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A lack of understanding of the regional water balance is still a fundthlemowledge gap limiting the

water allocation planning process for the Lower Limestone Coast Prescribed Wells Area (LLC PWA). A
regional scale threglimensional numerical groundwater flow model of the Lower South East region of
South Australia, and in piicular of the LLC PW, required to:

1 Help quantify regional water balance components as well as-nefationships between regional
recharge flows between the unconfined Tertiary Limestone Aquifer (TLA) and the Tertiary Confined
Sands Aquifer (TCS4jpundwater storage, and groundwater discharge.

9 Address questions relating to specific components of the regional water balance that arise through the
water allocation planning process.

1 Contribute to a consistent framework for the future development afdkscale numerical groundwater
flow models which may be designed to address lscale issues and thereby further support water
resources planning in the Lower South East region.

1 Guide future technical work in the Lower South East region by refiningrtderstanding of critical
processes influencing water movement and availabitityd by identifying locations where such
processes are most significant.

Phase 1 of the South East Regional Water Balance project is the first component of adomgesearch
program to develop a regional water balance model for the LLC PWA. It has involved three tasks, all aiming
to lay the foundations for the development of the regional water balance model:

1. Development of a regional water balance framework.

2. Preliminary asessment of the spatial variability and indicative fluxes of groundwater discharge to
the marine environment.

3. Assessment of the role of geological faults on regional groundwater flow and aopeifer leakage.

The area of interest for the project is tihé.C PWA; however the study area and likely model domain have
been selected, based on inferred hydrogeological boundaries, to be broader than this. As a result, the study
area for the project extends across the South Australian/Victorian border and induglgaificant portion

of the Border Designated Area.

The regional water balance framework, which has been developed in Phase 1 of Task 1 andeidésse
of all availablerelevant datasets and conceptual information about the system to be modelledekhsas
the design of the modelling approach to be takée latter includeslevelopment of the modelling
objectives fronthe overarchingpolicy questions, an assessment of how the model should interact with
other models for the region, as well as diagment of recommendations forarious aspects of the model
design, includinghe model platformmodel domainspatial and temporal discretisation and
implementation of boundary conditionsThis report describes thesults of this, as well as some key
productsderived fromthe basic dataThe Phase 1 outcomes of Tasks 2 and 3, which are technical
component studieslesigned to address two critical knowledge gaps influencing model outcga)es,
regional groundwater flow through faults arjd) submarinegroundwater dischargeare also presented

Regional Model Framework

The proposed design for a regional numerical groundwater flow model of the LLC PWA has been outlined in
detail in this report and most of the basic data required fodigsselopment collectedincluding aquifer

property and hydraulic head data, surface water information, groundwater extraatghydrochemistry

data Key features of the proposed model are that it would:
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9 Cover the Gambier Basin of the Otway Basin and ¢dkihswestern margin of the Murray Basin.

1 Have three hydrogeological layers, including the regional unconfined aquifer, the regional confined
aquifer, and the intervening aquitard unit.

1 Have a maximum grid size of 1000 m x 1000 m, with refinement of tkisvhere required, to enable
reasonable computational times.

1 Be developed within the modelling platform MODFLQW)O0 or a recent update (MODFLAYSG).

The purpose for the model will be to address regional scale problems, such as the response of the
groundwater system to changes in water allocation policy, land use or climate. The model would also give a
regional context to more local problems, such as when evaluating environmental water requirements for
individual wetlands. However, the regional groundwatevdel will need to be complemented with finer

scale models to evaluate these local scale impacts in detail.

Stratigraphy

As part of theregional water balancenodel framework for Task 1,reew hydrostratigraphic model was
developed for the intejfurisdicional study area. Whilst separatgdrostratigraphic models existed for the

South Australian and Victorian sides of the border, a model of the e@t@rabier Basimallowing for cross

border hydrogeological assessments did not previously exist. Simeglyipus groundwater flow models

have also focused on either one or the other side of the/&forian borderDEWNR was in the process of
revising thehydrostratigraphic model for the South Australian portion of the study area and, in

collaboration with his project, this was extended to the Victorian portion by obtaining and collating the
relevant Victorian data and fimterpolating the stratigraphic surfaceA.preliminary model has been

produced and checked against existing cresstions and local hydgeological knowledgd.he model

domain includes the Gambier Basin as well as the saetst margin of the Murray Basin, with the domain
governed by natural groundwater flow barrieaad dividesAlthough the model generally matches well

with existinghyd2 3S2f 23A0Ff AYOGSNIINBGFGA2yaz a2YS | NBlFa (K
understanding have been identified (J. Lawson, pers. comm., 2013). These are predominantly areas around
the border area where stratigraphic layers appear to pinch ottiénmodel but drilling records suggest

that this is not the case. The datasets causingitt@scurate interpolatiorare currently being revised.

Recharge

Thegroundwater rechargeomponent ofTask lestimated recharge for the entire study area from
obsenational data using (1) theratertablefluctuation method (WTF), (2) the chloride mass balance
method (CMB), and (3) a water balance using satalidved estimates of actual evapotranspiration
(Satellite ET). These methods vary in the type of rechamgedktimate(gross or net)and are
complimentary but not comparablé&stimates of mean recharge rate over the entire study area from the
three methods were:

1 WTF method: gross recharge of 84 mm/year (ranging frggb2 mm/year at a given location).

9 CMBmethod: net recharge of 21 mméar(with a plausible range df3¢34 mm/year).

1 Satellite ET method: net recharge-6fmm/year(that is a net dischargeyhich equates tc0.9% of
modern annual rainfall

For the LLC PWA, estimates of total annual rechafyiexiwere 1,241 GL/year (gross) for the WTF method,
411 GLl/year (net) for the CMB method, and 37 GL/year (net) for the Satellite ET method. A decreasing
trend in gross recharge of almost 1 mm/year was observed over the period 1970 to 2012 from the WTF
method. The cause of this trend (whether climate or development related) was not determined during this
study.

The mean net recharge (as percentage of rainfall) was estimated by vegetation type using the Satellite ET
method as followgwith negative values presenting a net discharge)

9 crops: +2.8%
9 pastures: +1.4%
9 native vegetation:3.6%
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9 softwood forestry:-9.7%
9 hardwood forestry-16.4%
1 irrigation areas:13.4%

It should be noted that, in these results, considerable variability exists within each vegetgie. The

Satellite ET method produced some interesting results with regards to the relationship between net
recharge and depth tavatertable(DTWT) under plantation forestry. Estimated recharge for softwood
forestry land use over sandy (i.e. lightektiered) soils is consistent with the resultsBdnyon et al(2006),

with greatest discharge occurring when the DTM/IEss than a few metres amelducing with depth until
negligible beyond 6 m DTWT. For heavier textured soils (i.e. clay coq@s#d), maximum groundwater
discharge occurrethen DTWT was withing m of ground surface, with discharge decreasing to zero at
depths of greater than 7 m. The maximum DTWT at which vegetation could access groundwater was 9, 13
and 16 m for soils with clay contents af1®%, 1Q15% and 1§25% respedtely. For soils with higher clay
contents, the depth at which trees could access groundwater was estimated to be greater than 20 m.

Historical Bnd use

The value of historical land use data sets in relation to understanding historical patterns in resiasrge
recognised in te development ofhe framework for theregionalwater balancemodel. These historical
patterns in rechargare especially important for the calibration phase of regional groundwater models.
Two methods for developing land udatasetswere investigated as part of Phase 1Tafsk 1 othis

project. These methods are the interpretation of Landsat satellite image data for the years 1975 to 1995
and collation and interpretation of historical Agricultural Census data for the years 185749 $6uth
Australia only)Demonstration land use maps have been developed in Phase 1 of this doojdot years
1890, 1925, 1935, 1955, 1964 and 1995

These maps showed remarkable changes in land use over relatively short periods of time. For émample,
the County of Grey, the original whesheep farming of the late 1800s was replaced by a more varied
production system in the 1920s and 1930s, but the area undewatitih was smaller. In the 1950s and
1960s the area uret cultivation further decreask but the production systems became less diverse again.
Importantly to the estimation of historical recharge, the historical land use study has identified and
mapped patterns of clearance of native vegetation in the South Australian portion of the sealgiace

the mid-1800s.These maps are preliminary and require refinement using ancillary data and further
analysis, but this is a major stepfaard in understanding historical recharge rates in the South. East

Submarine groundwater discharge

Determiningboundary conditions at the coastline is a challenge for regional groundwaidels A suite of
environmental tracers were evaluated to determine the ones most suitable to locate and quantify
submarine groundwater discharge (SGD) in the Port MacDonn¢ittoria sections of the study area. The
tracers tested included taperature, salinity, rado222, the radium quartet (Ra23,-224,-226 and-228),

the stable isotopes of water and heliuh The usefulness of the tracers was evaluated by measuring their
characteristic signatures in different water sources (regional groundwater, creeks and drains, coastal
springs and recirculateseawater) relative teeawater.

Salinity and radon activityn the surf zone or in intertidal groundwateouldlocatepoint or diffuse
groundwater discharge at the coastline, but it remains unclear whether these tracers could be used in a
similar fashion offshord-delium4 was not found to be a useful tracer because it was at background
concentraion in most source waters. Radiuderived offshore diffusivity estimates (i.e., a measure of the
tendency for solutes released at the coastline to move offshore) and the offshore réfiérflux were the
highest measured to date in Australia. This indicated that strong hydrodynamic rmodags over the
continental shelf in the Southern Ocean. While the offshore raed2® flux was high, the main sourcé
radium appears to be recirculated seawater, gobundwater dischargeBased on the avable evidence,
most of the SGDetween Port MaDonnédl and the Victorian bordesccuss close to the coastling<l km)

not offshore. However, offshore groundwater discharge could mix with seawater in the seabed rather than
at the seabed surface, making its detection with the tools use@ more difficult.
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Faults

Thetask on themfluence of geological faults on groundwatén involved the sampling of twelve
groundwater wells located adjacent to two regional geologic falllestwaup and Kanawink&r
hydrochemistry and environmental tracers. Theukts did not identify significant, consistent trends
associated witlwell location or sampling depth, but this was likely to be dou¢he wells being unscreened
(that is,being open holes intersecting sevegaological formations rathrethan discrete ors). However,

the results achieved, and some preliminary modelling of groundwater flow and age transport suggest that
the completion of these wells as mulével piezometer nests would enable discrete hydrochemical and
environmental tracer sampling of hy@heological units at different depths. The results of such sampling
could enable the quantification of groundwater flow rates which could then be used to help constrain the
estimation of hydrogeologic parameteirsthe regional numerical groundwater flomodel.

The first phase of th&outh East Regional Water Balapeeject was more than a simptata-gathering
exercise aseveral highefevel products were developed preliminary cros®order hydrostratigraphic
model has been developed for the study area andighiontinuingo be refined. In the recharge
estimation studyan assessment of modelling requirements have led to the conclusion that aipotable
approach is the most appropriate way to represent the spatial variability of recharge in the regional
groundwater flow model. Such loalp tables would be based upon the variables that influence the
magnitude and direction of recharge: monthly rainfall, monftiree year, vegetation type, soil type and
depth to watertable.The land use change evaluation has provided snapshots cliesmth theSouth Bst
since the days of European settlement. $aknd use mapare extremely valuable in developing models
of recharge as they can provide more realistic historical calibration, as well as having other diverse
applications.

Despite the development of a large dataset to support the model development and clear recommendations
for the model design, as well as some higliue standalone outputs, aiumber of challenges remain to
develop the regional water balance model, including to:

1 determine suitable boundary conditions at the coastal boundaries

1 realistically but practically represent the role of drains and other wadarses in the regional
groundwater balance

1 determine how to include the impact of faults in the regional flow systems.

A number of recommendations can be made to help future developments of the regional nkmidhnd
use mapping:

9 There is scope to furdr develop the methodology used to generate the land use maps for the South
East, for example incorporating ancillary informatisith the Agricultural Census and Landsat data used
to date.

1 Due to the quality of the historical information available, apoi@ A I £ SEA &G G2 3ISYySNI G
of landuse in the South East since the 1850s by applying the methodology developed in this project to all
years where information is availabl€his may improve the calibration phase for the regional
groundwatermodel by enabling more precise estimations of historical variations in recharge rates.

For submarine groundwater discharge:

1 Inshore (<1 km) groundwater discharge could be evaluated in more detail using high resolution surveys
of salinity, temperature andadon-222 in seawateand intertidal groundwater.

9 Offshore submarine groundwater discharge may be best evaluated by looking for evidence of freshwater
in the seabed rather than in the water column

9 Two dimensional crossectional models could be used tarther characterise SGD processes along the
coastline, including for evaluating the role of the large coastal lakes (Lake George, etc) on regional
groundwate flow processes.
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9 Use grounebased and aerial geophysics to further determine variations in théhdepthe saline
interface along the coastline

For future investigations of groundwater flow across the Tartwaup and Kanawinka: faults

9 Complete the recentigrilled (c.2009) wellssamultilevel piezometer nests.

1 Extend the deep (i.e. >100 m depth) wetlaritersect the confined Dilwyn Sands aquifer to investigate
the upward flow of older water from the regional confined aquifer into the regional unconfined aquifer.
Deeper well completions (followed by installation of nHdtiel piezometer nests) couldquide
significant insight into connections between the confined and unconfined aquifers.

1 Undertake additional drilling along the Kanawinka Fault transect to better identify the location and offset
of stratigraphic displacement.

It is also recommended th&bcal scale modslof groundwaterg surface water interaction in wetlands be
developedto help evaluate impacts on individual wetlands within the context of regional changes in
groundwater flow systemshese models should be developed in close collabmratiith the regional
water balance model project so that the two scales of models can interface most effectively.
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Sbastien Lamontagneand Nikki Harrington

The South East Wat&tience Review (2011) concludbdt, based upon existing kmvledge, water use is
currently within sustainable limits at the Prescribed Wells Area level for the Lower Limestone Coast
However, due to a number of gapstuinderstanding of processes that afféhe regional water balance,

there is uncertainty about th amount of water that can be extracted sustainably from the regi®a

whole. The reviewalso concluded that surface water and groundwater are intrinsically linked and should be
managed in an integrated fashioHowever, it is not clear how this is to behievedProposed

management for the awer LimestoneCoastPrescribedWells Area (PWAJhrough the Water Allocation
Plancurrentlyrelies on triggers (including groundwater drawdown, increasing salinity and seawater
intrusion) to indicate a decline ir@undwater conditionAllied to the close surface wateg groundwater
interrelationship, the majority of wetlands in the South East (77% by number and 96% of total wetland
area) are highly likely to be groundwater dependent and this relationstupnisisent for the Lower

Limestone Coast Prescribed Wells AldaPWA) Because of the close link between groundwater and
surface water resources in the region, surface water resources and ecosystems are particularly ulnerab
to groundwater exploitation.

This12 month project is considered to be the figgtaseof a longerterm research program to develop a
regional water balance model for thewer Limestone Coast PWPhelLower Limestone Coast PVIsA
considered to be tharea ofinterest for thisproject; however the study area has been selected, based on
inferred hydrogeologicdloundaries, and to include the area aférest. As a result, the study area for the
project extends across theouth Australia¥ictorian border and hence the domain of the finalioel

model developed is likely to be intgurisdictional, incorporating Zones 1A/1B to 7A/7B of the Border
Designated AredPhase 1 of the project has involved collating data from the Victorian component of the
study area as well as the South Australiemmponent.

This research program was devedabin close consultation with state and local management agencies to
address their critical knowledge needs to enable the development of an integrated water management
policy in the Lower Limestone Coast PresmlibVells Area.

The centrpiece for theresearchprogram is the development of a regional scale thdimensional
numerical groundwater flow model. Suchredel is required to:

1 Help quantify regional water balancemponents as well as inteelationships between regional
recharge, flows between the unconfined Tertiary Limestone Aquifer (TLA) and the Tertiary Confined
Sands Aquifer (TCSA), groundwater storage, and groundwater discharge.

9 Address questions relating 8pecific components of the regional water balance that arise through the
water allocation planning process.

9 Contribute to a consistent framework for the future development of lesrale numerical groundwater
flow models which may be designed to addres=satscale issues and thereby further support water
resources planning in the Lower South East region.

1 Guide future technical work in the Lower South East region by refining the understanding of critical
processes influencing water movement and availgbilind by identifying locations where such processes
are most significant.

The development of such a model first requissidressing some of the key knowledge gaps and
consolidation of all available information intacanceptual model The definition of aonceptual
(hydrogeological) model (Barnett et al., 201p
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W descriptive represé¢ation of a groundwater system that incorporates an interpretation of the
geological and hydrological conditio(dsnderson and Woessner, 1992 consolidates the current
understanding of the key processes of the groundwater system, including the influence of stresses,
and assists in the understanding of possibtareichange® W

The definitions of/arious types ofjfroundwater modelare provided byBarnett et al(2012. A

groundwater model is a simplified representation of a groundwater system, based upon the conceptual
model. A mathematical modeldescribes the physical processes and boundaries of a groundwater system
using one or more governing egtions.In the case of this project,raumerical groundwater modeWwill be
developed due to the complexity of the system to be representenuericalmodelallows mathematical
models to be applied to complex systetmsallowing thedivision ofspaceand/or time into discrete pieces.
Features of the governing equations and boundary conditions (e.g. aquifer geometry, hydrogeologogical
properties, pumping rates or sources of solute) taen be specified as varying over space and time. This
enables moreomplex, and potentially more realistic, representation of a groundwater system than could
be achieved with other approache®Numerical models are usually solved by a compdtkere are

numerous stages in the development of a numerical mobeluding madel design, model development,
calibration, sensitivity analysis and predictions.

The first phase of the program comprisedtbfee tasks, albf which ainedto lay the foundations for the
development of thenumericalregional watebalance model:

1. Development of a regional water balance framewankluding areview of regionagroundwater
recharge rates, aeassessment of the regional hydrogeological stratigragoiy anevaluationof
postEuropean settlement landse.

2. A preliminary asessment of the spatial variability and indicative fluxes of groundwater discharge to
the marine environment

3. Preliminary asessment of the role aégionalgeological faults on regional groundwater flow and
inter-aquifer leakage.

Task 1 involved collatin of all available data and assimilation of this into a conceptual model for the water
balance of the study areas well aslesignof the framework and methodology for development of the
regional groundwater modelTasks 2 and 3 involved preliminawtivities fortwo research projects aimed

at addressing specific critical knowledge gaps in the conceptual model.

This rert summarises the findings tlfie first phase of the program. Chapter 2 presents an overview of

the South East region, in particuits water resources. Chapter 3 reviews the key challenges involved in the
development of a regional water balance model for the study area. In Chapter 4, an analysisrafdt

land useis presenteda topic of significace because of its influence distoricalgroundwater recharge
rates.An extensive review of the available information on groundwater recharge in the Soutts East
presented in Chapter 5, along with an evaluation of key confaolthis processén this environment. Key
outputs from these investigationsvere historical land use maps and groundwater recharge maps.

Chapters 6 and 7 present the results of Tasks 2 and 3, which aingath&r new information about
submarine groundwater discharg€ GDandgroundwaer flow across regional fdis, two key
hydrogeological processes in the regidihe LLC PWA has unigue coastal springs and wetlands which are
highly prized for their biodiversitfHoweverthe significance o8GD fothe regional water balance is

unclear. This is caused, in pa, the fact thatlocations of groundwater dischargetime landscape areot
alwaysobvious One of the few approaches available to get a regional perspective on SGD is through the
use of environmental tracer@urnett et al., 2005 In the first component study, suite of environmental
tracerswastested to determine which ones are mosteful to locate and quantify SGD in this environment
(Chapter 6) The focus of the SGD work wadsng thecoast betweerPort MacDonneland theVictorian

border, where SGD is known to occur through coastal sprifigs.SGD study was also designed to
complement a previous studysing temperature in the study argBlerpich, 201 In the second
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component study{Chapter 7)environmental tracers were also used to evaluate flow across two regional
faults (the Tartwaup and KanawinKaults). Key aims of this stydvereto use analyses of groundwater
samples from existing observation wellsaealuatethe influence of the faults on lateral groundwater flow
and identify and potentially quantify angteraquifer exchangecurrently major uncertainties in the
conceptual moel of the South East region.

Chapter 8 presents summary of theassimilation of availableformationcarried out as part of Taskahd
how this relates to the conceptual model of the regional water balari€ey outputs from this were a
revisedhydraostratigraphic model for the whole study area, an assessment of historical groundwater
extraction data and aynthesif information on theposition of the seawater interface in the region to the
south of Mount Gambier.fe proposed framework and methodologyr fdevelopment othe regional
groundwater model are presented in Chaptelk®y conclusions from Phase 1 and recommendations for
Phase 2 of the program are presented in Chapter 10.
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Nikki Harrington, Juliette Woods, Chris Turhge, Phil Davies and Chris Li

The objective of this chapter is to provide the reader with an overview of the main characteristics of the
study area to assist with interpretation of subsequent chapt@tsapterst to 8 provide more detail on

various aspects of the conceptual model and some of this background informatioresedpghere As

described in Chaptet above, the area of interest for this project is the Lower Limestone Coast Prescribed
Wells Area (LLC PWA)dure2.1). However, the study area is broader than this, beimgghly bounded by

the structural highs of the Padthaway Ridge and the Dundas Plateau, extends northward to ward Keith and
also includes parts of western Victarldydrogeologically, includes theGambier Basiof the Otway Basin

and the southwestern margins of the Murray Basin. The following provides a broad overview of the
characteristics of the South East region as an introductiamrington et al. (20)1provide an extensive

overview of the region and much of the fmiing has been derived from that report.

2.1.1 TOPOGRAPHY

The study area comprises an undulating coastal plain which generally slopes to the west angesiuth
toward the Southern Ocearfrigure2.1). Topographic relief in the study area is generally low, rising to a
maximum of 50 mAHD (metres above Australian Height Datum) along a series efvesttto southeast
trending stranded coastal ridgesofographic lows (i.e. < 30 mAHD) occur in iktkenal regions. The

highest points in the landscape are the Mount Gambier and Mount Schank volcanic cones, rising to 190 m
and 120 mAHD respectivelyigure2.1). Other, but less significant topographic highghe study area

include theMount Burr and Naracoorte Ranges

2.1.2 CLIMATE

The climate in the South East region is Mediterranean, with hot dry summers and cool waswibady
maxima range up to 40 °C in the summer months and as low as 1F® di&ing the winter months. A
north-south rainfall gradient exists, with generally higher rainfall occurring in the southern part of the
region and lower rainfall occurring filner north. Figure2.2 displays mean annual rainfall for the South
Australian portion of the study area, which ranges from 835 mm/year in the elevated Mount BugsRang
(north-east of Millicent), to 80 mm/year inBordertown Approximately 75% of annual rainfall falls
between April and October, which is typically when recharge occurs (i.e. when precipitation exceeds
evapotranspiration). An approximate norouthevapotranspiration gradient also exists, with potential
evapotranspiration ranging from approximately 1400 mm/year in Mount Gambier to approximately 1700
mm/year in Keithwhich is just north of the study area

4| Framework for a Regional Water Balance Model for the South Australian Limestone Coast Region
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2.2 Geologicaketting

The study area consists of the GamtBaisin which is a Tertiargroundwater basirof the Otway Basin
and part of the southwestern Murray BasirFjgure2.1).

2.2.1 GAMBIERASINOF THE OTWAY BASIN

The Otway Basin is an easést elongate basin of approximately 100,000%aontaining a thick
accumulation of mixed marine and terrestrial sediments dejgosduring the Cretaceous and Tertiary
Periods Figure2.3)(Smith et al., 1996 TheGambierBasinis the most westerly of the groundwater sub
basins of the Otwaydsin. It is separated from the Murray Basin to the north by the Padthaway Ridge, a
granitic basement high and by the Kanawinka Monocline to the reatt(Cobb and Barnett, 1994t is
bounded in the east by the Dundas Plat€have et al., 1993 where thewatertablelies within the pre
Cainozoic bedrocfMann et al., 199%(Figure2.1). In the soutkeast, it is separated from the neighbouring
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Tyrendarra Embayment of the Otwaydaby the Lake Condah HiRyan et al., 1995KM, B09). The
basin extends offshorRyan et al., 1995

A number of prominent structural features within ti@mbier Basiare believedto exert significant
influence on regional groundwater flow. In particular, the newhst trending Kanawinka Fault occurs in
the north-east of the Basin and the west to nostvest trending Tartwaup Fault occurs in the south of the
basin Figure2.1). Both faults feature throw towards the southest, with the magnitude of stratigraphic
offset diminishing toward the surface. The Tartwaup Fault forms part cdjamstructural hinge line, with
Cretaceous and Tertiary sediments rapidly increasing in thickness to the(Sratrestock et al., 1936A
number of snaller parallel faults are associated with the Tartwaup Fa&ugu(re2.1) (Lawson et al., 2009
Animportant structural high, the Gambier AXlsenley, 197)occurs to the north of the Tartwaup Fault.
Recent mappingf fault locations in Tertiary sequencdddure2.1) has revealed that the northern
boundary of theGambier Basirs likely to occur approximately along the KingstorNaracoorte line, and
is associated with a magnetic high located between Lucindale and Straason et al., 2009This can be
approximated by following the northern extent of mapped fault&igure2.1.

Sedimentation in th&Gambier Basiscommencedn the Early Cretaceous with deposition of shales,

lacustrine volcanogenic sand and fluvial clays of the Otway Giidnipwas followed by the deposition of

the claystone, mudstone, and sand of the Late Cretaceous Sherbrook Gexlimentation in the

Palae@ene to Early Eocene included deposition of the Wangerrip Group, containing the Pember Mudstone
and the Dilwyn Formation. The latter unit includes the Tertiary Confined Sands Aquifer and the Dilwyn Clay
aquitard. Increasing marine influence led to depasitof the Middle to Late Eocene margimahrine

Nirranda Group (including the Mepunga Formation and the Narrawaturk Marl). In the Late Eocene to
Middle Miocene the marine Gambier Limestone was deposited, which is currently part of the regional
unconfined @uifer. Since the Pleistocene the southern area of @@mbier Basihas been altered by

volcanic activity, with the remnant volcanic cones of Mount Gambier, Mount Schanaumat Burrnow
prominent topographic features in the landscape.

Eustatic sea level rise during the Pleistocene resulted in a number of marine transgressions that extended
as far inland as the Kanawinka Fault and caused reworking of Tertiary sedimamitani series of

fossiliferous sand dunes derived from Bridgewdtermation sediments formed in strand lines sudrallel

to the coastline as the ocean regressed, with the shallow marine limestone of the Padthaway Formation
being deposited in intedunal areas. These units, where present, overly the karstic Gambiestone and

form part of the regional unconfined aquifer.
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2.2.2 SOUTHNEST MARGIN OF THERRAY BASIN

The Murray Basin is a large, Cainozoic, intercratonic sedimentary basin located weastgiim Australia
(Brown, 1989; Rogers et al., 1998 is one of the Tertiary continental margin basins of southern Australia,
which formed at the start of the Mesozoic Era due to rifting between Australia and Antafidkitzaren et

al., 201). The Murray Basin is the most laterally extensif/these basins, with an area of 300,000°km
Murray Basin sediments are comparatively thin, being generally less than 200 m thick but no more than
600 m thick(Brown, 1989McLaren et al., 2001

The structural and stratigraphic framework of the Murray Basirescdbed in Brow{1989. The

hydrogeology is described in greater detail in Evans and K@IBRD). Lukasik and Jam€E999) revised

the lithography and nomenclature of South Australian sediments of the Murray Supergroup. McLaren et al.,
(2017 summarised the current understanding of the palaeogeography, depositional environments and
events of the soutiwestern Murray Basin and the Western Otway Basin since the Late Miocene.

The Murray Basin contains two main stggions: the Rigrine Plains in the east and the Mallee region in

the west(Brown, 1989. Each subregion features a local depocentre and is separated from the other by the
Tyrell Fault and Neckarboo Ridge. Evans and K@lR®9) further divided the Mallee region into two
hydrogeological provinces: the Scotia province north of the MurragrRind the MalleelLimestone

province south of the river.

The present study area includes the soutastern margin of the Murray Basin, which is part of the Mallee
region, and the Malle¢imestone province. Within the study area, the Murray Basin alhet§&ambier

Basinof the Otway Basin, the Grampiaregionand the GleneldriverregionBrown 1989). Most ahe

Murray Basin is bounded by Proterozoic and Palaeozoic fold belt rocks including the Dundas Plateau within
the study aregEvans and Kellett, 1989 he Murray Basin is separated from tBambier Basiby the

shallow but largely concealedibement high of th€alaeozoi®adthaway Ridg@Brown, 1989Lukasik and
James, 1998 however, the stratigraphy of the two basins is considered equivalent.
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The stratigraphy of the Mallekimestone province is summarisedrigure2.3. The Renmark Group
consists of predominantly fluvilacustrine sediments deposited in the L&alaeocendo the Middle
Eocene(Brown, 1989Cobb and Barnett, 1994During the Early Oligocene to Late Miocene the Ettrick
Formation and Geera Clay were asjied in shallow to marginal marine environmerfisom the late
Oligocene, Murray Group limestone was deposited in shallow marine environriinotsn, 1989.

Pliocene marine transgressigagressions resulted in deposition of the Bookpurnong Bedstlas Loxton
Parilla SandéBrown, 1989. The Quaternary aeolian dunes of the Woorinen Formation represent
reworkings of the LoxtonParilla SandéEvans and Kellett, 1989 he overlying Quaternary Bridgewater and
Padthaway Formations occur in both the Murray Basin andaambier Basiwithin the Gambier coastal
plain(McLaren et al., 20])1

Groundwaterof the Gambier Basinccurin a number of different hydrogeological systems in the Cainozoic
and Cretaceous sequences. The Cretaceoudeargquare generallgaline and generally too deep for

economic utilisatior{Love et al.1993. Two major low salinity groundwater systems occur within the
Cainozoic sequence: thertiary Confined Sand Aquifeystem(TCSAxompised primarily of Dilwyn sand

and clay unitsn the GambierBasin and the Renmark Group Sands in the MurraynBand the mult

lithological unconfined ertiary Limestone Aquifer (TL#ystem, comprised primarily of the Gambier
Limestone Figure2.3). The cofiined system is separated in places from the underlying Cretaceous aquifers
by the discontinuous Lower Tertiary Aquitard, comprising the Pember Mudstone; and from the overlying
unconfined system by the Upper Tertiary Aquitard. This is comprised of thawurk Marl, the

Mepunga Formation (which can occur in areas as a discontinuous aquifer) and a clayey unit of the Dilwyn
Formation itself, known as the Dilwylay(Figure2.3). The unconfine@quifer system consists of the late
Tertiary Gambier Limestone and the Quaternary age Padthaway and Bridgewater Formations. The Gambier
Limestone consists of three suwinits: the Greenways, Camelback and Greeintfnembers(Li et al., 2000;
White, 2006). The entire hydrogeological sequence of tRambier Basiis wedgeshaped, thickening

toward the south to up to 5000 m offshore. The Cainozoic groundwater system itself can be up to 1000 m
thick near the southern coast.

Groundwater in both the unatfined and confined aquifergenerally flows toward the coast; from east to
west in the region to the north of Mount Gambier and from north to south in the region to the south of
Mount Gambier. Théydrostratigraphic model and groundwater flow characteristicshef study area are
further discussed isections8.2and8.3.

The pringdal hydrogeological units of the Malléegmestone province of the Murray Basin are, in order of
decreasing depth: the Renmark Group aquifer, the Ettrick Form#&ieera Clay aquitard, the Murray

Group limestone aquifer, the Bookpurnong Beds aquitard, theédn-Parilla Sands aquifer, the

Blanchetown Clay aquitard and the Woorinen Sands. The Blanchetown Clay is not present in the study area
as it was deposited further north, within thgalaeclake BungunnigMcLaren and Wallace, 20110

In the study area, groundwater in the Renmarlo@r and Murray Group aquifers generally flows in a
westerly or northwesterly direction, away from the recharge areas of the southern Wimmera region
located around the edges of the Dundas Platéavans and Kellett, 198%0ther recharge areas for the
Murray Group aquifer may include the Little Desert and local sinki{Blens and Kellett, 1989
Groundwater in the Loxton Sands aquifer, whikhecharged by both rainfall and irrigatioflows in a
north-westerly direction. Groundwater flows from the Riverine province into the Mdliegestone
province within the Renmark and Loxt®arilla Sands aquifers but not into the Murray Group aquifer,
which does not extend laterally into the Riverine provifiEeans and Kellett, 1989 mall volumes of flow
occur out of the Murray Basin via the Reak and Murray Group aquifers where they meet the coast over
the Padthaway Ridge, including a portion of the study #Es@ns and Kellett, 1989t is assumed that
prior to European settlement, the aquifer systems were in hydraulic equilibf&nmwn, 1989.
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2.4.1 SWAMPS, WETLANDS ANBTURAL WATERCOURSES

Natural watercourses irhe Lower South East are generally impeded by the limited topographical relief and
the transverseloriented dune system, which results in the occurrence of numerous swamps and wetlands,
lakes and sinkholes in intelunal corridorsSwamps and wetlands udyaoccur over a shallow watertable

and clay horizons during the wet winter months as a result of clay soils holding surface watetyimtpw
depressionsThese are typically found to the north of Mount GambiEne construction of drains in the

South Eat region, and subsequent changes in land use, are thought to have reduced the original areal
extent of wetlands by 93%larding, 2008

A number of natural creeks, such as Morambro Creek, Mosquito Creek and Naracoorte Creek, flow across
the South Australian/Victorian border into the South East region of South Australia, with catchments that
extend into western Victori@Figure2.4). Mosquito Creek discharges into Bool Lagoon, a Ramsar
conventionlisted wetland complex located southest of Naracoorte. Morambro Creek discharges into
Cock#oo Lake northwest of Naracoorte, and is the only prescribed surface watercourse in the South East.
Flow in all of these creeks is ephemeral, and highly dependent upon winter raitalGlenelg River is a
permanent watercourse that flows mainly througtre Victorian portion of the study area and discharges to
the coast at Nelson, located less than 5 km east of the South Australian/Victorian beigleep.4).

Numerous karst sinkholes (also referred to as dolines and cenotes) are located south of Mount Gambier,
where the regional unconfined aquifer is particularly calceredtiese tend to occur along structurally

weak fault zonesSinkholes are formed by thessiolution of the carbonate matrix by infiltrating rainfall and
generally either partially fill with soil and sediment or, are exposed to the watertable. Other significant
1FNRG FSIGdZNBa AyOfdzRS GKS WNARAAY IwensPahdganda Q f 2O 0
Piccaninnie Ponds. Ewens Ponds consists of a series of three ponds which are fed almost entirely by
INRPdzy RglF GSNI RAAOKI NBHS (GKNRdzZAK @AaAofS WodzoofAy3ad &
discharges to the coast. PiccanmfPonds is a much larger karst spring wetland complex, with a main pond

that is up to 100 m deep in parts. Groundwater discharge from Piccaninnie Ponds also flows to the coast.
Springs discharge groundwater to creeks such as Deep Creek, Jerusalem G@mdsarCreek, which in

turn alsodischarge to the coast to the south of Mount Gambier. Flow has been periodically gauged in these
creeks since the 1970s and the total mean annual discharge to the coast from all sites, including Eight Mile
Creek and Piccamie Ponds outletis estimated at approximately 97 GL/year.

2.4.2 DRAINS

Since the 1860s, approximately 2000 km of drains have been constructed throughout the South East region
(Figure2.4). Historically, they were constructed to drain inundated land and thereby increase agricultural
production. More recently, drains have been constructed to mitigate flooding in high rainfall years and to
manage dryland sality issues in the Upper South East region.

The South East drainage network consists of a combination of shallow draitygp(callyless thanl¢2 m
deep) and deepedrains (i.eapproximately2 m deep)designed to intercepshallow unconfined
groundwater. The majority of surface wateygroundwater interaction®ccuringaround drains is
groundwater dischargintp the drains however,the spatial and temporal variability of such interactions is
not well understood. Chapte8, Sectiorb.2 discusses this in more detail.
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2.4.3 BLUE LAKE

One of the most significant surface water bodies in the South East region is Blue Lake, which sheves as t
primary source of town water supply for Mount Gambigth a mean annual extraction of between 3 GL

and 4 GLThe Blue Lake is a volcanic crater lake, thought to have been formed at least 28,000 years ago
(Leaney et al., 1995It has a volume of approximately 30 GL and is fed by groundwater discharge. A
geochemical mass balance performedRgmamurthy et al. (19§5uggested that groundwater discharges

at a rate of approximately 5 GL/year, 85% of which is sourced from the regional unconfined aquifer and
15% from the underlying regionebnfined aquifer.
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2.5 Soils

Soil typeis spatially variable across the study areightertextured soils are mainly associated with dunes
oriented parallel to the coastvhile heaviettextured soils are associated with the intéunal flats.Figure

2.5 shows the distribution of soilypes characterised by depthieightedmeanclay content asbased on
Australian Soil Resource Information Systata (ASRIS; http://http://www.asris.csiro.afohnston et al.,
2003). Soil type acrosshke South Australian portion of tretudy areavas based ohevel BASRISata
featuring five soil layers. Soil type acrole Victorian portion of thetudy area was based dower

resolutionLevel 4ASRI8ata featuring two soil layers
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Figure2.5 Depth-weighted meanclay content of soilsicrossthe study area based oAustralian Soil Resource

Information Systemdata (http://www.asris.csiro.au; (Johnston et al., 20083
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Land use in the study area is dominated by livestock production, dryland and irrigated crop production and
plantation forestry(Figure2.6). Irrigation supplies are derived almost entirely from groundwater and are
used for cropping and some pastoral use. Irrigation is used intensively in viticultural areas concentrated
along the Naracoorte Range and its western footekprheCoonawarra an®adthaway areas have seen
intensive development of vineyards on both the Terra Rossa soils of the slopes and the loamy soils of the
flats respectively The South East region has been an important timber production area since the firs
plantation was established in 1879; however, areas under softwood plantation forestry (predominantly
Pinusradiata) increased significantly from the 1960s onwards. Large areas of hardwood blue gum forestry
(Eucalyptus globulg$iave beerestablishedsine the mid-1990s in both the South Australian and Victorian
portions of the study area.
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2.7 Timeline ofhydrological and land useslated events irthe South
Eastregion

The following timeline of relevant milestones in the study area has been compiled during the course of the

project. This timeline is maintained in the project archive and will continue to be developed as more
information is obtained, as a useful resoufoe the region.
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1839 First settlement in the South East.

1864 First drains constructedround Millicent.

1870s Concerns raised in SA Parliament about éér N Sa G Ay 3 27F
native forests. Government encourages replanting.

By 1881 Woods and Forests Dept establishes first plantations at Mount Burr and
of Mutton Lake (Mount Gatyier) due to lack of timber in the region.

1908 Penola plantation established.

1908onward Pulses of largscale forestry established.

1914¢1918 World War |

1926 Auspineg Gunns (Newforest) developments established.

1931 Mount Burr sawmilestablished.

1934 Survey of forests by Swain Royal Commission.

1938 Blue gum plantation established at Tantanoola.

1939 Veneer mill built at Mt Gambier.

1941 First pulp mill in SA opens near Millicent.

193%1945 World War Iig resulting in slowed devepment of forestry.

1942 Approximately4,000 acres of scrubland (mainly tea tree and swamp bust

cleared at Eight Mile Creek.

1951 Nangwarry sawmill established.

1957 Mount Gambier sawmill establishegthen the largest in the southern
hemisphere.

late-1950s Softwood plantations established.

1960s Expansion of forestry industry financed by Commercial Afforestation Fur

resulting in native vegetation clearance.

1964 Trial vineyard planted at Padthaway and proven successful. (Previous la
use wa restricted to native vegetation and some improved pasture.)
Significant viticultural expansion in Padthaway region followed.

1966 Coonawarra had been established.

1976 Padthaway Prescribed Wells Area proclaimed due to concerns over risir
groundwatersalinities. Water resource was fully allocated at time of
prescription.

1978 Aphid infestations ruined lucerne crops.

1980s Significant viticultural expansion in Coonawarra region. Vineyards were |
fed prior to installation of overhead spray and thexip irrigation.

1983 Ash Wednesday bushfires burn vast areas of forests. Replanting is com|
by the early 1990s.

1984 Tatiara Prescribed Wells Area proclaimed due to concerns over deterior:
groundwater quality. Prior to prescription, some irrigd areas were
increasing in size by 20% per year.

1985 Groundwater (Border Agreement) Axrbclaimed.

Overview of the study arep 15



DATE(S) EVENT(S)
1986 Naracoorte and Comaum Caroline Prescribed Wells Areas proclaimed.
1987¢1988 First blue gumEucalyptus globul)glantations established.

1990;1995/96 Significant expansion of blue gum forestry plantations financed by taxati
concessions and involving organisations such as Apsil, Timbercorp, AP
Great Southern, and Elders.

19922002 Significant plantation forestry development in Bordersigmated Area Zone:
1B, 2B and 3B, replaced pasture land.

1992 Establishment of large centre pivots irrigation, particularly in the area soi
of Mount Gambier. (Previously irrigation was undertaken by flooding anc
travellers (travelling sprinklers)ixpansion of centre pivot irrigation was
motivated by local availability of the first mud rotary drill rig, which enabl
well completion in the Camelback Formation withitBZlays. In addition,
milk companies were paid premium prices if dairy farmersasupply milk
all yearround.

1993 Naracoorte Ranges Prescribed Wells Area expanded to include the
Naracoorte Plains area following a two year moratorium.

1997 LacepedeKongorong Prescribed Wells Area proclaimed with the intentior
introducing structued resource management before problems of ever
allocation emerged.

1997present Significant development of groundwater resources in the southern part ¢
Border Designated Area Zone 1A.

19971998 First report published summarising water allocation and fasean irrigation
season following the formation of the South East Water Catchment
Management Board.

2003 Prescription of Tintinar&oonalpyn Prescribed Wells Area completed.

2003;2004 First public reporting of actual groundwater extraction volumeseyRusly,
extraction estimates were based on crop water use estimates).

2009 Revised WAP for Padthawayirst rigorous assessment of acceptable
SEGNI OGA2y tAYAGA T2NI INBdzyRgl G S

2011 Completion of REFLOWS floodwadlie, final engineering stage of the Uppe
South East Dryland Salinity and Flood Management Program.

The main source of water for irrigation, stock and domestic, industry, and urban (i.e. town water supply)
purposes in the study area is groundwater. Groundwater extraction for irrigation, industry and urban (town
water supply) purposes requires a licentaere are approximately 2,300 groundwater extraction licences

in the South Australian portion of the study area (both confined and unconfined aquifers), with
approximately 4,300 meters accounting for groundwater extraction under these licenses. Totatiertra

was approximately 355 GL for the 2011/12 year, consisting of 333 GL from the regional unconfined aquifer
and 22 GL from the regional confined aquifetails of this are provided in Secti8r8. Information on
groundwater extraction for the Victorian portion of the study area had not been obtained at the time of
preparation of this report, although the data request was being processed.

In South Australia, gumdwater extraction levels are managed through a series of Water Allocation Plans
for each Prescribed Wells Area showrrigure2.1. Within the Prescribed Wellsreas, unconfined

groundwater resources in the South Australian portion of the study area are managed through a system of
Unconfined Management AreaBigure2.7). Coriined aquifer groundwater resources are managed

through a system of Confined Management Ardagifre2.8). Victorian Groundwater Management Units
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(GMUs) are also shawonFigure2.7 and Figure2.8. These include Groundwater Management Areas
(GMAS), of which West Wimmera is one, and Water Supply Protection Areas (WSPAs), of which Glenelg is
one.
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The most recent estimate of the water balance for the Lower South East region was undertakeody
(201039. Components of the water balance were estimated for both the Lower Limestone Coast Prescribed
Wells Area and the entire South East region. Large uncertainties in these estimates were recognised and
error margins of 20% were applied. A number of limitations were recognised, including the use-of long
term average datayncertainties associated with groundwater extraction estimatasdlimited

characterisation of surface watergroundwater interactionsWoad (20109 did not attempt to estimate

rates of lateral groundrater inflow to, or submarine groundwater discharge from, the water balance study
area due to large uncertainties associated with the former and a complete lack of knowledge of the latter.
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