of
ecosystem
response to
change

Numerical
groundwater

modelling

Remote sensing

Measures of Leaf Area Index and climatic data are used to GDE Toolbox
estimate groundwater discharge from terrestrial
ecosystems that have accessto groundwater

Use of water balance measurements and/or calculationsto  GDE Toolbox
determine whetherandto what extent plant water use is

dependent on groundwater uptake

Techniques availableto collect groundwater fauna GDE Toolbox

Analysisof the hydraulics of surface water —groundwater GDE Toolbox
interactions. The processes by which groundwater discharge
into surface water systems provides insightinto the nature
of groundwater dependencyin wetlands and baseflow river
ecosystems

Environmental tracers are a naturallyoccurring physicalor ~ GDE Toolbox
chemicalproperty of water, or any substance dissolvedin
water, thatcanbe usedto traceits flowpath. Analysis and
interpretation of these properties of s urface water and
groundwater canbe usedto identify groundwater
contribution to dependent ecosystems

Analysisof deliberatelyintroduced hydrochemical tracersto GDE Tool box
identify water sources and surface water —groundwater
mixingrelationships

Analysisof environmental DNA, or DNA collected from
capturedstygofauna, to identify s pecies presentin an
aquifer

Reviewexistingjournal articlesand reports. Look up
conservationstatus and endemism of e cosystems
Long-term observations of GDEs and the hydrologic GDE Toolbox
environment they exist within to establish e cosystem

responses to changes inwaterregime due to climatic
and/oranthropogenicinfluences

Construction of mathematical models to simulate GDE Toolbox

groundwater flow systems

Use of vegetation greenness, wetness, land surface
temperature to discriminate GDEs. Use of wetnessindex to
delineate water bodies.
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Appendix C Resources required for identifying GDEs,
including national data availability

App Table 3. Landscape and ecosystem data sets that are useful to help identify GDEs. National-scale dataset sources are shown

Ancillarydata
Landscape datasets

DEM/surface elevation

Groundwaterdepth

Groundwater flow systems and elevations;
hydrogeology

Surface water level

Surface water (rivers, wetlands, s prings)
mapping

Groundwater quality (includingtemperature and
salt)

River connectivity/classification map

GW-SW connectivity

Underlyinggeology and geological structure (e.g.
fracturedrock aquifer); geophysics

Riverflow data

Riverregime

Consumptioninfrastructure (bores)

Climate data

Soil mapping

Hydrogeology (watertable salinity; a quifer
boundaries; principal hydrogeology)

Recharge/discharge areas

Landuse

Ecosystem datasets

Likelysource

Aerial photograph, satellite
imagery

Maps, reports, observation bore
records

Maps, reports, observationbore
records, DEM

Maps, reports, observation bore
records, river gauge data

Aerial photographs, satellite
imagery, Google Earth

Geological and geomorphological
mapping

Maps, reports, groundsurvey,
geophysical survey

Rivergauge data

Rivergauge data

Maps, ground surveys, geological
survey, site assessment

Maps, ground surveys, geological
survey, site assessment

Remote sensing, geological
mapping information

Aerial imagery, remote sensing

Nationaldataset/Source

9-second DEM (GA)

Nationalgroundwater information system (BOM)
Groundwater Insight;

BOM Groundwater Explorer

Groundwater flow systems

Surface water level (BOM)

Geofabric (BOM); Flowdirection grid (GA); Water
Observations from Space (GA); Surface water (GA)

Geofabric
Water Observations from Space

Surface Hydrology

Riverclassification re port

Geophysics (GA)

Waterstorages (BOM)

State sources of data
State sources of data

Bore locations (BOM)

Bureau of Meteorology BOM

Nationalsoil database

Nationalgroundwater information system (BOM)
Hydrogeology

CSIRO Recharge Tool
Tool to calculate recharge/discharge

ACLUMP
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http://www.bom.gov.au/water/groundwater/insight/#/bore/locationwater
http://www.bom.gov.au/water/groundwater/explorer/map.shtml
https://data.gov.au/dataset/australian-groundwater-flow-systems-national-land-and-water-resources-audit-january-2000
http://www.bom.gov.au/waterdata/
http://www.bom.gov.au/water/geofabric/
http://www.ga.gov.au/interactive-maps/#/theme/water/map/wofs
http://www.ga.gov.au/interactive-maps/#/theme/water/map/surfacehydrology
http://www.npsi.gov.au/files/pn22591/Appendix%205%20Ecohydrological%20classification%20of%20Australias%20flow%20regimes.pdf
http://www.ga.gov.au/interactive-maps/#/theme/minerals/map/geophysics
http://www.bom.gov.au/waterdata/
http://www.bom.gov.au/water/groundwater/ngis/
http://www.bom.gov.au/
http://www.bom.gov.au/water/groundwater/insight/#/bore/locationsalinity
https://data.csiro.au/dap/landingpage?pid=csiro:14572
http://www.agriculture.gov.au/abares/aclump

Ancillarydata Likelysource

Vegetation (classification and composition) Maps, ground surveys, aerial

mapping photographs, satellite imagery

Known GDEs (subsurface especially), potential Reports, ground surveys, satellite

GDEs imagery

IDE layer(data on IDE likelihood) GDE Atlas

Wetland classification mapping NationalWetland Inventory

EPBC listing (flora and fauna, Threatened Department of Environmentand

Ecological Communities) Energy

State protected/vulnerable flora andfauna Department of Environmentand
Energy

Leaf Area Index MODIS - NASA

Rootdepth Reports, site assessments

Vegetation condition Reports, maps, site assessments,

satelliteimagery

Nationaldataset/Source

NVIS

GDEAtlas

GDEAtlas

NWI

EPBC

Threatened Ecological Community TEC

MODIS

Derive from Landsat mosaic; MODIS
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http://www.environment.gov.au/land/native-vegetation/national-vegetation-information-system
http://www.bom.gov.au/water/groundwater/gde/map.shtml
http://www.bom.gov.au/water/groundwater/gde/map.shtml
https://www.aswm.org/wetland-science/wetlands-one-stop-mapping/5315-national-wetlands-inventory-nwi
http://www.environment.gov.au/about-us/environmental-information-data/databases-applications
http://www.environment.gov.au/biodiversity/threatened/communities
https://modis.ornl.gov/cgi-bin/MODIS/global/subset.pl
https://modis.ornl.gov/cgi-bin/MODIS/global/subset.pl

Appendix D Resources available for specifically
identifying/assessing GDEs — state-level

App Table 4. Summary of resources available to specifically identify/assess GDEs for each state/territory (includes GIS layers, reports and

websites).
Scale Data Available

Queensland Queensland Spring Database
Queensland GDE dataset
Wetland Maps
Biodiversity Status of Remnant Regional Ecosystems
Matters of State Environmental Significance

Water Monitoring Portal

New South Wales and GDE RiskAssessment Guidelines
Australian Capital GDE Dataset
Territory atase

GDE Policy

GDE Method

Namoi GDE Review
Groundwater Data

Victoria Victoria Wetland Inve ntory
Ecological Vegetation Classes
GDE Mapping Method
Wimmera GDEs
SpeciesTolerance Grid - GDEs
Bore data
Groundwater Data
Groundwater Quality Data

South Australia WaterConnect
South Australian Wetlands
Artesian Springs

Western Australia Geomorphicwetland mapping
Dampier GDEs
Northern Perth Basin GDEs
Groundwater Data

Northern Territory BerrySprings GDEs
DalyBasin GDEs

Tasmania TasmaniaGDEs
Karst GDEs
Groundwater-Surface Water connectivity

Freshwater Ecosystems Values Framework
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https://data.qld.gov.au/dataset/queensland-spring-database
https://data.gov.au/dataset/075cdc0a-382e-4040-9a70-fcd85a2da5d5
https://www.ehp.qld.gov.au/wetlandmaps/
https://www.qld.gov.au/environment/plants-animals/plants/herbarium/mapping-ecosystems
https://www.ehp.qld.gov.au/management/planning-guidelines/method-mapping-mses.html
https://water-monitoring.information.qld.gov.au/
https://www.water.nsw.gov.au/water-management/water-availability/risk-assessment/groundwater-dependent-ecosystems
https://data.gov.au/dataset/b6df5934-c978-471c-83a0-c55b5031f79b
http://www.water.nsw.gov.au/__data/assets/pdf_file/0005/547844/groundwater_dependent_ecosystem_policy_300402.pdf
https://www.water.nsw.gov.au/__data/assets/pdf_file/0011/691868/High-Probability-GDE-method-report.pdf
https://frackinginquiry.nt.gov.au/submission-library?a=446549
http://www.water.nsw.gov.au/water-management/water-quality/groundwater
https://www.data.vic.gov.au/data/dataset/victorian-wetland-inventory-current
https://www.environment.vic.gov.au/biodiversity/bioregions-and-evc-benchmarks
http://vro.agriculture.vic.gov.au/dpi/vro/vrosite.nsf/pages/lwm_mapping_terrestrial_gwater_dep_ecosystems
https://www.data.vic.gov.au/data/dataset/potential-groundwater-dependent-ecosystem-gde-mapping-for-the-wimmera-cma
https://www.data.vic.gov.au/data/dataset/potential-groundwater-dependent-ecosystem-gde-species-tolerance-grid
http://www.vvg.org.au/
http://www.vvg.org.au/
http://www.epa.vic.gov.au/your-environment/land-and-groundwater/groundwater-pollution/gqruz-map
https://www.waterconnect.sa.gov.au/Content/Publications/DEWNR/DFW_TR_2012_03.pdf
https://data.gov.au/dataset/fc35d75a-f12e-494b-a7d3-0f27e7159b05
file:///C:/Users/doo022/Downloads/AWMSGAB-Volume-V.pdf
https://catalogue.data.wa.gov.au/
http://www.water.wa.gov.au/__data/assets/pdf_file/0016/9430/111500.pdf
https://www.water.wa.gov.au/__data/assets/pdf_file/0020/5177/85353.pdf
http://www.water.wa.gov.au/maps-and-data/maps/perth-groundwater-atlas
https://denr.nt.gov.au/__data/assets/pdf_file/0011/254576/afightforflow-gdes_berrysprings.pdf
https://www.environment.gov.au/system/files/resources/92e8bd26-c08d-46d7-b166-ba0651755224/files/ssr162-dalybasin.pdf
http://dpipwe.tas.gov.au/Documents/CFEV%20GDE%20Report_Feb%2004.pdf
https://services.thelist.tas.gov.au/arcgis/rest/services/Public/NaturalEnvironment/MapServer/51
https://stors.tas.gov.au/store/exlibris1/storage/STORS/2012/06/07/file_2/au-7-0054-00574_1.pdf
https://wetlandinfo.ehp.qld.gov.au/wetlands/resources/tools/assessment-search-tool/8/index.html

Appendix E Vegetation species that are likely to be GDEs

App Table 5. Vegetation speciesthatin Australia have been shown to access groundwater. The depth to watertable (WT) range has been
summarised acrossstudies andlocations. Information sourced from A —Orellana etal.,2011; B—Sommerand Froend, 2010; C- DPI (2006); D-
Wetland Info (WetlandInfo); E—Froend and Drake (2006)

Species WT Depth Species WT Depth Source

(m)

(m)

Acacia harophylla - D Eucalyptus largiflorens 2-5 A
Acacia stenophylla 3-4 A Eucalyptus longirostrata - D
Angophora bakeri - A Eucalyptus marginata 6->30 A
Angophora floribunda - D Eucalyptus melanophloia - D
Angophora leiocarpa - D Eucalyptus microtheca - D
Astartea fascicularis <6.43 A Eucalyptus parramattensis - A
Banksia aemula - D Eucalyptus platyphylla 10 A
Banksia attenuata 2.5-30 A Eucalyptus robusta - C
Banksia ericifolia - D

Banksia ilicifolia 2.5-30 A Eucalyptus rudis <11.7 B
Banksia littoralis <6.27 B Eucalyptus saligna - D
Banksia menziesii E Eucalyptus tereticornis - D
Banksia oblongifolia - D Eucalyptus victrix - C
Banksia prionotes - C Hibbertia hypericoides 2.5-30 A
Barringtonia acutangulata - C Juncus kraussii - D
Baumea articulata <1.64 B Leptospermum juniperinum - D
Baumeajuncea - C Leptospermum liversidgei - D
Callistemon viminalis - D Lepyrodia interrupta - D
Callitris glaucophylla - D Livistonia lanuginosa - D
Casuarina - D Lophostemon suaveolens 10 A
cunninghamiana

Casuarina glauca 1.6-3.0 A Leptocarpus tenax - D
Castanospora alphandii - C Melaleuca argentea - C
Corymbia clarksoniana 10 A Melaleuca glomerata - C
Corymbia opaca - C Melaleuca halmaturorum 0.3-1.2 A
Corymbia tessellaris - D Melaleuca preissiana <13.9 B
Doryphora aromatica - C Melaleuca quinquenervia - C
Eucalyptus camaldulensis 1.3-6 A Melaleuca rhapiophylla <9.27 B
Eucalyptus coolabah 2.7-5.7 A Melaleuca tamariscina - D
Eucalyptus globulus - C Melaleuca viridiflora 10 A
Eucalyptus grandis 4-6 A Restio pallens - D
Eucalyptus kochii 8.5-14 A Schoenus brevifolius - D
Eucalyptus kochii subsp. 4.5 A Sprengelia sprengelioides - D
borealis

Eucalyptus intertexta - D Syncarpia glomulifera - D
Eucalyptus laevopinea - D Typha orientalis <2.4 B
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App Table 6. Maximum root depth of Australian vegetation spedies. SOURCE: Canadell etal., 1996

Species Max root Species Max root
depth (m) depth (m)
Banksia marginata 2.4 Jacksonia furcellata 2
Banksia ornata 24 Laudonia behrii 2
Calytrix flavescens 2 Leptospermum myrsinoides 2.3
Casuarina muelleriana 2 Melaleuca scabra 2
Casuarina pusilla 2.4 Melaleuca seriata 2.1
Daviesia brevifolia 2 Petrophile linearis 2
Eremaea beaufortioides 6 Phyllota pleurandroides 2.3
Eremaea pauciflora 2.4 Phyllota remota 2.4
Eucalyptus grandis* 15.8 Pinus pinaster 7
Eucalyptus marginata 40 Pinus radiata 10-15
Eucalyptus regnans 2.7 Scholtzia involucrata 19
Eucalyptus signata 3 Spyridium subochreatum 19
Hibbertia hypericoides 2.1 Stirlingia latifolia 2.6
Jacksonia floribunda 31 Xanthorrhoea australis 2.4

* Christinaetal., 2011
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Appendix F Rules to guide GDE identification

App Table 7. Rules to guide the identification of GDEs usingremotelysensed or existingdata, developed from known studies. These rules were
usedto developthe GDE Atlas (SKM, 2012; Doodyetal., 2017) and supplemented for aquifer e cosystems for this Explanatory Note. Rulesare
cross-referenced with questions posed by Eamus et al. (2006) in Table 1

Cross reference with

7,8

56,9

4,5,6,9

Rules of GDE potential

SUBSURFACE GDEs
Vegetation inlandscapes with shallow watertable
(<5m or10 m) will use groundwater when required
Specificvegetation types have been shown to use
groundwater and can be used to indicate where
groundwateruse maybe occurring
Vegetation thatis using groundwatercanbe
identified by water use and growth patterns during
summer months and has a higherannual
evapotranspiration (ET) thanrainfall
Vegetation communities that exist adjacent to
persistent water bodiesare likely to be accessing
groundwater
Native vegetation surrounding a known spring
locationora known GDE is more likelyto be a GDE
Vegetation growing in soil that has a low water
storage capacityand soil depthis more likelyto be
accessing groundwater
Vegetation growing in areas where crackingsoil
plains existis more likely to rely on trapped surface
waterorwaterstoredinthe unsaturated zone than
groundwater
Vegetation surrounding GDEs identified in previous
studies are likely to be using groundwater e xcept
where the water featureis located on coastal
floodplains where Holocene marine muds are
present, oron cracking claysoil plains
Certainlandscapes ortopographyare more
indicative of shallow groundwater,andare
therefore more likely to support GDEs (only applied
when anexisting depth to watertable mapping is
notavailable)
Constant vegetation activitythroughout the year
indicates utilisation of a water source otherthan
rainfall (possibly groundwater)
Groundwaterdischarge related to the presence of
faults
High probability IDEs (8-10) are potential GDEs; IDE
<5notGDEs;>5aroundwetland are potential
GDEs
Vegetation occurringin estuaries andin coastal
floodplains at lessthan 5m elevation, or on cracking
claysoils, is unlikelyto be a GDE
Alluvialaquifers that are connected to rivers >
StrahlerOrder4 are likely to have stygofauna if
waterqualityis good
Karsticorlimestone aquifers are likelyto have
stygofauna if water qualityis s ufficient, as are
alluvial aquifers downstream
Alluvialaquifers are likely to have high s tygofauna
diversity close to recharge areas, ifwater qualityis
good, where watertableis <10 m, and beneath
phreatophytic vegetation

Potential datasets required

Watertable depth; vegetation type;
vegetation map

Vegetation type; vegetation known to access
groundwater; vegetation map
Leafareaindex; sapflow; MODIS
evapotranspiration; vegetation map
Wetland/river map; ve getation type; water
persistence map; vegetationmap
Spring/wetland map; vegetation map
Vegetation map; vegetationtype; soil type

map; soil water-holding capacity; depth to
groundwater

Soil mapping; vegetationtype; vegetation
map

Known GDE location/map (GDE Atlas); s ail
type map; floodplain/inundation map

DEM; landscape type mapping; vegetation
map;vegetation type

Remote sensing greenness/wetness, PAR

Geologic mapping; groundwater depth

IDE map (GDE Atlas); vegetation type;
vegetation map

DEM; vegetation type; vegetation map;
floodplain/inundation map

StrahlerStream Order layer; geological
mapping

Geological mapping, hydrogeologydata

Vegetation mapping, groundwater level data,
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Cross reference with

1,4

1,4

Table 1.

Rules of GDE potential

If stygofauna are known to occurinpartofan
aquifer,itcanbeassumed that other parts of the
aquiferare also suitable
Aquifers with no direct hydrological connection to
the landsurface, orthat are notimmediately
connectedto analluvial, limestone, or calcrete
aquifer, are unlikely to be aquifer ecosystems
SURFACE GDEs
Wetlands inundated for prolonged periods,
especiallythrough prolonged dryperiods, are likely
to be connectedto groundwater
Specific wetland types are indicative of
groundwaterdischarge (i.e. deep marsh) (Dahlhaus,
2010)
In Victoria, the dominant source of water of
wetlands has previously been established
During dry periods, active vegetation within and
surroundingwetlands indicates shallow
groundwater levels. Groundwateris likely to be
connectedto the wetland, but may not discharge
enoughto cause inundation
Areas with persistent surface water are likely to
receiveinputs from groundwater with the
exception of waterbodiesin parts ofthe Lake Eyre
Basin
Vegetation identified as ‘GDEs thatrelyon the
surface presence of groundwater’ indicate the
presence of shallow watertables and potential
diffuse groundwater discharge into adjacent
wetlands
Waterbodies that occurinthe same geomorphic
settingas losing rivers are |l ess likely to be
connectedto groundwater
Wetlands that contain peatysoils are likely to have
been formed through groundwater discharge
Underlyingaquiferindicatinggroundwater
discharge to surface.
Underlyinggeologyindicates potential for
groundwater discharge to surface - baseflow
contribution from fractured rock a quifer, limestone
and alluvium
Rivers and streams within regions of shallow
watertables are more likelyto be connected than in
regions of deeper watertables
Where groundwater levels are the same or higher
elevationthanthe base of a waterbody,
groundwater discharge occurs to that water body
Where majorrivers have been mappedas losing
(Parsons etal., 2008) otherrivers withinthe same
landscape unitare also likelyto be losing and not
support GDEs
Where cracking claysoils exist or Holocene muds,
waterbodies are lesslikelyto be groundwater fed
Waterbodies intersectinga known springlocation
are more likelyto be GDEs
Rivers flowingthrough fractured rock a quifersin
the Adelaide Geosyncline and through the GAB
aquifers are likely to receive groundwaterinputs
Certainswamp vegetation communities indicate
likely groundwaterinflows or known GDE
vegetation
Permanent waterregime s indicative of
groundwater discharge which maintains fl ow/water

Potential datasets required

Geological mapping, existingstygofauna
surveydata

Geological mapping, hydrogeological data

Wetland/springmap; groundwater regime;
temporal inundation map

Wetland classification

Victoria wetland source map

Rainfalldata; remote sensing
greenness/wetness, Photosynthetically
Active Radiation; wetland map; groundwater
depth

Permanent water map (remote sensing);
wetland/rivermap

GDE Atlas; vegetation map

Geologic mapping; wetland/river map/; river
classification map; aquifer map; depththe
watertable

Soil type map; wetland map

Aquifer map; wetland/river map

Geology mapping; aquifer map;
wetland/river map

Wetland/river map; depth to groundwater

DEM; depth to groundwater; wetland/river
map

Wetland/river map; river classification

Soil map; wetland/river map
Wetland/river map; known s pring locations
Aquifertype; wetland/river map
Wetland/river map; ve getation ma p; depth
to groundwater

Surface water regime; rainfall/climate; s oil
type map
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Cross reference with

13,4

Table 1.

Rules of GDE potential

during the dryseason, exce pt when Holocene muds
and crackingclays are present

Certaingeological formations are more likely to
contribute baseflow to rivers (fracturedrock inthe
Adelaide Geosynclines, and outcropping Great
Artesian Basin aquifers)

Non-permanent waterbodies may receive
groundwater contributions if theyarein certain
lithological and geomorphological units

Large fluctuations in watertable canresultin
groundwater discharge to non-permanent water
bodieslateinthe wet season. Large fluctuationsin
watertable are expected to occur where rainfall is
high (>1000 mm/yr), and intense (>60% of a nnual
rainfall occursina 3-month period; andthere are at
least 10 days where >25 mm rainfall)

Low lying and break of slope (less than 5°)
landscapes are likely to have shallow watertables
Slope onspecific geology types is anindication of
shallow watertables

Vegetation isindicator of groundwater discharge
(known GDE)
Geologyisanindicator of groundwater connection
to wetland groundwater discharge (only applies to
Brunylsland)

Elevationis anindicator of groundwater connection
to wetlands (onlyapplies to Brunylslandand
Napierregion, Struanregion)

Streams an indicator ofgroundwater discharge
Geological contacts within steeplyincised basalt
valleys withinthe Northwest incised basalt plateau
regions are anindicator of s pring occurrences

Potential datasets required

Geologic map; aquifermap

Geologic map; wetland/river map; lithological
information

Groundwaterregime; rainfall

Aspect map; DEM; depth to groundwater

Aspect map; geology map; depth to
groundwater

Known vegetation GDEs; depth to
groundwater

Geologic map; wetland/river map

DEM; wetland/river map

Wetland/river map
Soil map; geologic map; wetland/river map
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Appendix G Assessing Aquifer Ecosystems

Almost all shallow aquifers contain life in the form of microbes, and can be reasonably presented as ecosystems.
While microbes are akey componentin many of the ecosystems services provided by aquifer ecosystems, itis not
yet practical to take a census of aquifer microbial community forthe purpose of impact assessment. Currently, a
more pragmatic approachin assessing the biological communityis to determine whetherthe aquifer supportsa
stygofaunacommunity, with this as the key indicatorthatan ‘aquifer ecosystem’ is present. ‘Stygofauna’ is a
collective termthatincorporates a broad suite of animal species, all adapted to livingin groundwater, and includes
crustaceans, beetles, snails, mites, worms, as well as groups known only from aquifers. They often shar e physical
characteristics such as blindness, elongation, and lack of body pigmentation (Hose et al. 2015).

For impact assessments, the objective of stygofauna sampling should be to determine which species are livingin the
aquifersthatwill be affected by CSG or LCM activities (DSITI, 2014). Once stygofaunaare found, an equally important

objective isto confirm the same species live outside the area of impact, so that there is assurance that species will
not be placed at risk of extinction.

Selecting the appropriate sampling points

Once suitable aquifers have been determined, the nextstepis to choose suitable samplinglocationsin those
aquifers (App Table 8). Most stygofauna samples will be collected from piezometers, bores or wells (collectively
referredto here as bores). Bores are rarely constructed specifically for stygofauna sampling. Instead, samples must
be collected from an already existing network of bores whose original purpose includes groundwater quality
monitoring, irrigation, abstraction and/or geological exploration. The type of bore sampled and its construction
details and history caninfluence its effectiveness as an access pointto collect stygofauna. Bores need to be located
ina suitable area, be of large enough diameter to allow sampling nets or pumps, and be screened at the section of
aquiferwhere stygofauna occur. Optimal bore characteristics are summarised in App Table 9.

App Table 8. Characteristics of bores most likely to yield stygofauna, provided theyare presentinthe aquifer
Bore parameter Preferred option Other suitable options

Diameter At least 50 mm Any suitable groundwater access point
greater than 50 mm.

Orientation Vertical Only vertical bores can besampled with nets.
Bores that are angled slightly away from
vertical can be sampled with some pump

types if cased.

Casing type PVC casing Steel, concrete or uncased - provided internal
surfaceis smooth.

Slot location Spanningthe interface between vadosezone Casingis open at bottom of bore.

and watertable, or within 10 m of watertable.

Purpose of bore Groundwater monitoring Any other vertical boreaccessingthe desired
aquifer

Other requirements Contains no pumps, vibrating wires, loggers,

or other permanent infrastructure

Bore has not been purged in the three Bore has not been purged for at least one
months prior to sampling month prior to sampling
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Stygofauna tolerances

As a collective group, stygofauna are tolerant of abroad range of physico-chemical conditions, and occurin a variety
of aquifertypes. However, as with all fauna, they require favourable conditions to survive and not all aquifers are
suitable. Toenhance the likelihood of collecting stygofauna from an aquifer, sampling effort should be greatestin
areas where conditions are most favourable. These can be selected from available hydrogeological and water

chemistry data, and are listed in App Table 8.

App Table 9. Water chemistry and aquifer conditions favourable to stygofauna

Parameter

Aquifer type

Watertable
depth

Hydraulic
conductivity/
aquifer porosity

Food availability

Salinity

Preferred type or range

Most common inkarsticand

alluvialaquifers. Also known from

fractured rock (sandstone, coal,
basalt)

Greater diversity and higher
abundances arelikely when
watertableis shallower than 20-
30 m. Stygofauna are also more
likelyinaquifer rechargeareas

Aquifers with high porosity and
hydraulic conductivity greater
than 10 cm/s

Higher stygofauna diversity likely

beneath phreatophytic trees and
inaquifer recharge areas

Stygofauna are most likelyin

water with electrical conductivity

(EC) less than 5000 puS/cm.

Notes

Fractured rockaquifers are
often secondary habitatand
will have stygofauna when
there is sufficienthydrological
connection to either limestone
or alluvialaquifers.

Areas with shallow
watertables (<20 or 30 m)
generally have higher
concentrations of organic
matter and dissolved oxygen,
makingthem more likelyto
have stygofauna.

Pores, spaces and fractures
must be largeenough to allow
stygofauna to move through
them, and connected well
enough to allowwater to
deliver dissolved oxygen and
nutrients.

Phreatophytic trees providea
reliablesourceof organic
matter for stygofauna,as does
water moving into the aquifer

Specimens have been
collected from waters with EC
up to 56 000 uS/cm, but
diversityand abundanceis
higher at lowEC.
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Appendix H Risk Assessment

App Table 10. GDE Risk Matrix (Serovetal., 2012)

Category 1: High Ecological Value (HEV), A B ¢
Sensitive Environmental Area (SEA)
Category 2: Moderate Ecological Value D E F
(MEV), Sensitive Environmental Area (SEA)
Category 3: Low EcologicalValue (LEV) G H |
Category 1: Low Risk Category 2: Moderate Risk Category 3: High Risk

App Table 11. Risk Matrix management actions (Serov et al.,2012)

Risk Management action
Matrix Descriptor
Box .
Short term Mid-term Long term
Protection measures for aquifer Continue protection measures for Adaptive
and GDEs aquifers and GDEs management.
Continue monitoring.
A High value/Low risk
Baseline risk monitoring Periodic monitoring and assessment
Protection measures foraquifer Protection measures foraquiferand Adaptive
and GDEs GDEs management.
Continue monitoring.
High
B value/Moderate
Risk Baseline risk monitoring; Monitoring and periodic assessment of
Mitigation action mitigation
Protection measures foraquifer Protection measures foraquiferand Adaptive
and GDEs GDEs management.
Continue monitoring.
C High Value/High
Risk Baseline risk monitoring; Monitoring and annual assessment of
Mitigation mitigation
Protection of hotspots Protection of hotspots Adaptive
Moderate management.
Value/Low Risk Baseline risk monitoring Baseline risk monitoring Continue monitoring.
Protection of hotspots Protectionof hotspots Adaptive
Moderate
management.
E Value/Moderate . o
Risk Continue monitoring.

Baseline risk monitoring
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Risk Management action
Ma'trix Descriptor
Box .
Short term Mid-term Long term
Monitoring and periodic assessment of
mitigation
Mitigation action
Protectionof hotspots Protection of hotspots Adaptive
management;
Continue monitoring
E Moderate e — — r | 7
Value/High Risk BaTs.e ine ris rr)omtormg, Mpplto.rmg andannual assessment o
Mitigation action mitigation
Protect hotspots (if any) Protect hotspots (if any) Adaptive
G L lue/L sk management;
ow value/Lowris ; ar
Baseline risk monitoring Baseline risk monitoring Continue monitoring
Protecthotspots (if any) Protect hotspots (if any) Adaptive
management;
Continue monitoring
Low
H Value/Moderate Baseline risk monitoring; Monitoring and periodic assessment of
Risk Mitigationaction mitigation

Low Value/High
Risk

Protect hotspots (if any)

Protect hots pots (if any)

Baseline risk monitoring;
Mitigationaction.

Monitoring and annual assessment of
mitigation

Adaptive
management;
Continue monitoring
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