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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.

10| Framework for a Regional Water Balance Model for the South Australian LimestaseR&gion



T T T ; T
PEEIET 1900’ 140°30 ; {s10

36°30'

s ®Naraccorte —{-—
o

A Gauging stations

o

_E Main road ]
‘ & Y
s ® Nangwarry Dralns |
/ | = (
3 .Tarpeen'a Watercourses f
ETNX L .
A e Swamp &
#Mount Gambier [ studyarea
I ‘partmoor ¢ ' y
| — /
/ RIERN Macarthur, [~
PRURT Yo \ | S |
.‘Heywood ~—i

e

Kilometres

" ' ,  ®Portland .
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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.
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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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PROCESS LOWER LIMESTONE CDAS ENTIRE SOUTH EASGIRER

PRESCRIBED WELLSPMARE

Inflows

Groundwater recharge 1,256 1,378
Surface water inflows 15 18
Drainage from flood irrigation 23 32
Rainfall on surface water bodies 309 397
Total Inflows 1,603 1,825
Outflows

Groundwater extraction for irrigation 268 415
use

Groundwater extraction for stock and 17 19

domestic use

Evaporation from surface water bodie 601 771
Discharge frongroundwater springs 97 97
Discharge from surface water drains 99 106
Interception of recharge by plantatior 199 199
forestry

Direct extraction from plantation 106 106
forestry

Total Outflows 1,387 1,713
Balance (InflowsOutflows) +216 +112
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Juliette Woods and Nikki Harrington

There are a number of specific challenges in developing a water balance model for the studihesea.
challengeglisted below)can be divided into threeategories: data limitations, gaps in the conceptual
model and modelling challengegany of those in the first two categories were identified and assigned
priorities byHarringtonet al. (2011), with (1) being high, (2) medium and (3) low priority. The priorities
were assigned based on the current levetotlerstandingi(e. good, moderate or poor) and the impacts of
the knowledge gap on the outcomes of regional and local scale magdelsigh, medium and low impact).
The higher priority challenges are listedSections8.1and 3.2below, with the suggested prioritievel

listed in bracketsln addition some specific modihg challenges relevant to the development of a regional
numerical model of the study area aa¢sodiscussed in Sectidh3.

Some of these challenges are beimglgessed by the current project describedbelow. Othersare still
outstanding andshould be prioritiseddr future technical studies.

The accuracy of a numerical model depends on the type and quality of the datasets which infoen it. Th
datasets are used in three main ways. Firstly, they are analysed to develop the conceptual model. Secondly,
they provide the basis for model inputs, whether used directly or in summarised or processed form. Thirdly,
they are used for calibration, as mddesults are compared to observations. Where significant data gaps
exist, the model will have limitations. The importance of the limitations depends on the importance of the
processes the data describe.

3.1.1 HISTORICAL LAND U3E

Historical &nd use is a @ical dataset for the South East. Most of the South East has experienced extensive
changes in land use in recent decades. Assessing the impact of future changes in land use on the water
balance is expected to be one of the primary uses of the completgidmal model.

Recharge, which is one of the main components of the regional groundwater budget, depends greatly on
land use. Historical recharge can be estimated from field data (Ch&pker estimates of future recharge
require some relationship between land use and recharge.

Land use data are also used to estimate groundwater extraction when pumped volumes or allocttion da
are not available (Sectiahl.2).

Unfortunately, littlehistoricalland use data is currently available for the South East. Catchment scale land
use maps gerally only exist for periods as far back as the48@0s, at best. Even coarse national scale
land use maps only exist as far back as the 18@0s(ABARES, 2013

There is, however, a wealth of information available to support the development of historical land use
maps. This is a timeonsuming and costly exercise, ke product would be of immense value to a range

of applications, including regioratale groundwater modelling. Land use mapping has proved extremely
useful in other SA regions, such as the River{diaah et al., 200)2Chapter 4provides the details of some
work carried out as part of this project to assess two methodologies for creating historical land use maps
for the study area and some preliminary maps created as part of this.
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3.1.2 HISTORICAL GROUNDWRTEXTRACTICR (

Groundwaterextraction data are used to develop model inputs. In areas where extraction is a significant
part of the water budget, model calibration and accuracy will depend on this data.

The lack of historical groundwater extraction data for the South Egsonof South Australidnas been
identifiedas a major limitation of model outcomé¢darrington et al., 2011 Again, this problem is common

to many areas that require groundwater modelbere groundwater extraction has occurred in the past

For the South Easegion metered groundwater extraction data is availafde the past three years (i.e.
2009/10, 20D/11 and 2011/12). Prior to this, groundwater extraction data are available, at a management
I NS aorftS Id o60SadGdz dzyGAat a SIENIe& a mdbppyT GKS
Prior to1998groundwater extraction datare unavailable The data available are presented in Sec8o®

and some approaches for creating historical groundwater extrad@tasets for input into the regional
groundwater model are suggestéd Section 9.7.7

3.1.3 EVAPOTRANSPIRATIQN (

Under natural conditions (i.e. before European settlement), much of the study area had a shallow
watertable. This includes most of the Gambieastal plain west of the Kanawinka Escarpment. Extensive
drain networks have since lowered the watertable, but the watertable remains shallow. Critical features
such as the groundwatetependent ecosystems of swamps, wetlands and springs rely on thewhallo
watertable.

Where the watertable is shallow, groundwater evapotranspiration may be a significant proportion of the
water balance Evapotranspiration is a complex series of processes, dependent on e.g. climate, vegetation
type, soil type and groundwatesalinity.

Regional groundwater flow models must simplify this complexity or they become too computationally
demanding. Assumptions must be made about the relationship betvesapotranspiration T and depth
to watertable. Themostcommonly used numerical code for groundwater flow simulatid@DFLOW
(Harbaugh et al., 20QPhas a standarthodulewhichsimulatesETin terms of a linear relationship between
ET flux and depth to water; thmodel input filespecifies the maximum ET rate and the extinction depth,
below which no ET occurs. Other MODFLOW modules exist which assumdireenorelationship

between ET and depth to water.

It is difficult to determinea priorithe model input parameters for ET. Bureau of Meteorology records of ET
provide an upper limifor the maximum rate. They will vary seasonally and spatially. Estimates of
groundwater ET rates derived from site studies are likely texteemely spatially variablien practice and

may not be readily extrapolated regionally. ET rates derived femote sensingtudies are a more
promising method of making regionatale comparisons with model results, improvingdel input
parameters and hencealibration.Chapter 5 provides spatial coverages of estimated net recharge to the
groundwater system, derived from remote sensing of evapotranspiration across the study area.

3.2.1 THE INFLUENCE OF BEGICAL FAULTS (

From potentiometric surface maps of tAertiary Limestone Aquifer (TLA) and the Tertiary Confined Sand
Aquifer (TCSAL, is apparent that groundwater flow is affected by the Kanawinka Baadwaupregional

fault zones. This may be observed in localised hydraulic gradients around the fault zones that are much
steeper than the regional slope. However, it is uncertain wiiatsical processes are impeding flow across
these regions, how these processes vary along the strike of the fault, and how faulting may affect the
regional water balancancluding interaquifer leakagelt is possible that faulting has caused significant
stratigraphic offsets resulting in the abutment of permeable formations against lower permeability

Major challenges in water balance modelling of the South East
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formations, and thereby restricting lateral groundwater flow. It is also possible that mineralisation within
the fault zones is the primary cause of the flmsgtrictions. While the occurrence of faulting has been
extensively mapped in this area, the resulting hydrological effects have not been studied quantitatively.
Chapter 7 provides details of some preliminary work carried out as part of Phase 1 togateetite

influence of regional faults on lateral and vertical groundwater flow and recommendations for expansion of
this work in Phase 2.

3.2.2 INTERAQUIFER LEAKAGE

Considering the extensivfaulting present throughout the study area, potential exists fgngicant

groundwater flow between various aquifers, including TeA and the TCSAhe geometry of the faults,

the presence or absence of mineralisation, and vertical hydraulic gradients between adjacent formations all
affect the potential forinter-aquifer leakage. Using environmental tracers along two regional transects,

Love et al(1993 concluded that recharge into the Dilwyn Formation occurs downgradient of the

Kanawinka fault zone andamg the Gambier Axis in the Nangwarry regidhis was later investigated by
Harrington et al(1999), resulting in a conceptual model of preferential interaquifer leakage between the
Kanawinka Fault and the ZHD (the line along which the head difference dretive TLA and the TCSA

changes from being positive to negative; described in Section 8.3).

Inter-aquiferleakage also depends on the presence or absence of an intervening aquitard, and the

FljdA G NRQa LINRPLISNIASad ¢KS SEGSYydG 2F GKS | ljdaAad!l NR
been mapped but its accuracy at any location depends on theadghsitribution of borehole information.

The vertical hydraulic conductivity of the aquitard has been measured at only a few sites. The direction of
leakage between the aquifer depends on the difference in potentiometric heads, which can be estimated

from observations, but the flux is not knowAgain, Chapter 7 provides details of some preliminary work

carried out as part of Phase 1 to investigate the influence of regional faults on vertical groundwater flow

and recommendations for expansion of this warkPhase 2.

3.2.3 SPATIAL AND TEMPORMRIABILITY IN GRODWATER RECHARGE (

Recharge is a large component of gr@undvater balance of the South East. It is also a component that is
greatly influenced byand andwater management practices, particularly lanske (Sectior2.6). Recharge
varies spatially and temporally as it depends on climate, season, topography, soil type, vegetation and
depth to water.

In some regions, it is possible to bazculate (inversely model) the recharge over time using a
groundwater flow model. This assumes that aquifer parameters are reasonabligneglh and that there
is detailed historical data on potentiometric headsisTis unlikely to ban appropriate method fothe
South Eastlue to limited data on aquifer properties

Historical recharge can also be estimated from field data (Ch&pteut to make future predictions, a
relationship must be derived for rechargehich depends on land ugeegetative coverirrigation
practices, soil type water table depthandclimate Prior estimates of recharge based on land use have
consicered whether the vegetation is native or agricultu(@radley et al., 199%r whether the irrigation
method is drip, pivot or flood@Harrington et al., 2008ut the general applicability of these estimates
across the South East has not been tested. Chdptensiders recharge by crop type based on more
extensive datasetslhe accuracy to which this is developed for the South East will impacapability of
the regional model to makevater balance predictions.

3.2.4 PROCESSES OCCURRINGHE COASTAL BMARY 1-2)

Determining appropriatenodelboundary conditionso representsubmarinegroundwater discharge (SGD)
to the oceanis acommonchallengen the development otoastal groundwater modelssSGDOcan occur
viavariouspathways and measamentremains difficul{Burnett et al., 2003Stieglitz, 200b Several
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modes of SGD cdre considered, including: 1) point discharge along the coastline (e.g. at springs); 2)
diffuse discharge along the coastline; 3) offshore discharge through preferential features such as faults and
karst conduityBayari and Kurttas, 20024) offshore discharge via exposed sections of confined aquifers
(‘Wonky holes'; Stieglitz, 20Q5and, 5) offshore discharge via aquifer outcrops along the continental shelf

In an homogeneous unconfined aquifer, the presence of a subsurface saltwater wedge will tend to focus
groundwater discharge at the coastline and inland, thereby simpliffyiagharacterisation of SGD.

How SGD occurs along tbeastline of the South Eastunclear. The presence of springs along this
coastline is wellocumented(e.g. Herpict{2010). However, the significance of diffuse discharge along the
coastline and of offshore discharge is not known. In a restutty, Herpich{2010 found sone evidence for
the locations of offshore springs using remote sensing. Locations at which thery éithestone Aquifer

and Tertiary Confined Sand Aquifer outcrop at sea are currently un@ear.the upper TLA is exposed
along the coastline of the LLC PWA

At the regional scale, groundwater discharge processes at the coastline may be different hhé¢teee

western (i.e. Robe to Port MacDonnell) and southern (i.e. Port MacDonnell to eastern boundary of study

area) sections of the LLC PWA coastline. The key difference is that large coastal lakes (such as Lake George)
are present along the western edgedaoould potentially intercept regional groundwater flow, especially

when the standing water level in these lakes is low. The role of these coastal lakes in the regional
groundwater flow system is thus unclear at presetihapter 6 presents the results opeeliminary study to
investigate the applicability of environmental tracers to identifying and quantifying SGD in the study area.
However, it has been determined that the characterisation and quantification of SGD for the study area will
require a large mount of future work.

Knowledge of the position of the seawatefreshwater interface is important in selecting the model
boundary conditions usetb represent the coastal boundary of the regional groundwater flow model and
the resulting simulated groundwater outflows at the coast. The only investigations of the position and
dynamics of the seawateyfreshwater interface in the study area have focusedthe coastline from a

point roughly south of Millicent to the South Australiglictorian border. In this region, decreases in
discharge at some coastal springs have led to concerns about the risk of seawater intrusion. King and Dodds
(2002 used surface geophysical methods to identify the location of the saltwater wedge along five 5 km
long transects oriented perpendicular to the coastline. In many cases, what appeared to be seawater or a
mixture of seawater and fré®r groundwater could be clearly identified within the Tertiary Limestone
Aquifer at vamus depths and distances inland, although this required subseqaiirmed by drilling and
groundwater samplingThe authors inferred that the saltwater wedge wasdted near to the ground

surface along the coastline but potentially as deep-@90 m further inlandMustafa et al(2012 installed
monitoring wells to investigate seawater intrusion and collected groundwater salinity data. These data
helped to confirm the position of the seawatefreshwater interface and provide a solid basis for lecal

scale seawater intrusion modelBhe results of these studies are summarised in Se&i@rHowever, such
information does not exist for the majority of the colisé in the study area and, as described above, due

to differences in physical characteristics along the coastline this information cannot be readigleg.

3.2.5 SURFACE WATERBROUNDWATER INTERI&INIS AROUND AN ARTKAL
DRAINAGE NETWORK (1)

The questiorof how the influence of the extensive constructed South East drainage network on water
movement around the landscape may be represented in a regional water balance model is cdéimplex.
believed that the drainage network has a significanpatt on groundwater flow in the unconfined aquifer,
but whether this impact iselevant at the regional scale, or is very lo@largely unknowrlLimited data
relating to water movement through the drainage network exists to support detailed modelitihgeo
drainage systemAdditionally, a large number of operational control points exist at which water can be
diverted through the systerrand there is currently little information on how these are operated, i.e. when
regulators are pened and closed. Theiare alsovery limited datasets on flows along the draikkence this

Major challenges in water balance modelling of the South E28t



item also represents a data gap for the region. It is believed that the first issue will be overcome through
the future development and implementation of a decision support system,wimplicitly will record the

use of operational controls to move watdlowever, the lack of drain flow data remains a serious
limitation.

A small number of modelling studies have focused on localised sections of the drains to quantify
groundwaterg surface water interactions (e.g. the Bald Hill dra@ox et al(2005). A small number of
focusedtechnicalprojects are beginning to investigate this isgaey. Noorduijn et alin prep-a; in prep-b)

but it currently represents a significant knowledge gap in understanding surface water movement within
the study areaThis is not being addressed through the current project.

3.2.6 THE NATURE OF WETDANGROUNDWATER INTERISDIS 2)

Wetland¢ groundwater interactions are generally loealale processes and hence are not expected to

have a significant impact on the outcomesagfegionaiscale flow modelHowever, representation of these
processes is likely to be important in the development of future smatiatetHotspot Wnodels of areas

including lakes or wetlands, whether designed to investigate the impacts of changesutwwater

regime on wetland hydrology or naBnce again, this is a developing area of research for the South East
region of South Australia and there currently exists limited data to support detailed modelling of these
interactions.Investigationandme St t Ay3d 2F WgSitlyR (GelLlSaQ F2N GKS
surface waterg groundwater interactions that occur around these systems and how they react to regional
and local scale changes in groundwater levels is a proposed activity for Pbfdds project.

3.3.1 RECONCILING DATA MR@QULTIPLE JURISDIGNS

One of the challengsin developing a water balance model for the study area is ithatorporates

multiple jurisdictions, i.e. South Australia and Victofiihough the data flow has been good between the

two states for this project, there are always challenges in reconciling datasets that have been created under
different frameworks and hence are presented in different formslhere this was particularly apparent

for this project was in the creation of the preliminarydrostratigraphic model.

3.3.2 REPRESENTING THEWENCE OF THE MMADE DRAINAGE SYSTEM

Drains have transformed the Lower South East over the past 150 years, lowering watertables across much
of the study ara. The location, development over time, and depth of the drains is known, but as described
above in SectioB3.2.5 little information is available on flow rates on the routing of surface water

through the drainage network.

The drains are long but narrow when compared to the grid size of a reggoald numerical groundwater
flow model. However, the impact of a drain on a single regisnale grid cell is simpto remove some of
the groundwater; it is a sink term. This can be simulated using MODFLOW's DRN package, where the
groundwater flow to the drain is the difference between the watertable level in the cell and the base of the
drain, multiplied by a conduahce term. The difficulty is that the conductance is not known: if there were
historical estimates of groundwater flux to the drains, it would be possible to estimate the conductance
during calibration (i.e. through inverse modelling). Estimates of fluivele from field studies, or less

ideally smalscale models, would be useful in this regartle approach will be to start simply, representing
the major drains as drain boundary conditions through the MODFLOW DRN packaggarison of water
balance reslis with gauging station data will be criti¢al identify how applicable this approach is and
whether a more complex approach is requirdshother issuevould be ifit is found thatrouting of drained
water needdo be taken into account, whichill add another dimension to the modelling.
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3.3.3 INCORPORATING GROUWITER USE BY PLANDNTFORERY AND NATIVE
VEGETATIO{-2)

As thedepth towatertable can be shallow in some part of the model domain, the effeictorest
plantationson the groundwater resourced the unconfinedTertiary Limestone duifer can be significant.
Forest plantationsmainly blue gum (hardwood) and pine (softwood) plantations in the study area, can
impactuponthe groundwater resources throughe redudion of groundwater recharge anthrough

direct uptake of groundwaterBased upon recent estimates, direct extraction of groundwater and recharge
interception byforest plantationgepresent an outflowfrom the Lower Limestone Coast Prescribed Wells
Areathat is greater than groundwater edction from pumping wellNood, 2010

However, despite this apparésignificance, éarge amount of uncertaintgtill remains around quantifying
the impacts offorest plantationson the groundwater balanceA number of poinscale studies have been
undertakento quantifydirect extraction of groundwater and recharge interception by forest plantations
and these are reviewed in Secti8tv.2 However, the spatial variability of thepeocesses and the
applicability of upscaling point scale measuremeisorder to represenentire plantations or regions has
yet to be investigatedn one respect, thisepresentsa gap in the conceptual model for the region and
belongs in the previousection.However this knowledge gap is broader than this as the best modelling
approach for implementing forestry impacts, should they be wk#racterisedis also currentlynclear.

Evapotranspiration (ET), a combination of evaporation and vegetat@mspiration, is conventionally
simulatedin groundwater flow modelby the MODFLOW Evapotranspiration (EVT) pacddgPonald and
Harbaugh, 1988 The inputs requirebr this approachnclude a maximum ET rate, whichhe tET rate

that would occur at the ET surface (generally this is the ground surface), and an extinction depth, below
which there is no ET. The package assumes a linear decline in ET rate from the ET surface to the extinction
depth. A regional extinction deth of 6 mhas been adopted for the plantation forestry in the South East
(Harvey, 201pfor regional scale resource management and accounting purposes, recognising the regional
variability in soils and other facto(bl. Power, DEWNRersonal communicatiqri8 November 2013)

Benyon et al(2006) have observed groundwater uptake by tree plamat for a water table depth as

deep as @ m. In some settings, the results of the recharge estimation study carried out as part of this
project (Chapter 5) suggest that this extinction depth cateed below 20 m.

Two studies that have attempted to moddle effecs of forestplantationsare summarised below.

The Wattle Range 201ODFLOWhodel (WR2010)as developedo estimate the effects of forest
plantations on the water balance and groundwater levels of the Wattle Range region and to undertake
selected scenario modelling to inform future management of the forestry areas in the SouthMiesit
forest plantationsn the model domain are blue gums, but some small areas of pine are included. Data
regarding planting area dates and locations, recharge interception rates and forest uptake rates were
provided by the former Department of Water, Land and Biodiversity €wation (DWLBC).

The study approximatethe effects of forestry plantations through two primary processes, both of which
were represented by the MODFLOW Recharge package:

Recharge Interception

1 Recharge ratewere set to the rates reported bBrown et al (2006 for individud groundwater
management areas in the model domain. In the forested ardesfdarestry impact on recharge wa
represented as timevarying percentages of the management area recharge rates according to the forest
rotation.

1 Recharge interceptiowas only gplied in winter in the model.
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Groundwater Uptake

1 Groundwater uptake by forestvassimulated as negative recharge. This means the forestry uptake is
not depth-dependent in this model. The timgarying negative recharge rates are based on the forest
rotation.

1 Groundwateruptake by forestrywas only applied in summer in the model.

An Alternative Approach

An alternative approach to simulisig groundwater uptake byorestrywas investigated in two of the
modelling scenariogysing the MODFLOW Evapotrainaion Segments (ETS) pack#&Banta, 2000 Here,
ET extinction depthof 6 m and 9 nwere tried, based upon the fact thegr regional scale resource
management and water accounting purposes gatinction depthof 6 mfor the forestryplantationsin the
South Eashas been adopte@Harvey, 201Pand thatBenyon et al. (200ave observed groundwater
uptakes by tree plantations from watertables as deep g98n.Abetter match to the observed heads
with a 9 m extinction deptlin this study indicates that the 6 m extinction depth for forestry eatin may
be a conservative estimate in the study reg{@guaterra, 2010p

Treijs(2011) investigated the use of a detailed surfagecess based model, WAVEZBang and Dawes,
1998b coupledwith a threedimensional finite diffeence groundwater flow model, MODFLERR05
(Harbaugh, 2006in order to representhe effects of forest plantations on groundwater levels

WAVES is a ordimensional daitime step model that aims to represent the interactions between plants,
soil and the atmosphere baden detailed understanding of the individual physical and biological
processes and the applied knowledge of the interdependencies and links betweenThergroundwater
uptake component of the WAVES water budget output was used to define the nature déttine in
evapotranspiratiorwith depth. The ET profile developed formed the input for the ETS package in the
MODFLOW simulations.

The study concludgthat the methodologyesulted in an acceptable model fit to field dataalso
recommenakd thatany lurther development of the methodology evaluate the capacity of the ETS package
as well as investigatinte level of sensitivity of the ETS package to ET prgliesded

While the Wattle Range 2010 modehs considered tprovide an acceptableepresentation of forestry
impacts, asignificantlimitation identified was that therepresentationof forestry impacts was assumed to
be correct andhat other model parameters were c#dlrated around this assumptioldditionally,rates of
groundwaterrecharge and extractiom the region surrounding the forest plantation&re assumed tde
constant in time With the exception of twalternative modebkcenariossensitivity of the model to
variations inrepresentationof forestry impactsvas not investigated Assessment of whethdorestry
impactswere adequatelymplementedwould require improved characterisation of other hydrogeological
processes, which would then serve to reduce the range of possible model configurations that match
obsened data For thesereasors, andalthough an existingmethodologyappearsto match observed
groundwater drawdown levels and time seriéismust be recognised that there stitmainsa great deal of
uncertaintyassociated witlihe best methodto representforestry plantation impactsn the South East
region
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Table3.1 summarises the major challenges in water balance modelling of the Sasthvithere they have
been addressed in this report and their status.

Challenge Type of challenge Priority ChaptefSectionin Status

which it is addressed

Historical land use  Data 2 4 Preliminary
assessment of
methods.

Historical Data 2 8.8 All available data

groundwater collated. Crude

extraction methods described

for extrapolating this
back in time to
generate earlier
historical datasets.

Evapotranspiration  Data 1 5 Evapotranspiration
derived from remote
sensing data to
create spatial
estimates of net
recharge. Requires
calibration.

The influence of Conceptual 1 7 Preliminary

geological faults on assessment carried

groundwater flow out.
Recommendations
for further work in
Phase 2.

Interaquifer leakage Conceptual 1 7 Preliminary
assessment carried
out.
Recommendations
for further work in

Phase 2.
Spatial and temporal Conceptual 2 5 Spatial datasets
variability in derived from water
groundwater balance using
recharge remotely sensed ET

data. Required
calibration and
validation in Phase 2.

Major challenges in water balance modelling of the South E2st



Processes occurring Conceptual
at the coastal
boundary

Surface water
groundwater
interactions around
an artificial drainage
network

Conceptual/Data

The nature of
wetland-
groundwater
interactions

Conceptual/Data

Reconciling data fron Modelling
multiple jurisdictions

Representing the
influence of the man
made drainage
system in a numerica
model.

Modelling

Incorporating
groundwater use by
plantation forestry
and native vegetatior

1-2

Modelling/Conceptual 1-2

6 and 8.9

NA

NA

NA

NA

Water balance
results from Chapter
5 provide some
insight.
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Lots of work required
to characterize and
quantify SGD.
Information on the
position of the
seawater interface
avdlable for small
region but not
necessarily possible
to up-scale thisThe
influence of the
numerous coastal
lakes on processes
occurring at the
coastal boundary is
currently unknown.

Remains a large
knowledge gap.

Proposed for Phase :

Presented minor
challenges but this
has notbeen a great
issue

Not considered to be
a major issue in a
regional scale model
but difficulties may
be identified through
comparison of model
water balance dat
with gauging station
data.

Remains a large
modeling and
conceptual challenge



Andrew Millington, Stephen Fildedavid HockingRobert KeaneChris Li, and Nikki Harrington

The relationships between land use and hydrological processes are well knayrar€hbased on
measurements of hydrological stores and fluxes under a wide range of contemporary land uses globally and
through numerical modelling land ugg/drology interactionsA consequence of this is that research into

the hydrological outcomes ofihd use change has generally been based on relatively-siront

experimental observations (e.g., experimental watersheds where hydrological processes are monitored
before and after land use manipulations) or modelling past and future changes througlabtiegand
forecasting. Whilst this has provided good insights into contemporary fluxes and stores it omits the growing
interest among a range of scientists that natural or physical environments are conditioned by historical
contingency, in addition to thelocation, geology, soil, climate and contemporary land use and vegetation
(e.g.,Antrop (2009, Foster et al. (2003Phillips (200)). The historical contingencies of most likely of

concern to hydrologists are mediutarm to recent climatechange, anghasthumaninduced land use

changes.

Antrop (2003, Foster et al. (2003andPhillips (200yargued forthe importance othistorical contingency in
the contexts of landscape ecology, biogeography and geomorphology respectively. There has been a
general lack of attention to land us#hange driven historical contingency in hydrology, perhaps this is
because many fluxes are réigely rapid and stores short term compared to the time frames of historical
land use changddowever, the time frames of many groundwaiedated fluxes and stores suggest land
use change history may provide historical context that may aid the undersiguadisome hydrogeological
systems. Moreover, land ustange often leads to a legacffext in vegetation and soils, which modulates
hydrological fluxes and stores long after the land use change has occurred.

Inthe Suth Eastof South Australia, publistieland use maps exist from 1998 onwards. We have

investigated the possibility of extending the land use record, and by extension the land use change record,
back to the midl800s when the area was first colonised by Europgayivestigating the potentiao use
satellite imagery back to the 1970s, and historical land use and land tenure censpustiataexists from

the mid-1970s back to the ta 1850s. Time constraints me#mat some of our conclusions are provisional,

but in general this project hagcognised the immense value of historical land use information for
hydrological modelling and other natural resource and ecosystem services applications. In particular it was
recognised that, since there is currently no comprehensive dataset on histiarchilise for the study area,

any improved understanding, even at broad scales, would be beneficiahfi@rstanding historical

changes to recharge and, perhaps groundwater extractiothdmegional water balance model.

This chaper focuses on data sougs and ivestigates key techniques that will be needed to develop
comprehensive historical land use datasets for the study area. An inherent problem is that ground
verification of historical land use is generally not possible through standard methodedfipli

contemporary aerial photography and satellite imagery. But studies have shown that verification is possible
by drawing upon a range of data sources to help to improve and provide confidence in the accuracy of the
final product. These include crossieation of data sources that were collected simultaneously in the

past, archival and documentary sources, and obtaining oral histories from land managers.

Methodsfor developing historical land use datasgt?9



4.2.1 BACKGROUND AND OBUNES

Satellite imagegrovide the ability to spectrally differentiate between earth surface features and thus
facilitate in the production of land use land cover (LULC) ninesdscale land cover mapping derived
from satellite images play a key role in regional and globaCL &ludies, such as those undertaken by the
United States Geological Survey (USGBIar, 200D

Landsat MSS, TM and ETM+ satellite imagery is the most widely used data type for land use and cover
mapping due to its relatively high spatial resolution and itsyd@r (largely free) data archive. Importantly
the Landsat data Continuity MissifRASA, 2013 ensures continued access to the Landsat image prbdu
into the future.

The applicability of Landsat image data to developing historical land use maps was identified early in the
project. Reasonable data and coverage for the study area exists for as far back as 1975. Initial study of the
literature, discus®ns with land use mapping experts and attempts to create broad land use classes from
the images using the ERDAS IMAGINE image processing sdftiengraph, 2013indicated that creating
historical land use maps from Landsat images would not be a trivial exe3eigeral constraints have been
identified, including the inability to ground verifgnapping results deriveddm historic Landsat image data

in the same way as for contemporary images; thoBgadley and Millington (2008 one of a number of
recentstudies that have developed other ways to verify maps derived from historical imagergover,
LULGnapping is often derived using a single scene classification meBiogle scenes lat¢heinformation
contained in gemporal profileextracted from a sequence of images, whichfien necessary to map

seasonal and ph®logicalvegetationchanges that help define land use classesas, however,
consideredpossible to create a broaskale land use product usirtgro stacked Landsat scenes (one month
apart) as detailed in Chaptdr2.2using this method with a moderate level of effort and the cost involved

in further refining the accuracy of this and extending it to other points in tiwith{n the bounds of

Landsat data availabilityJhis was done to allow an assessment of the accuracy of the method applied to
the 1995 imagery to map land use map to be compared to detailed land use map produced in 1998 by the
South Australian Departmeatf Industry and Primary Resources (PIRSA).

The obijective of this section for Phase 1 of the project was to create a historical land use map from Landsat
data, using image classification software, for a time when a historical land use map is availakie (i.e.

time for which the earliest land use map is available). This would allow an assessment of the accuracy of
the method and hence a 1995 land use map was attempted, with the 1998 land use map as a calibration
tool.

4.2.2 METHOD

The 1995 land use map derivéat this study was produced using Landsat 5 TM image data. Two image
dates were stacked together (one month apart) to create a 14 band image stack that provides better
spectral separation between invariant and variant land cover types (e.g., native viegetatsus irrigated
agriculture). A mosaic of two adjacent scenes were also joined together to cover the majority of the study
area (four scenes would be required to cover the entire study area). Al486 ISODATA unsupervised
classification was perfored on the image stack and each category investigated and was labelled according
to its likely land use type. A spatial filter was used to eliminate classification noise from the final product.

The sequential procedure followed was:
1. Image selection; orderednd download from USGS
2. Import all bands from TIFF to IMG
3. Stack image layers to create a single image

4. Remove cloud covered areas
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5. Reproject each image to MGA54

6. Mosaic adjacent images

7. Subset to study area using a shape file

8. Overlay images (from two date®) create a 14 band image stack
9. Unsupervised classificatian100 classes (convergence = 0.975)
10.Investigate and label/colour land use classes

11.Produce maps, export to EPS format

4.2.3 PRELIMINARY PRODURSSESSMENT OF ACGURA

2 KSy O2YLJI NBR gowdildad usekntap deveped BIRSA (1998ne11995 imagalerived
land use map developed for this study has successfully mapped-soadel primary land use categories
across the study area, but is nottlhwut error. Theinset mapsin Figure 4.1 show a comparison between
the two land use maps:

1. Notably, as displayed inset map 2, the 1995 land use map incorrectly shows significant areas of
surface water in and around the southern coastal native vegetatedsa@n error caused by the
presence of cloud in the imagery.

2. Areas of irrigated agriculture in the 1995 land use map are not present IRIRSA (199%nd use
map. This is due to the presence of mavettland grasses in the dry period satellite image that has
similar/same spectral characteristics as irrigated agriculture.

3. Dominant areas of noirrigated cereal cropping shown in tiR#RSA (1998 nd use map are not
present in the 1995 land use map (primarily mapped as grazing modified pasture) due to the
necessary use of a dry period (summer scene) image, wheirmigated cereal crops are not
present, to separate irrigated agriculture from nonigated grazing areas responding to seasonal
winter rainfall.

4. Inset map Iin Figure 4.khows significantly different patterns of némigated cereal crop
allotments between the 1995 land use map and the PIRSA (1998) land usehisdp primarily due
to annual crop rotation practices, including rotation between cereal cropping and grazing. These
land use rotation practices make it particularly difficult to quantify the accuracy dfitieric1995
imagederived land use map produusing traditional groundbased verification methods.

Methods for developing historical land use datage8l



Land use error / comparison
1995 (Main) & 1998 (Insets)

Non-rrigated cropping areas (cereals)
mapped as Grazing modified pasture

Inset Map 1

Land Use 1995

Grazing modified pasture
I Non-imgated cropping
B imigated agricutture
Il ~antation forestry
B native vegetation
B surface water

B urean

Land Use, 1995 Land Use, 1998

(Image classes) (DEWNR) 0 15 60
Grazing/wetland pasture mapped as N T - PR S
Irngated agnculture

Figure4.1 Preliminary land use map for 1995 derived from Landsat 5 TM imagery, compared with existing PIRSA
1998 land use map to demonstrate some thife limitations of the method employed.
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4.2.4 OPTIONS FOR IMPROGINHE CURRENT LANEEWAP ACCURACY

Initial improvements can be made to the current 1995 imdgeved land use map through a more

detailed evaluation and comparison with that of tRRSA (1998lerived land use products and
comparisons with aerial photography available at the time. FHRSA (1998nd use products, while not
produced at time intervals suitable to meet the objectives of this study, are nonetheless helpful in refining
historic land use mapping; as is the case in this project.

Moreover, the current 1995 imageerived land use map requires a further two eastern imsgenes to
cover the full extent of the study area. This would involve a repeat of the approach undertaken to derive
the current 1995 land use map (detailed in Chapter 4.2.2).

While this option is likely to improve the mapping of breswhle primary landse categories, it is unlikely
to help map descriptive sublasses of land use, and thus has a lower likelihood of meeting project
objectives.

This method could also be applied to older Landsat imagery to map land cover from ti®70isl (Landsat
MSS imagey was acquired from 1973) to 1995, if data are available.

It is recommended that considerable improvements can be made in separating primarydoaladcand
descriptive sukclasses of land use to better meet the objectives of the study through the use of high
temporal image stacks of Landsat image data. Theraamember of temporal approaches using a range of
land cover parameterthat can be used to do this, each of which may need to be tested to determine the
best outcome for the study area and project objectives.

Landsat 5 image TM data is acquired on a @glb day cycle (subject to cloud cover and
maintenance/technical issues) that date back to 1984 and is available free of charge. Landsat 3 and 4 image
data is available for earlier years, while the Landsat Data Continuity Mission (Landsat 8) is now fully
operational and will provide imagery into the future.

Improvementsn the accuracy of broadcale &nd use mapping and the identification of descriptive-sub
classes can be achieved through tracking land cover parameters vegetation indicegind their

trajectories over time using multiple Landsat image stackad cover parameter trajectories assist in
separatingspectrallysimilar land cover types under different land use scenarder example, separating
areasof WA NB Sy Q , @$ah8inip ltedséngl rainfall in nemrigated agricultural areggrom areas

under differenttypes of artificial irrigation; othe separation of different vegetation types from irrigation
regimes by identifying their specific phenological cy@gewingseasons) (gure 4.2). Thikas been done
successfully to differentiate irrigated from rainfed cropping and grazing in somewhat similar landscapes in
South America using coarser resolution MODIS (R¢alo and Millington, 20)1the recent release of
significant Landsat archives to Australian researchers would enable similar mapping to be achieved in the
south east at a finer spatial resolution. However, the archives need to be searched to see exactly what data
is avdlable from 1973 (the earliest date Landsat 1 MSS imagery was acquired).

Temporalrajectories not only assist in refiningrid use mapypig categories but for selected parcelsland
(down to the pixel leve))butthey can reveal landscape dynamics impottto hydrologists and land
managers, includinghd useOK I y3S o[ ! / 0 I y&anypolmtinkihed Yy R dzaS adl 4dSQ

This option will require more resources to accomplish but would provide an adaptive model upon which
land use dynamics can be monitoredoirthe future and at a scale where hydrological processes and land
management activities occur. The cost to achieve the improved land use map using this option method will
depend on the data requirements of the hydrological moglblt should be noted thaany hydrological
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model should be adaptive in its ability to use frequently updated land use data as land use is dynamic and

improvements to land use mapping accuracy is ongoing.

Landsat7 Temporal Variation in Mean NDVI 1999-2007

Growing season

. .
1 4 ! Land clearance

Mean NDVI

1/01/1999 1701/ 2000 0L/ 2001 LOL2002 VoL 2003 1/01/2004 1701/2005 LOL/2006 LoV 2007

4.3.1 BACIGROUND

This part of the chapter provides an evaluation of the potentidlistorical land dataxtractedfrom the
South Australian Parliamentary Papers for hydrological anaigshke Suth East of South Australia
specifically, as well a providing a mayeneral opinion about the use of these data in the state and how

iKS8 Oly 0SS WauAGOKSRQ U23SUGKSNI gAGK

term record of land use and land cover (LULC).

SNX I f-

LK 2 ( 2

South Australia has a very rich argdvand data set that can be used for historical LULC reconstruction in
the form of the agricultural production and land tenure returns that were reported in the South Australian

Government Parliamentary Papers between 1857 and 191ése records are urual in their high spatial

and temporal resolutions compared to similar information that exists for other political units around the
world that experienced colonization and agricultural expansion during the 19th and 20th centuries. With

the exception of 188 to 1888 and 1893 to 1895 the data were collected and presented annually. The
primary spatial reporting unit was the hundred (an area of approximately 30,000 ha that is generally
rectangular in shape)n other political units where comparable data exisfporting was less frequent or

data were only reported for coarser spatial units.

Hundreds are the spatial unit of the South Australizadaste below the county level. In total there are 51
counties and 501 hundreds in the state, which are concentratdébe wetter inland and coastal areas
where cultivation is possible. They are based on the traditional land administrationsedtin Great

Britain and sme Scandinavian countries, which is also known as a hundred. These are based on a 100
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square mile (pproximately 26,000 ha) area. They were adopted in South Australia, but not elsewhere in
Australia, and this probably relates tioe highly planned nature of the Colony of South Austrdli@ mean

area of hundreds in th&uth East is 30,783.4 ha (rangel$,083; 56,588 ha). Hundreds weestablished

(declared as a response to pressures for land to cultivate from colonists. Therefore the hundreds dealt

with in this study (in what is now the South East Division of the state, Figure 4.3) were not akdietlar

the same time. Counties were establish@@claredy Yy R G KSy WFAff SR dzZLlJQ 6A (K K
earliest hundreds were created in the 1850s in the two courgi€ey and Robe that were proclaimed

first in the South East; and the last almost eight decades later in 1939 in Buckingham Cadhatgounties

and hundreds used in this studye included imAppendix Awvith their datesof declaration and areas
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Figure4.3 Hundreds in the South East Divisiafi South Australia

Land use and land cover reconstructions using archived historical data or maps are relatively uncommon
compared b those using aerial photography or satellite imagery, but where they have been used they
extend the LULC change record into the period before the earliest aerial photography is available they have
not focussed on hydrological applications. Rather thesdiss have either been methodmjical (e.g., Petit

and Lambin(2002), or have focused on vegetati ecology (e.g., Foster et €003, Lunt(1998) and,

more straightforwardly, land us@spinall, 2004Brown etal., 2005 Liu and Tian, 2030
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4.3.2 EXTRACTINKAND USEND LANBCOVER INFORMATION

Annual volumes of papers dealt with by the South Australian Government arebdwaitabound volumes
in the State Library and at the three university libraries in the state. The information relevant to this
research is contained in various tables in the Statistical Repiatsd€4.1). This information varies from
yearto-year, not simply in terms of the reports, which are often numbered differently, but also in the
following ways:

1. The particular land use categories reported on varies over titmis.dccurs, in part, because land
use changed in south east South AustraNduen colonisation started in the mid 1800s the rural
production system was mainly based on wheat and sheep. Vineyards and forestry, two important
contemporary land uses in regionere not present or not considered important by the colonial
government. For example, vineyards were not reported on in the 1890 register (John Riddoch
planted the first vines in the south east at Yallem in 1890), but they were in the 1925 records.

2. The &nd tenure information reported on also changes over time. Again this is due to the changing
nature of the land tenure information requirements of the early colonial government compared to

those of the state after Federation. For example, the tenure cattgo W[ I YR RSRA OF (G SR
LJdzZN1L32 8SaQ ¢+ a NBO2NRSR AYy Mdopup o0dzi y20 Ay wmydn

3. Government policy requirements affected what was collected and, likely, how it was collected. The
information reported changed accordingly.

As a consequendbe information is wn-stationay, but it is nevertheless reasonably comprehensive over
time.

The relevant tables from the Statistical Registers that report on 1890, 1925, 1935, 1955 and 1964 were
used to obtain data to provide a preliminary evaluatifits utility for groindwaterrelated studies in the
South East (Table 4.2).

All relevant LULC and land tenure information was extracted from the tables and manually entered into a
series of Excel worksheets. The information in these worksheets falls into the following aagegori

1. Basic information: county and hundred names and areas (all areas are reported in acres in the
Parliamentary Papersicre values were converted to hectares)

2. Areas in each hundred under different crops or groups of crops (all areas are reported iraae@es,
values were converted to hectares

3. Production data for the land uses under category (2), in this category the units of production vary
and include bushels (e.g., grain crops), tonnes (e.g., potatoes and hay) and hundredweights (e.qg.,
grapes and raisB). All units were converted to metric equivalents.

4. Land tenure information, as acreages under different tenure categories. These were converted to
hectares.

5. Information on land dynamics, i.e., the area of native vegetation cleared in the previous year, a
the area that reverted from cultivation to fallow between years.

36| Framework for a Regioh§Vater Balance Model for the South Australian Limestone Coast Region



REPORT

South Australia ProceedingsPérliament Papers 1891 Vol (1), Part V Production pp. 1
South Australia Proceedings of Parliament Papers 1927 Vol (lll), Part V Production pp. 1
Proceedings of the Parliament of South Australia 1937 Vol (1), Part V Production pp. 1
Proceedings of th@arliament of South Australia 1947 Vol (1), Part V Production pp. 1
Proceedings of the Parliament of South Australia 1957 Vol (lll), Part V Production pp. 1
Proceedings of the Parliament of South Australia 1967 Vol (1), Part V(a) Production pp. 1

SouthAustralia Proceedings of Parliament Papers 1891 Vol (l), Part V Production pp. 1

TA S GPP IPOA-  IPOA-UAP |POA-SDP IPOA-AWC |POA-AL31Dec PL oL LLT unO DFP
1964 C(2) C(2 C(2) C(2) C(2 C(2 C(2 C(2
1955 C(2) C(2 C(2) C(2) C(2 C(2 C(2 deﬁje”db(:m C(2
1945 c@ c@ c@ c@ C@ C@ C@ recodedy C@
1935 C(2) C(2 C(2) C(2) C(2) C(2) C(2) C(2)
1925 C(1) C(2) C(2) C(2) C(1) C(2) C(2) C(2) C(1) C(2)
1890 C(1/2) C(1) C(2

TO TAUC UPASG PCLLI NGCS LF BH TAH PO CLC/IL  ELHF LE LENC
1964 C(2) C/H(6&18) C(6)
1955 C(2) C/H(6&18) C(6) C(6)
1945 C(2) C/H(7&16) C(7) C(7)
1935 C(2) C/H(6&7) C/H(6&7) C/H(6&7) C/H(6&7) C/H((6&7) C(6) CIH(6&7) CI/H(6&7) C/H(6&7)
1925 C(1) C/H(6&7) C/H(6&7) C/H((6&7) C/H(6&7) C/H(6&7) C(6) C/H(6&7) C/H(6&7) C/H(6&7)
1890 CIH(2/15) H(15) C(2) C(2 C(2
C County level data
H Hundred level data

C/H County/Hundred level data
(2) or (14) etc Table Ref No.

TA Total Area TAUC Total Area Under Crop
S Sold UPASG Under Permanent Artific
GPP Granted for Public Purpose PCLLI Previous Crop Land Lyil
IPOA- In process of Alienation- NGCS New Ground Cleared Di
IPOA-UAP In Process of Alienation-Under Agreement to Purcl LF Land in Fallow
IPOA-SDP In Process of Alienation-Under System of Deferred Payment8H Balance of Holdings
IPOA-AWC In Process of Alienation-Alienated Wholly or Conditionally TAH Total Area of Holdings
IPOA-AL31Dedn Process of Alienation-Alienated Land to 31 December 1890 Privately Owned

PL Pastoral Lease CLC/L Crown Land Cleared or
oL Other Lease ELHF Extent of Land Held by |
LLT Land Leased Total LE Land Enclosed

unO Unoccupied LENC Land Enclosed but not ¢
DFP Dedicated for Forest Purposes TO Total in Occupation

The data are usually reported by hundred. However, there are a number of reporting issues that arise
regularly in the archives. Methods were developed to address these issues as follow:

1. In the early phases of colonisation, when counties did not have their full complements of hundreds
declared, data from farms and stations outside the proclaimed hundrezlaggregated under a
WwSYFAYRSNI 2F /2dzyideQ OFGS3aA2NRd® ¢KSasS IINB fy2
declared hundreds in the countgreas in this category were distributed amongst the named
hundreds in proportion to amounts cultivated. Fotaenple. one hectare of orchards was recorded
in the remainder of the County of Buckingham in 1925, this was divided between the following
hundreds in proportion to their reported areas, Beeamma, Binnum, Geegeela, Hyman, Lacepede and
Lochaber (1 ha each) ditslen Roy (9 ha). Thereby adjusting the area for Glen Roy to 9.6 ha and the
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other hundreds to 1.07 ha. It is recognised that this in an assumption, which needs be verified if
possible against detailed records in PIRSA if they still exist.

2. Crop area and pduction data were sometimes reported for a group of two to four hundreds. In
these instances the area and production data were simply divided by the number of hundreds. To
AffdzAaGNI GST Ay (GKS [/ 2dzyie 27F w20 ssandFexunieds |
were recorded as a single entry in the statistical register for 1925, so the total are under crops (49

T2

acres) of area was divided evenly and 24.5 acres of area under crop was entered for each hundred of

Coles and Fox in spreadsheet 1825 and the same was done for the individual crops that were
reported.

3. Crop area and production data for a hundred were sometimes split and reported as separate
individual entries or separated parts of a hundred were combined with the data from other
hundNBR&® ! 3 Ay (2 Afftdza0NIGS +y SEFYLES FNRY

0K

KFeQ F2NJ 4KS KdzyRNBR 2F . SyFN} Ay DNBe /[ 2dzyie

acres) and Tantanoola (857 acres). In such ¢éisearea undetthe crop reported was combined

and recorded as a single entry for that hundred (in this case 399.7 acres for the hundred of Benara).

The key parameters from categori2$o 4 were used to evaluate the utility of this information in the
context of the groundwater issues in the South East.

4.3.3 Displayindand usdand-cover and land tenure information

We have not made an exhaustive evaluation of the best ways to present the infomatthe present,
partly because of time constraints but also because we only used six years of data for theéstese
aware that the presentation issues would be different for the full set of data.

Therefore we have focussed on ways to visualizestrmmary information, rather than present the results
of in-depth analyses (which have not yet been performed). The summary information was visualised on
maps of hundreds for each county for each year studied for individual counties. We provide the fpllowin
examples; maps of area in Grey County under diffel@md usegroups according to similar hydrological
properties for each year studie#igures 4.4 to 4)8and maps of areas under different land use groups
according to similar hydrological propertits all counties for 1925Fjgures 4.5, and 4.9 to 4 1Maps of
native vegetation are provided for all hundreds in the region for each year st{éigdres 4.3to0 4.17).

A number of visualization tools were examined in ArcGIS. The most clear anty vesegaling methoaef
displaying areas under area under different land use groups according to similar hydrological properties
was to provideproportional pie charts of these groups located in the relevant hundred in a grid frame of
hundreds (e.g Figues 4.4 to 4.2). In these maps the area of the circles is proportional to the total area
under cultivation in each hundred, and the size of circles is consistent between the maps for different
years. For the case of a single variable simple choropleth mmgppas feasible, and this was used for the
proportion of native vegetation remaining in hundre@@gures 4.3to 4.17).
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4.3.4 BROAD PATTERNS ORDAJSE CHANGE, 18490 1964

Three sequences of maps are described in this section in a preliminary format to illustrate their patential
this kind of research.

Grey was one of the first two counties proclaimed in Soath East in 1846 and therefore land use in the
county would have been more advanced in 1890 (the first year of the five years analysed) in comparison to
counties proclaned later (i.e., Buckingham proclaimed in 1869; Cardwell, 1864; and MacDonnell , 1857).
Therefore it was chosen to illustrate change in land use in one county over time through a sequence of
maps for each of the test yearSigures 4.4 to 4.8).he initialrural production systems used by the first
colonists in South Australia were mainly based on a wheat cultivatieep grazing farming systeifhese
were rain fed systems and relatively extensive in area compared to later production syEi@chsof the 2
hundreds in the county was dominated by wheat acreages in 18ig0re 4.4)A comparison of Figures 4.4
and 4.5 shows that the areas under cultivation are greater in most hundreds in 1890 than those in 1925;
the exception being Kongorong hundrd®l 19%, and again in 1935, the areas cultivated are not only
smaller than those in 1890 but are more diverse in terms of the number of hydrologitadigingful land
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classesln most hundreds at least four of five possible land classes are present, companelgt tme class

in most hundreds in 1890. By 1955 the areas under cultivation had reduced significantly compared to 1935,
but had also become less diverse again. The pattern in 1964 is similar io 1985. Even though only five
years have been evaluated is likely that these records are characterised by periods when the data is likely
stationary (i.e., 1925 and 1935, and 1955 and 1964). These stationary periods are separated by changes in
the way the data were collected and/or reported for reasonslioed in Chapter 4.3.2.

Figures 4.5 and @10 4.12 showthe proportions of hydrologicallyneaningful land classes for the 77
hundreds in all five counties in 1925. These illustrate a number of salient features:

1. The relatively high diversity of land classhroughout the region at that time, with only eight
hundreds (Archibald in Buckingham County; Laffer and Neville in Cardwell; Lacepede, Landseer, and
Murrabinna in MacDonnell; and Ross in Robe County) having land in one hydrolegeatingful
landcl&d 8 ® ¢ KA A gl a Yy2NNWNDKENRAENBYR ONFERBRRAV QI o
Archibald (fallow) and Landseer (orchards and vineyards).

2.1 yYdzZYoSNJ 2F Kdzy RNBR&A ¢A0GK2dzi |ye OdzZ G§GADGF ISR | N
most of thosein the north of the division had not been declared by 1925. Of those that had,
Willalooka in Buckingham County was only declared four years earlier in 1921, while four others
were declared much earlieBanto (Cardwell) in 1864 and Marcollat, Peacock antiibool in
MacDonnell in 1888. A future action would to either leave the hundreds in the grid frame but delete
GKS ylIYSa 2F dzyRSOf I NBR Kdzy RNBR&X 2NJ YSNHS (KS
they were part of before they were declared. Tla&er option would require a detailed analysis of
the history hundreds in each county.

3. The diversity of hydrologicaliyjeaningful land classes was highest in the hundreds in the older
counties (Grey, Robe and MacDonnell) and least in the rorthere braadacre crops and fallow
dominated the more recently cleared mallee along the Victorian border.

The sequences of maps for 1925 and those for Grey County can be interpreted in conjunction with the
maps showing the proportions of remaining native vegetatiorach hundred for the five years studied
(Figures 4.2to 4.17). Early clearance for agriculture in the southern parts of the region, simultaneous with
the establishments of early settlements, is clear in the hundreds of Hindmarsh, Mayurra, Mauhead

and Rivoli Bay (around the towns of Beachport, 1878, and Millicent, 1870), and Blanche, Caroline and
Macdonnell (Mount Gambier, 1854, and Port Macdonnell, 1860). There was also significant clearance in
Tatiara hundred centered on Bordertown, whicad been founded in 1852. By 1925 clearance had
consolidated around the two foci in the south (Beachport/Millicent and Mount Gambier/Port Macdonell)

and expanded along the road and rail corridor between Bordertown to Keith (Stirling, Tatiara and Wiregga
hundreds). Additionally, a new area of clearance had emerged immediately east of Naracoorte (which had
been established in 1845) with significant amounts of native vegetation having been removed in Jessie
hundred. By 1935 noticeable inroads into the stotkative vegetation extended inwards from the state
border with Victoria by about three hundreds all the way from the south coast to north of Naracoorte. The
hundreds most affected by this clearance were, from north to south, Binnum, Hynam and Lochssier; Je

and Naracoorte; Joanna and Robertson; Comaum; Penola; Grey; Young and Hindmarsh; and Gambier and
Blanche. However, it is noticeable that the hundreds bordering Victoria to the north of Bordertown still had
most of their native vegetation intact. Theweere strong similarities in the patterns of native vegetation
between 1935 and 1955. Only along the main road and rail routes to Adelaide had there been any
significant reduction in native vegetation in the two decades up to 1955, this was mainly in €doeaffler

and Richards hundreds. However, a decade later clearance had progressed significantly, hundreds adjacent
to those along the road and rail route in Buckingham and Cardwell counties had withessed much clearance
(Colebatch, Cannawigara, Pendletord &fvillalooka hundreds in particular). There had been further

clearance in the south, but mostly in the hundreds where it had been most advanced in 1955.
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4.3.5 MAJOR LIMITATIONS BNCHALLENGES IDENEDF

A number of challenges have been identified with the datthe Statistical Registers that require further
research.

First, the data is nogtationary, i.e., the same full set of land use and land tenure information is not
available for each of the years analys@dlfle4.2). The main reasons for this have been outlined in

Chapter 4.3.2, and illustrated in Chapter 4.3.4. The-stationary nature of the data is highlighted in this
study because only five, widely spaced yeaese examined. Using early findings from ongoing research
with these data from the mid North and Yorke Peninsula by the Geospatial Information Group at Flinders
University, it is clear that if the full set of data (i.e., each year) were to be used, tloedd e relatively

long periods of time when the same data would have been collected and reported. These periods are
separated by shifts in the actual data that were recorded and reported because of the reasons outlined
above (Chapter 4.3.2). Analyses efipds of stationary continuous sets would reveal temporal and spatial
trends in a far better manner than the test data have done in this initial evaluation for the South East. For
example, highly relevant hydrological analyses could be accomplished toyne@the clearance of native
@S3ASGlIGA2Y YR ySg ANRBdzyR 0SAy3a OdzZ G§GAGF ISR (KNERdAA
parameter, which was collected annually.

A key omission in the information presented in this chapter is that relatddrst production. The areas

under production forestry for each hundred are not recorded in the Statistical Registers. The closest entry is
Wil yR RSRAOIGSR (2 F2NBad LHz2N1LIRaSaQ gKAOK Aa NBLR
(e.g., 198, 1935, 1955 and 1964), which was reported on at the county level. Despite only being available

at the country level, this is a tenure class and is does not mean that production forests were being grown

on these lands. Further investigation into foresttsdtics for the South East is needed before these areas

can unambiguously be included as forest, either wholly or partially, at the hundred level.

Pasture is an important land use class in the South East because of the importance of the dairy industry.
Grazing, in the context of the wheaheep production system was important before pasture for dairying. In
0KS YILA LINBaSyiSR LI addNBE Aa | oSad SadAvyriasS o
t SNXYIFyYySyid DNIaaQ 7TNRYevarkits dées noRnclids ghgzdinglon rativeés a & |
vegetation, which may have been important earlier in the history of the region. In addition there are two

related categoriegf dzZOSNY'S F2NJ F2NI 3S3 YR Kl @& O6gKADEYyas NKE
latter class being a suet of the first). Whilst hay was likely harvested and fed to stock, forage lucerne

could either be grazed in the field or harvested as a green off take. Further research is needed before

making a decision on merging tleeslasses and we have simply used the area for each hundred categorised

Fd W[IYR ! YRSNI! NOAFAOAILIftE {26y tSNX¥YIYySyld DNIaag

Native vegetation is overestimated at the present time, though the maps presented in Figures 4.13 to 4.17
are probably a reasonableftection of the spatial patterns of where clearance was most advanced in any
particular year. This is because native vegetation is not recorded as a specific class in land census data, and
it was calculated as the area of a hundred minus all of the lsedclasses and land tenure classes that

were umambiguously interpreted as a land use.

I a
20

4.3.6 NEXT STEPS

CKSNBE A& | @SNE KAIK LRGIGSYdGArft F2NJ ONBIFIGAYy3 | was
1850s through to the present day at the hundraad, later, at finer spatial resolutions if required for a
NEIA2Y It 6l iSNIolFftlyOS Y2RSt&d ¢KAa WasSlIyiSaaqQ NBO
the 1970s, and satellite imagery from the 1970s onwards. Of course these two informatimesare not

the same and, as a consequence the land use classes would not be the same. Nevertheless the importance
including long runs of mukBource data in improving our understanding of land change science has been
argued byJepson and Millington (2008
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Methods could be developed where periods of overlap between different data sources are analysed in
detail to derive conversions between land uses derived from different sources. The initial overlaps would
be in the 1950s between land uses derived from the census data and aerial photography; a second period
would be in the 1970s between the census data,aehotography and early Landsat imagery; later

overlaps would be between aerial photography and Landsat imagery. There is also the potential to use old
maps. This type of record has been developed in Belgium and Chiretibgnd Lambin (20QZndLiu and

Tian (201Qrespectively; but the product we propose for the South East would be more comprehensive in
data inputs than either of these studies and provide a high profile research output for the international

land change community, as well as serving the needs ablggical modelling in the South East and
ecosystem services research in the area more generally.

There are a number of issues that need to be addressed by land cheiegdists and hydrologists

together, the most important of which is converting LULGs#a to hydrologicaly S y A y 3 F dzf Wt | y |
in terms of groundwaterelated studies is important. There are a number of ways in which this can be

done, and if this were to be a component in any further research a sound theoretical basis drawington wha

the LULC classes mean in terms of water recharge would need to be developed and articulated. For the
purposes of this preliminary evaluation certain land use classes were grouped on the basis of their rooting
RSLIIKA YR LISNA2RA DT I B2 DEIYWENI A I [ WF & NJOK f dhenzia W
Of | aTalded. Q) Inc similar vein, converting land tenure classes to hydrologiteaningfulf | y R

Of FaasSaQ Aa Y2NB RAFFAOdZ G FyR ¢S KIFI@S y2i LIAR Y
some opportunities in this area in the dynamic between native vegetation clearance, cultivation, and land
reverting to fallow. However, to ddits in a meaningful way, annual series would be needed because the
clearance and reverting to fallow categories are annual measurements at the hundred level. In addition, we
would need to use the pr&European map of vegetation to understand what type diveavegetation was

in the hundred before clearance so we can assign a hydrological meaning to the land conversion.

The need to incorporate layers of ancillary information and the potential complexity of seatiporal
patterns of landuse landcover change leads to the essential need for analysis of these data in a GIS,
especially if long, continuous data sets ard&analysed. A further advantage of this would be that any
outputs of the landuse and lanechange analyses could be integrated with other spatiaglicit

hydrological and hydrologicalhelevant data, e.g., geology layers, soil layers and well recands,

modelled as has been done by, for examplspinall (2004 GlSbased analysis is also essential in analysing
the periods of overlaps between census products and spatial products (i.e., those derived from aerial
photography and satellite imagery). With the satellite imagery, tighitemporal image stacks of land

cover parameters, derived using Landsat imagery (Option B outlined in Chapter 4.2.5), would not only
provide an improved land use map product for this grountbrvanodelling project) but using this approach
would enhance the historic temporal profile of landscape processes important to researchers and land
managers. This information is most valuable to groundwater researchers by highlighting the spatial and
temporal variability that exists within homogeneously mapped land use claseeexample, vegetation
indices and surface temperature values may correlate with transpiration and evaporation rates from
different vegetated and nowegetated areas to better undstand water recharge potential.

Land use change (LUC) is a major driver in the decline of ecosystem services, of which water recharge is a
key regulating service. In this broader context, kbegn sets of land use and land cover such as those that
couldbe derived for the South East are critical to understanding the stocks of natural capital and ecosystem
services that they generat&uch information will help land managers in general to better understand

natural landscape process and help facilitate ioyad production of their land while enhancing

ecosystems and supporting lotgrm sustainable management across natural and cultivated landscapes.
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HYDROLOGCIAEMEANINGFUL LAND CBAS LAND USE AND LANINURE CLASSES IN $NTCAL
REGISTERS INCLUINEDLUASS

Orchards and Vineyards Orchards, Vineyards

Pasture Area under sown grass

Fallow Land in fallow

Newly cleared land Newly clearedyround in previous year

Area cropped-QOrchards and Vineyards) Wheat, Maize, Barley, Oats, Lucerne, Other green

forage, Potato, Peas and Beans,

Native vegetation Area of hundred; (total area cropped + land in
fallow)
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RussellCrosbie and Phil Davies

The goal of this chapter is to determine what the current recharge is to the model domain which forms an
input into the numerical groundwater model. This will be achieved firstly through a literature review of
previous recharge in&igations in the region and thdsy building upon thisinderstandingusing

observational data collected over the past few decades. The methods used to estimate recharge from
observational data are:

1. Watertablefluctuation method
2. Chloride mass balance tife groundwater
3. A water balance using satellite derived estimates of actual evapotranspiration

These three methods give complementary information on the groundwater recharge which will be used to
guide the modelling.

The ®uth East of South Australia has had a long history of investigations into groundwater recharge from
both a scientific methods development point of vigillison and Hughes, 1978nderson, 194pkand an
operational water resources managemeperspectivgBrown et al., 2006/ ohling, 2008Wood, 2010h. A
recentreview of recharge studies in Australzrosbie et al., 201Q&dentified 220 recharge estimates

within the model domairextentfrom 19 studiesKigure5.1) (the details are listed in an appendix to

Crosbie et al2010b). These recharge estimates range fronroB75mm/yearwith an average of 49
mm/year (a median of 22 mm/yr and a geometric mean of 16 mm/jrhere are also another 90 recharge
estimates that were not identified within that literature reviefBrown et al., 200§.

Recharge estimatioh57
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From the previous recharge studies we have ascertained that recharge is greater under agricultural land
uses than native vegetation [e.g. Kenn8itnithet al.(1994)], that recharge is greater under sandy soils
than heavier textured soils [e.gv/ohling et al(2012)] and that recharge decreases with increasing depth to
the watertable (Brown et al., 2006

Directly comparing recharge rates estiradtfrom previous studies is confounded by the myriad of
techniques used and the different definitions of recharge used by these technifigesd5.1). Techniques
such as lysimeters and chloride techniques in the unsaturated zone estimate deep drainage, which is
defined as water flow below a given depth that is then assumed to become recharge upon reaching the
watertable Other techniques, such as thatertablefluctuation methodestimate goss recharge, i.e.

water that has reached thevatertable The last category of techniques, which includes the chloride mass
balance method, estimate net recharge, which accounts for losses due to evapotranspiration from the
watertable. Further complicating the comparison between studies are the varying spatial and temporal
scales of the measurements.

The three techniques for estimating recharge that are used here are applied consistahttysgiatial scale

of the model domairusing as much temporal data as is possible. This will ensure that the spatial patterns in
recharge from each of the three techniques are directly comparable across the model domain. Each of the
three techniquesusesa different definition of rechargeso will provide complimentary information

however this alsaneans that magnitudeof recharge estimates between methods are not directly
comparable.
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5.2.1 WATERTABLEH.UCTUATIONS

Thewatertablefluctuation (WTF) method of recharge estimation was first proposekldinzer and
Stearng1929 and remains wellised due to its simplicittHealy and Gak, 2003. The methodassunes

that watertablerises are caused by rechardithe specific yielaf the unconfined aquifer in questids
known, then rechargeR) can be calculated as the change in water lebb) Mmultiplied by the specific yield

(S):

Y YQ Y (5.1)

Recharge calculated using the WTF method is usually estimated on an event basiwatktiableis

shallow and responds quickly to rainfall, the method provides an estimate of gross recharge. If the recharge
is calculated over longéime periods (such as annually) then the recharge will be underestimated, since
groundwater discharge during the time of measurements is not accounted$os. method of gross

recharge the WTF method cannot produce negative recharge estimates.

Since a large amount of monitoring data is available for the model domain, analysis of the observations
required automation. Previous approaches to automate wegertablefluctuation method have relied on

high frequency monitoring datéCrosbie et al., 2005In the present application a more flexible approach

was necessary due to irregular measurement frequencies. The method used is modelled on that previously
used in the South East by Brown et(2D06), this uses seasonal (i.e. quarterly) measurements of
groundwater level and a specific yield value of 0.1. To automate the process the change in groundwater
level was calculated as the difference betmn (a) the minimum groundwater level recorded before July 1

of each calendar year and (b) the subsequent maximum groundwater level occurring before the end of the
calendar year. This was used on a subset of observation bores that were less than 50 feataes a

depth towatertableless than 10 m, and featured at least five years of data during the periodt@2012.

The use o maximumobservation ofdepthto water of 10 m is following on from the analysis of Brown et

al. (2006 that showed that at depths greater than this the WTF method gave low results due to

attenuation of the recharge signdlhe results of this analysis are showrfrigure5.2.
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Recharge calculated using thatertablefluctuation method ranged from @59 mmAearwith an average
of 85 mm/year(a median of 83 mm/yr and a geometric mean of 73 mm/yhis average is not
representative of the model domain as a whole because of the tue to the sampling of bores with
shallow depth towvatertable Significant interannual variability in estimated recharge also exists, with an
average coefficient of variation across all sites of 0.53.

These results were subsequently analysed furthegitoyiping the recharge estimates bgil (Figure2.5),
vegetation(Figure2.6) and depth towatertable (Figure8.7) and then normalising the results by rainfall.

The resulting relationship between soil clay coritand rechargéFigure5.3) was not consistent with
expectation. Previous research has shown a strong negative correlation between the average clay content
of the soil and recharg@Vohling et al., 201 whereas what is seen here is a weak positive correlation.

The reason for thisinot yet known but could be due to a relationship between the soil clay content and
depth towatertable or a dependency may exist between soil clay content and the specific yield.
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The relationship between vegetation type and recharge estimated usingahertablefluctuation method

is consistent with expectati@with the exception of the hardwood$igure5.4). This may be because the
land use is close to current but hardwood plantatialid not exist at the start of the analysis (1980)they
have been excluded from further consideration (includiigure5.4). Irrigated vegetation is associated

with the highest recharge due to the extra source of water in addition to precipitation. However, if
irrigation water is sourced from groundwater this wibt result in an addition to groundwater storage,

since evapotranspiration would be increased above dryland agricultural uses. The next highest recharge
estimates are associated with cropping and pasture land use types. The lowest recharge estimates are
associated with native vegetation and softwood forestry.

Recharge estimatioh61



0.5

n=20 n=22 n=263 n=29 n=20
o o
8 0.4 4
E
o
s
5 03-
= « .
S [
S 02
(2]
© °
& T
% 0.1
& ° 1
° * T -
0.0 T T T * T
&é Q\‘Q \\)@e Q;\\°° {@Oé
& X v & &
< Q & %
<
&

The relationship between depth watertableand recharge estimated using thetertablefluctuation
method is consistent with expectatidfiigure5.5). Lower recharge is associated with shallow depths to
watertable as limited space exists in the unsaturated zone for additional storage when rainfall recharge
occurs. Maximum estimated recharge is associated with a deptratertableof 1¢2 m. This is likely due to
rainfall infiltrating quickly with minimal losses to evapotranspiration or soil moisture storage. Recharge
estimates decrease with increasing depthwatertableabove X2 m in accordance with increasing travel
time from the surfae to thewatertable Greater travel time in the unsaturated zone increases the
likelihood of plant water uptake. Also, a greater soil moisture deficit may need to be overcome before
recharge can occur. These relationships between recharge and depthtéatable are consistent with

those observed previously fomago, NSWCrosbie, 2008
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The watertable fluctuation method of estimating recharge can give us a time series of recharge for as far
back as we have monitowg records. The analysis undertaken here started with data collected in 1970 until
the end of 2012 giving potentially a 43 year annual series, however the average length of time series from
the individual bores is 21 years. To investigate the changeslvarge through time, the average recharge
from all bores with a recharge estimate for a particular year were collated into an annual ségie®5.6).

(This anlaysiis a superposition in time and space and assumes that the sample size of bores is large
enough that the trends are not biasedit)can be seen that along with int@nnual fluctuations in recharge
there is a long term decreasing trend of almost 1 mear. When the recharge time series was investigated
at the six individual bores with the longest time series, it can be seen that the decreasing trend is still
evident Figureb.7). However, only two (HINOO5 and SYMO0O02) of the six bores has a statistically significant
(p<0.05) decreasing trend in recharge (MAY002 has p=0.07). This apparent decreasing trend in recharge
warrants further investigation.
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5.2.2 CHLORIDE MASS BALENC

The chloride mass balance (CMB) method of estimating recharge wai$augbe first time in the world in
the South East region in 194Anderson, 1945% It has since become the most widely used method of
estimating echarge in Australié€Crosbie et al., 2010aThe CMB method is very simple and the cost of
obtaining the data required is comparatively cheap. Chloride deposited by rainfall is not removed by
evaporation or transpiration, resulting in accumulation in the unsatutatad saturated zones. Usiag
estimate of chloride deposition rate at ground surface and groundwater de@dncentration recharge is
estimated as

Y pnmngo , (5.2)

whereR, is net recharge(mm/year), Dis chloride deposition ratékg/ha/year) and Gy, is the concentration
of chloride in the groundwatefmg/L)

The assumptions inherent in the method are that:

1. Chloride presentin the groundwater originatesolelyfrom precipitation (not rock weathering or
halite dissolution).

2. Chloride importedor exported via runoff orun-on can be accounted for.
3. Chloride is conservative in the system.
4. Therate ofchloride deposition has not changed over time.

The chloride mass balance method produces an estimate of net recharge averaged over the residence tim
of the groundwater in the aquifer. This confounds results in systems where land use change has resulted in
a change in recharge rate. In most situations, land use change results in an increase in recharge; for
example, when native vegetation is cleared &gricultural development. In the South East region the

opposite result has also occurred where plantation forestry has replaced agricultural land use. In summary,
due to land use changes in this region, the chloride mass balance method may not proestiaate of

current recharge.

Also, the way the CMB has been applied here is not applicable to discharge areas and so cannot produce
negative estimates of net recharge.

The chloride deposition rate used in the present study was derived from a natiofeteswaescribed in

Leaney et al(2011), who developed a national coverage of chloride deposition from 291 field observations
of chloridedepositionover the past 60 years throughout Australia. This was achieved using a four
parameter function previously derived Ileywood et al(1997) and based upon distance from the coast.
Surfaces werénterpolated for each of the four parameters using a pilot point regularisation approach
within PESTDoherty et al., 2000 The uncertainty in the chloride depositioate surface was quantified

using the mean, standard deviation and skewnafsthe derived from nll-space Monte Carlo analysis

(Tonkin and Doherty, 2009f 791equally weHcalibrated modelsFor the present application, the national
coverages wereesampled from 0.080.005degreegFigures.8).
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Figure5.8 The mean, standard deviation and skewness of ttldoride depositionrate surfacederived from 791
equally welkcalibrated models

The chloride in groundwater data was obtained from the databases held by DEWNR in South Australia and
DSE in Victoria. There are 3901 point locations with measurementsaofdehin groundwaterKigure5.9).

In locations where multiple observations were found to exist, the geometric mean was used. Ordinary
kriging was used to interpolatgoint measurements to a gridded surface. The 0.68§reesgrid used by

Leaney et al. (2011) to create the chloride deposition rate surface was used to create the interpolated
surface in the present study. This interpolated surface and its associatatdbstherror are shown ifigure

5.9.
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Figure5.9 The chloride concentration of the groundwater ([{JIplotted on a bgarithmic scale (i.e. 2 =100 mg/L, 3 =
1000 mg/L etc.). Left plot shows the raw data=3901) the centre plot shows an interpolated surface and the right
plot shows the standard error in the interpolated surface.

While the chloride mass balance methodshbeen widely used to estimate spatial distributions of recharge
(Eriksson and Khunakasem, 1968anlon et al., 20)2the uncertainty associated with both chloride
deposition rates and groundwater chloride concentrations are rarely propagated tatifyuthe

uncertainty associated with estimated rates of recharge. In practice, stochastic methods can be used to
generate many replicates of an estimated recharge surface through random sampling of the input
probability distribution. In the present stud¥p,000 replicates were created through sampling of a Pearson
Type IHshaped probability distribution of possible chloride deposition rates and-adogalshaped
probability distribution of possible groundwater chloride concentrations. The resultsepmrted as the

5th, 5ah and 95h percentiles of net recharge at each grid cell from thed00 replicategFigure5.10).

Results indicate that areas of highest red@are located in the south of the study area (i.e. along the
coast). Conversely, areas of lowest recharge are located toward the north of the study area and (i.e.
inland). Using the chloride mass balance approach, the average recharge rate across thdanwie is
estimated at 21 mm/gar for the 5ah percentile, with a plausible range of @& mm/year based upon the
5th and 93h percentiles.
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percentiles from 10 000 equallikely realisations.

The chloride mass balance as applied lesgumes that the screen depth in the bore is shallow enough
that the chloride concentration as recorded is representative of local recharge. This would be true if the
screen was at the water table but as the depth below the water table increases, thdesemgyeraged

over an area upgradient of the measurement location.

The other problem with the method as applied here is that it is not appropriate to use in groundwater
discharge locations. As the chloride concentration increases the recharge estiiaggndio 0, in

groundwater discharge areas the net recharge is negative and this cannot be accounted for in this method.
This will cause unreliable results particularly in the west of the Upper Seash

5.2.3 WATER BALANCE USBITELLITE DERIVEDIMATE®F
EVAPOTRANSPIRATION

Using satellite estimates of evapotranspiration (ET) as a means of estimating net re@mrlagyi et al.,

2011 is a relatively new method that has had little exposure in Australianiégtbod relies on a water
balance where net recharge can be estimated as the difference between rainfall (P) and ET if runoff and
changes in soil moisture storage can be igndieguation 5.3)The application of the definition of net
recharge is slightlyitferent to that of the chloride mass balance as this method can estimate where
groundwater discharge is greater than groundwater recharge resulting in a negative estimate of net
rechargethis is expected to be prominent in irrigation areas and foresteas where the trees are
accessing groundwater. The advantage of this method is the spatial and temporal density of the data;
however, the uncertainty in the recharge estimates has not been assessed.

Y 0 %4 (53)
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Estimates of evapotranspiration are degd using theCSIRO MODIS Reflectaffzased Scaling
Bvapotranspiration CMRSET) algorith(@uerschman et al., 20D9This uses eightay aggregated MODIS

data to produce ET estimates on a 250 m reoh grid. The actual ET estimates are scaled from potential

ET using a relationship that uses the Enhanced Vegetation Index (EVI) and the Global Vegetation Moisture
Index (GVMIIn a comparative study of various-E3timation algorithms against a rangémetrics, the

CMRSET algorithm was determined to provide the most reliable estirf@ltesn et al., 201;1King et al.,

2011). The rainfall data used in the present study was obtained from a Bureau of Meteorology product
described bylones et al(2009 which features a daily temporatsolution and 0.05° spatial resolution .

The spatial distribution of average net recharge over the period 20@010(Figure5.11) appears to be
consistent with expetation. The coastal lakes of the Coorong (north of Kingston SE) and areas located
between Robe and Beachport feature negative net recharge rates, as would be expected for areas of open
water where ET exceeds precipitation in a sand (i.e. watedimited) environment. Irrigation areas

(Figure2.6) located in the north of thestudy areaare identifiableasareas of negative net recharge whereas
irrigation areas in the south are less prominent, due to relatively higher rates of rainfall. Other visible areas
of high negative net recharge include hardwood plantations located to the west of P@nglaie2.6) and
softwood plantations located to the east and south of Penola and to the east of Mount G&(figigre

2.6). Regions of highest positive net recharge are associated with areas of cropping and pasture located
from Kingston through Millicent to Mount Gambier (where rainfall is highest). Locations of limited positive
net recharge araistributed throughout thestudy areaand are mainly associated with cropping and

pastoral land use.

Using the CMRSET approach, net recharge over the periodd@2010 and averaged over the entire

model domain is estimated a§ mm (i.e-0.9% of rainf), which represents an overall net discharge.
When this result is partitioned according to vegetation type, the median net recharge is positive for
cropping (i.e. +2.8% of rainfall) and pasture (+1.4%) and negative for native vegefén)( softwood
vegetation {9.7%), irrigation-13.4%) and hardwood vegetati¢rl6.4%). When these results are examined
on a perpixel basigFigure5.12), considerable dispersicaround the median is apparent for each
vegetation class, and for all classes the range of values includes both positive and negative rates of net
recharge.

68| Framework for a Regional Water Balance Model for the South Australian Limestone Coast Region



10

>250
200 to 250
150 to 200
100 to 150
50to 100
25t050
-25t0 25
| -S0to-25
<100 to -50

200 to -150
-250 to -200
<-250

-150t0 -100°

Mean water balance {mm/y)

®  Town

Main road

[ study area
1

Coleraine

Hamilton

Macarthur, /-
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When perpixel CMRSETater balancebased net recharge estimates are partitioned according to soil clay
content and depth tavatertable (DTWT), further differences between vegetation types become agpar
Net recharge under pastugoesnot appear to be correlated with DTWHigure5.13). (Although the

positive net recharge at shallow DTWT on heavy textured soils may be indicativeadf.ydmis &

consistent with expectation, since pasture vegetation is shatlmated and typically cannot access
groundwater below a depth of one metre. Conversely, net recharge under softwood vegetation does
appear to be dependaseupon DTWTFigure5.14). Previous field studies in the South East region have
identified positive correlation between rates of ET and DTWT. Evapotranspiration from hardwood and
softwood vegetation ifiighest when the DTWT is within a few metres of the ground surface and decreases
to negligible when the DTWT is approximately 6 m on sandy(Beils/on et al., 2006 The results of the
present study(Figureb.14) for sandy soils (soil class 1) are consistent with the field resuBsmjon et al.
(2009; however, this is not the case for heaviextured soil classes.

For soil classes 2, 3 and 4 (tkwy content ranging from 5825%) positive net recharge occurs for an

average DTWT of less than 1 m. With increasing depth, evapotranspiration increases to a maximum rate at
a DTWT of & m. With further increases in depth, the net recharge rate approacees; this represents

an extinction depth, at which vegetation can no longer access groundwater. These relationships are also
dependent on soil clay content. For soils classex3%), 2 (§10%), 3 (1§15%) and 4 (1&25%) this

extinction depth occurs approximately 6, 9, 13 and 16 m respectively. For hedeidured soils (i.e.

classes 5, 6 and 7), at a DTWT of 20 m (the extent of the present analysis) the net recharge rate does not
approach zero. This suggests that softwood and hardwood vegetaties gye capable of accessing
groundwater when the DTWT is in excess of 20 m.
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Examination of the time series of average annual netaegb(Figure5.15) indicates that considerable
inter-annual variability exists. When averaged across the model domain, the extremes of average annual
net recharge rang from-163 mm (2006) to +126 mm (2010).
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Figure5.15 Average annual net recharge (mm/y) from 2001 to 2010 estimated using the CMRGEET balance
based approach.

Time series observations of actual evapmispiration, precipitation and groundwater level, as well as
modelled estimates of net recharge and cumulative net recharge, at groundwater observation wells
MAY023, PEC068 and MTB014 are present&thumre5.16, Figure5.17 and Figure5.18 respectively.
Examination of the precipitation and actual ET time series data irdiche presence of seasonal trends in
both data types, as well as the fact that the two series are out of phase with one another. This leads to
seasonal trends in the CMRSEdter balancebased estimates of net recharge, which feature positive net
rechargein winter and negative net recharge in summer. Irrespective of whether a given location features
an overall positive net rechard€igure5.16) or negative net rechge Figure5.18), this is consistent with

the seasonality of groundwater level observations.
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5.2.4 COMPARISON OF RECHERESTIMATION METH®D

The three methods of estimating recharge usedhe present studgachestimat different quantities of
water; thereforeit is ursurprisng that theyare not in agreament. Thewatertablefluctuation (WTF)
methodis used teestimate gross recharge, the chloride mass balance (CMB) mithsed tcestimate
net rechargednd is thereforeonly suited toidentified recharge areaswhile the water balance (WB)
method uses aifferent definition of net rechargewhichis applicable iloth recharge andlischarge
areas).Consequentlyand consistent with expectatiothe WTHnethod produceghe highest estimatef
recharge whilehe WBmethod produceghe lowestestimate,with CMBmethod-based estimates falling
between. At the model domaiscale the average WTF methelbasedestimate of gross recharge is 85
mm/year, the averageCMB methoebasedestimate of net recharge is 21 mg#ar(from al13¢34 mm/year
plausible range)and theWB methodbased estimate ofiet recharge over the period 20@& 2010is-5
mm/yea (Tableb.1).

WTFMETHOD CMBMETHOD WBMETHOD
MMY | GLIY MM/Y \ GLIY | MMIY GLIY
Model comain 85 2208 21 (1334) 542 (334887) 5 -118
LLC PWA 85 1241 28 (1446) 411 (25%673) 3 37
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At the scale of the management area the results are similar with the WTF generally giving the highest
estimate of recharge and the WB the lowest although there are many areas that do not conform to this
pattern (Table5.2).

ADOPTED BY BROWNAET(2006)

STATE MANAGEMENT AREA

(MM/Y)
SA BANGHAM 5 (3- 10) -27 20
SA BEEAMMA 5 (2-9) -15 20
SA BENARA 73 (8) 73 (43- 126) 98 170
SA BLANCHE CENTRAL 33 (1) 100 (69- 144) 55 175
SA BOOL 110 (3) 10 (7- 16) 7 105
SA BOWAKA 77 (2) 25 (14- 45) 37 85
SA BRAY 77 3) 39 (23-68) 50 90
SA COLES 127 (5) 16 (10- 26) -88 120
SA COMAUM 13 (1) 12 (7-19) -83 60
SA COMPTON 68 (2) 105 (73- 151) 86 175
SA CONMURRA 74 (8) 16 (11- 23) 18 95
SA DONOVANS 51 (10) 103 (70- 151) 37 175
SA DUFFIELD 47 (8) 9 (3-22) -39 50
SA FOX 98 (4) 22 (15-32) 10 100
SA FRANCES 8 (4- 16) -34 30
SA GLEN ROY 94 (5) 13(8-21) 24 150
SA GLENBURNIE 35 (1) 109 (77- 156) 51 100
SA GREY 85 (7) 28 (18- 43) 24 150
SA HACKS 108 (1) 15 (10- 22) 15 125
SA HINDMARSH 77 (14) 63 (38- 106) 54 150
SA HYNAM EAST 7 (4-14) -26 25
SA HYNAM WEST 82 (5) 6 (3-12) -38 80
SA JOANNA 8 (4-13) -49 50
SA JOYCE 108 (3) 7 (4-12) -32 120
SA KENNION 129 (5) 34 (21-54) 31 120
SA KILLANOOLA 137 (3) 14 (9- 22) 0 145
SA KONGORONG 62 (4) 68 (40- 115) 59 170
SA LACEPEDE 79 (5) 12 (6- 24) 0 100
SA LAKE GEORGE 93 (3) 35 (19- 65) 5 75
SA LANDSEER 53 (14) 7(2-17) -22 45
SA LOCHABER 82 (12) 4(2-9) 22 90
SA MACDONNELL 89 (2) 97 (65- 145) a7 150
SA MANAGEMENT AREA1 70 (2) 4(2-8) 57 75
SA MANAGEMENT AREA 2/ 7 (4-11) -131 75
SA MANAGEMENT AREA 2| 7 (5-11) -160 75
SA MANAGEMENT AREA 3 6 (3-9) -57 75
SA MANAGEMENT AREA 4 6 (3- 10) -36 25
SA MARCOLLAT 98 (32) 4(2-9) -11 75
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ADOPTED BY BROWNAET2006)

STATE MANAGEMENT AREA

(MM/Y)

SA MAYURRA 105 (26) 66 (40- 110) 99 110
SA MINECROW 53 (12) 13 (6-27) 24 75
SA MONBULLA 143 (8) 29 (17-47) -28 180
SA MOORAK 115 (76- 174) 107 175
SA MOUNT BENSON 43 (5) 32 (16- 64) -40 60
SA MOUNT MUIRHEAD 117 (9) 60 (38-93) 73 110
SA MOYHALL 89 (3) 6 (4-9) 1 105
SA MURRABINNA 42 (8) 11 (5- 26) 5 90
SA MYORA 54 (12) 80 (55- 116) 16 160
SA ORMEROD 105 (3) 7 (4-12) -8 120
SA PEACOCK 55 (16) 5 (2-12) 0 70
SA RIDDOCH 152 (4) 39 (24- 63) 15 130
SA RIVOLI BAY 67 (4) 54 (32-92) 57 100
SA ROSS 91 (2) 18 (10- 30) 62 110
SA SHORT 132 (7) 31 (19-52) -48 150
SA SMITH 92 (4) 26 (17-39) 40 100
SA SPENCE 95 (4) 4(2-6) -40 115
SA STEWARTS 130 (6) 15 (9- 23) -58 145
SA STIRLING 3(1-4) -125 50
SA STRUAN 154 (2) 9 (6-14) 3 95
SA SYMON 114 (27) 42 (27- 66) 58 110
SA TATIARA 2(1-4) -23 15
SA TOWNSEND 83 (7) 13 (7-23) 26 85
SA WATERHOUSE 56 (6) 27 (14-53) -15 80
SA WESTERN FLAT 3 (1-5) 27 20
SA WILLALOOKA 3 (2-5) -53 40
SA WIRREGA 2 (1-4) -63 30
SA WOOLUMBOOL 76 (17) 6 (2-14) 21 90
SA YOUNG 107 (7) 47 (30- 75) 12 200
SA ZONE 2A 54 (23) 36 (23- 55) -34 95
SA ZONE 3A 93 (31) 16 (11- 25) -30 100
SA ZONE 5A 39 (1) 6 (3- 10) -46 40
Vic GLENELG 72 (10) 36 (23-56) 1

Vic  WEST WIMMERA 44 (12) 3 (2-6) 2

When the recharge estimates are compared at the management area scale it can be seen that the results
do not agree in most caseBigure5.19). The CMB and WThethodsestimat recharge using different
definitionsandover different time scaleso it isunsurprisngthat they do not agreeEstimates produced
by these two approaches methods appear torbere consistent when WBiethod-basedrechargevalues
are positive Conversely, recharge estimatase very different when WBethod-basedresultsare
negative as the CMBnethod cannot produce negative numbers ams$teadtends tozero The WTF
method-basedrecharge estimates are much greater than the W&hod-basedestimates because
differencesin the definition of recharge used by methd@ompaison ofrechargeratesestimated in the
presentstudy to previously adopted recharge ratestimated byBrown et al(2006) indicatethat that the
CMB and Wnethod-basedrecharge estimates are much smalléne WTHFnethod-basedestimates are
generallymore consistentsince thignethod wasalsoused by Brown et a{2006).
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The recharge modelling component of the work willrbported on inPhase2.

Recharge mape estimated througmumerical solutions of Richas@quation(Richards, 1931for one

dimensional unsaturated zone flow and based on spatially distributed data such as soil, vegetation and land
use type Results from such models may then be used as inputs to ttlireensional groundwater flow

models, such as IDFLOWnN the present regional scale study this approach is not feasible due to

prohibitive model run times; therefore a much simpler approach needs to be developed. The standard
recharge (RCH) package for MODFLOW requires that recharge is sgepiied the observed correlation
between gross recharge and depthuatertabletherefore renders this approadhappropriate.The
evapotranspiration (EVT) or evapotranspiration segments (ETS) packages both calculate evapotranspiration
as a function of deptko watertable however, this will not assist in the net recharge calculation that is
required.The approach of Doble et #2006 is an improvement on previous attempts at tteptboundary
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condition in MODFLOW but what we require is a method that has a depth dependent recharge and
discharge component.

Instead, it is proposed that a loalp table approach be developed for net recharge estimation, based upon
variables that contribte to the magnitude and direction of net recharge. These variables are:

1. Monthly rainfall

2. Month of the year
3. Vegetation type

4. Soil type

5. Depth towatertable

The lookup table will be populated using the outputs of one dimensional numerical recharge modelling
conditioned to the recharge rates estimated$ections.2

The proposed onelimensional modelling will be conducted using the-seijetatioratmospheretransfer

model WAVE&hang and Dawes, 1998@he modelling will be conducted on a transect following the

rainfall gradient (approximately Port&d¢donnell to Bordertown in 10 steps) for climate information. At

each of these locations the model will be run for each combination of soil (7 classes based on clay content)
and land use (6 classes) for a series of depths to water table (0.5, 1.0,3,.5, Z, 10, 159 ) . e niodel

will be run from 1/1/1889 until 31/12/2012 with the first 24 years used as a modehgpiveriod and the
remaining 100 years being used to build relationships between net recharge and the five determinants
listed above aftebeing aggregated into a monthly time series.

The onedimensional modelling will be constrained by the field observations but not necessarily calibrated
to it. The spatial and temporal density of the net recharge estimates from the satellite derived water
balance is our best source of information on the patterns of recharge; however, the magnitude of the
recharge estimates from this method have not been verified. The chloride mass balance estimates of net
recharge are less useful in this application. Thg th@ method has been applied means that the chloride

in groundwater has been interpolated without regard for the soil and land use which means that some
averaging of nearby soil and vegetation groupings is inevitable. The chloride mass balance estimates o
recharge also suffer from issues associated with land use change, the travel of chloride along the flowlines
and the averaging of the recharge estimates over the residence time of the water in the aquifer. The

chloride mass balance estimatescanbe usetl | aal yAidie OKSO1é¢ 2y (GKS Y2RE

estimates from the water table fluctuation method and the previous recharge estimates identified during
the literature review can be used to check the magnitude of the long term average reahaéegdrom the
modelling. However the point scale recharge estimates do not cover the entire spectrum of soil /
vegetation / depth to water table so cannot be used in isolation.

The gross rechaegaveraged over the model domain is quite high but not spatially uniform. The gross
rechargeis strongly correlated witlepth towatertableand vegetation typevhereasthe influence ofoil
type is not as significards expectedGross rechargdeaturesa consistent seasonal patterwith recharge
occurring in winter when rainfall is highest apdtential evapotranspiratiotowest, andalsofeatures
considerablenterannual variability.

Net recharge is generally lower than gross rechanggicating thatevapotranspiration iprimarily
occurringeither directlyfrom the watertableor from groundwater dependent vegetatioNet recharge is
strongly influenced by vegetation type, depthw@tertableand soil typeNet recharge is generally
negative undeforestry areasindicating that thehardwood and softwoodegetation is accessing
groundwater The amount of groundwater used by the plantations is depmidipon depth towatertable
and soil typeA consistent seasonal pattern in net rechaigepparentwith recharge occurring in winter
and discharge occurring in summer.fAsgross rechargestimates considerable inteannual variability
existsin net rechargeestimates
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To be able to replicate thgpatial and temporadlynamics of recharge and discharprocesseghe
groundwater modelsed in the present studyill need toincludea feedbackmechanisnmbetween depth
to watertableand net recharge rate. The standavtDDFLOVEVT package cdre used to represent
evapotranspiration processdsit the standad RCH packagequiresrechargeto be prescribeda priori
rather than calculatedlynamically byhe model.To overcome these limitations, a different approach is
proposed in which net recharge is provided as input to the MODFLOW model fromaploakiethat

tabulates the net recharge for a given monthly rainfall, month, vegetation type soil type, and depth to
watertable.
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Sbastien LamontagneAndrew Taylor Darren Herpich and Gary Hancock

Groundwater discharge from regional aquifers in the South East occurs by pumping, evapotranspiration
from the shallow watertable, discharge to drains and by outflow to the marine environr@éithese
mechanisms, submarine groundwater discharge (SGDg isidst poorly known and is usually estimated as
a part of the calibration process for groundwater models. Besides the need to better quantify this flux for
refining the regional water balance, there may be ecosystems both onshore and offshore which $&¥pon
or the nutrient flux associated with SGD.

In Task 2 for the Regional Water Balapogiect, a range of environmental tracers were trialled to explore
the location and flux of SGD along a part of the study area (Port MacDonnell to Victoria/SA bidrder).
also complemented previous work using tracers in the region for SGD or coastal groundegedent
wetlands(Herpich, 2Q0; Mustafa et al., 2012Nood, 201). Environmentatracers include physical
(temperature, etc) or chemical pperties of groundwater (salinity, etc) that can be used to differentiate
SGD from other water sources. The study had three broad components:

1. Characterisation of the environmental tracer signature for potential sources of water to the
coastline

2. Evaluationof the trends in selected tracers in nesdore and offshore seawater
3. Mapping of SGD discharge zones alodgabeach section

The environmental tracers evaluated included temperature, salinity, and radioisotopes such afgadon
*Rn)l YR KS da NIfa #vasiRa and®Ra). Radon and radium are the most widely used
tracers in SGD studBurnett et al., 2006Moore, 199§. Groundwater tends to be enriched in these tracers
because of contact with rocks and sediments containiregrtprecursors (minerals containing uranium and
thorium radionuclides). In addition, helium was trialled as a tracer for SGD for the first time in Australia.
Helium4 (*He)is a stable noble gas that is also generated during the decay of uranium anshiHarnily
radionuclides. Heliurd accumulates in groundwater over lotigne periods (>1,000 years) and is a good
tracer for older regional groundwatésolomon, 200D

Submarine groundwater discharge can include several water sources. In particular, because of tides, waves
and currents, a large component of SGD can be seawatéculated frombeaches and shallow sediments
(Burnett et al., 2008 This recirculatiowan have two differeneffects;firstly, it can lesultin fresh

groundwater to partially mix with seaater before discharging through the sea floor. Secoridlgome

cases regional groundwater cae discharged to the sea in the absence of freshwater inputs. However, by
using multiple tracers, it is pstble to identify the different components of SGD. For example, recirculated
seawater is relatively more enriched in shtivied radionuclides lik&*Ra (halflife = 11.4 days) arfd’Ra

(3.66 days) because these are regenerated more rapidly from theenpenaterial following repeated
sediment leachingHancock and Murray, 1996n contrast, regional groundwater tends to be relatively
more enriched if*Ra (halflife =5.7 years)?*®Ra (1600 years) antHeaccumulating over time at quast
constant release rate.

In the following, the detailed sampling design for the SGD study is presented along with key results. The
implications for the design of a more complete field program aintdukeéping to calibrate the regional
water balance model are discussed.

All sampling took place during a field trip held during18 November 2012 in the Port MacDonrell
Victorian/SA border area, including at the Piccaninnie Conservation Hgtkd6.1). This region was
selected because it is known to be a significant discharge area for the Gambier Limestone aquifer.

Groundwater discharge to the marine environmérg1
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Figure6.1 Study area, showing the location for the different offshore and coastal water samples.

6.1.1 CHARACTERISATIONEDIVIRONMENTAL TRAGEBNATURE IN POTENTI
SOURCE WATERS

The aim for this activity was to establish the signaturedifferent potential sources of water to the coastal
zones, including:

1 Streams, drais and outlets (Piccaninnie outléblenelg River,-Blile Creek, Deep Creek and Cress Creek)
1 Groundwater (beach spring€amel Back, Greemiat and Greenways formations)
1 Recirculated seawater

The groundwater wells or piezometers selected for sampling aimed to capture the range of salinity found in
groundwater in the area. In particular, one nested piezometer straddling the fresh/salt interface near the
coastline wasncluded (CAR059, CAR060, CAR061; Mustafa et al.)2012
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The parameters measured included:

1 Electrical conductivitytemperature, dissolved oxygen and major ions
{ Stabk isotopes of waterdeuterium ¢H) andoxygen18 (°0)

9 Radium (subset) and radon

11 Noble gases (includirfgle)

Surface water samples were collected as close to the stream outlet as possible (but above the high tide

mark). Due to access problems, the Piccaninnie outlet sample was collected from Piccaninnie Ponds. Beach
springs samples were collected at Piccaninmied® Conservation Area. This included two vents from the
W{LINAY3I 1TdhQ O2YLIX SE | yR | y2iKSNIkanwastiibnSit (feie@tat | y  dzy
NEFSNNBR (2 4 WD28RSNJ {LINAYy3IQUud . SI OK ZommN&kifd al Y
the spring vents and by pumpgjrwith a bilge pump into a welinsed container. Recirculated seawater

samples were collected by installing similar shallow PVC piezometers dbeaglafaceat Brown Bay

(Lamontagne et al., 2008A surf sample was also collected at Brown Bay.

All water samples for major ions, stable isotopes, radium and radon were collected using a bilge pump
connected to an idine filtering system (Puretec FP10M with ar2@l cartridge) with nylon tubing or, for
groundwater samples, a Grundfos pump. For major ions, two litres were collected in@nsetibottle

and kept cool in an insulated contain@®ack in the field laboratory, 200 mL was 0w filtered and split

into three subsample. The one for major cations was acidifieaptd of <2, the one for major anions

remained unacidified and the one for stable isotopes of water was stored inverted in a McCartney
container.Radom HH &l YL S& 6 SNB 02 fmetkoddil®aheydiHere&z¢pa0g.a G KS U
Radium samples were collectedviell-rinsed 20 L carboys (280 L per sample)and later extracted in a

field laboratory usingnanganese dioxide\{nO,) coated fibregMoore, 1976 following the procedures

outlined inLamontagne et a(2008).

Two methods were used to collect noble gas samples. Whenever poggibiive heagpacediffusion
samplergdGardner and Solomon, 20D&ere left overnight to equilibrate in the waterway. Alternatively
(some groundwater, recirculated seawater dmehch springs samples) a bublilee water sample was
collected in a copper tube followir@Veiss, 1968

6.1.2 TRACERS BAWATER

The trends in environmental tracers for inshore and offshore seawater were evaluated by sampling

seawater along three transects ond@n b 2 @SYOSNJ Hamu 2y (GKS OKIF NI SNJ 63
MacDonnell. TaoffshoreW. f dzS Q aimédltoyedalbaieithe variations #lectrical conductivityEQ,

radon, radium andHefrom the shoreline to the continental sheFigure6.1). TheinshoreW D NBS y{ Y Q

FYR WIONB S (NI yaSoda FAYSR (2 t2014GS GFENARIFIGAZ2Yy&E A
distance of 2 km and 4 km, respectively. All transects Warated offshore of Piccaninnie Conservation

Area. The Green transects started at the Victorian border and stations were sampled every km in a

westward direction thereafter for 9 km. The Blue Transect was designed to overlap both the Green ones

YR Wedd & o g¢5%kin)Nd suspeds& SGD spring based on thermal infrared imaging (Herpich
HAMAO® { I YLEAYy3 adFidAaz2ya +Ff2y3a GKS . fdzS ¢NFryaSoi
inshore than offshore. The furthest Blue station (45 krapwat the edge of the continental shelf and aimed

to collect oceanic seawater, that is, to determine the background activity or concentration for the tracers.

The period selected for the field study (Austral spring) corresponded to the time when the aldéeis
highest in the region and when groundwater discharge should be laidgjedso preceded the development
of the Bonney Upwelling, a local cold, nutrigith current generated by summer southerly wir{&mpf

et al., 2004. Inspection of satellite sea surface temperatures indicated thatBonney Upwelling was not
present during the sampling period

Groundwate discharge to the marine environmeh83



Vertical electrical conductivity profiles, vertical temperature profiles and surface water radon were
collected at all Blue and Green statioffie eletrical conductivity and temperature profiles were collected
with a CTD profiler (RCM 9, Aanderra Instruments). Following the convention in oceanographic studies,
conductivity measurements were converted into Practical Salinity Units (PSU) following fFafaho

Millard (1983. For radon, surface seawateas collected with a bilge pump attached to a buoy with the
intake weighed down to stay50 cm below the surface. Radon ¥ L)t Sa 6SNB 02t f SOGUSR 7
method (Leaney and HerczeB006). Along the Blue Transect stations, 60 L (inshore) to 140 L (offshore)
surface seawater samples were collected in wieked 20 L carboys using the bilge pump and Puretec in
line filtration system. At selected Blue statiohgble gasesvere collected using the copper tube method.

At the 5 km station (near Ruby Rock), two noblemssive heagpace diffusiorsamplers were left
overnight near the bottom~ 16 m) attached to a crayfish pot and offdRnsample was collected every 4

m using a bilge pump.

6.1.3 SHORELINE RADON SBHRV

To determine if tracers could detect zones of groundwater discharge @leach facesshallow

groundwater and surf seawater samples were collected every 100 m over a 900 m betach atlow tide

at Piccaninnie Conservation Area. This beach section was selected because it included areas with and
without obvious beach springs (including the Spring 79 complex). At each station, three samples were
collected: shallow groundwater at ¢hbase of the dune, shallow groundwater at the shoreline, and surf

zone seawater. The basd-dune and shoreline groundwater samples approximately represented the high
and low tide marks, respectively. The groundwater samples were collected by shovetliregmatertable

and then installing a drive point to §85 cm depth Figure6.2). Groundwater radon was collected from

drive points using a harkeld peristaltic purp and a gringe followingLamontagne and CoqR007). Feld

EC was also measured on the groundwater samples. Surf radon samples were collected by welslihg to

cm depth and repeatedly squeezing a 1.25 L PET bottle while it was held underwater. Radon was preserved
dzaAy3d GKS W5ANBOUGQ dunytiwated dbsurftite vated, respSaiivigdlipaRey arfl2 NJ 3 NJ
Herczeg, 2006

6.1.4 ANALYTICAL METHODS

Laboratory EC (Meterlab CDM230) was measured with calibrated probes in a constant temperature room.
Total alkalinity was measured by titration to a pH 4.5-potht. Major cations were meased by

Inductively Coupled Optical Emission Spectroscopy@E®, ARCOS) and anions by ion chromatography
(Dionex IC§ 2500). Isotope ratios olater were measured by isotope ratio magsectroscopy (Europa

Geo 2620) using the WES technique. The isatapitios were expressed in parts per thousand relative to

the Vienna Standard Mean Ocean Water (VSMOW) using the delta no@tidfepr20 (*°Ne), argor40

(“°Ar) and*He concentratiors were measured using a quadrupole mass spectrometer with cryogenic
separation(Poole et al., 1997

Radon222 samples were analysed by liquid scintillation in an LKB Quantullus counter using the pulse shape
program to discriminate betweenpta and beta decay (Herczeg et al. 1998rSlived Raisotopes**Ra
and®*Ra, were measureith Canberraising a counting system (RaDeCC) consisting of photomultiplier

tubes and delayed coincidence circuit for the identification of the shieed radn daughters?*Rn and
?2Rn(Moore and Arnold, 1996 The individualMnO, fibre samples were placed in a closkp air

circulation system connected to the counte@ounting occurred within 4 days of collection.

After measurement of”Ra and*Rawas completedhe Mn O, fibre was ashed at 408C and the activities
of the longlived isotope?*®Rg wasdetermined byalphaparticle spectranetry following the method of
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Hancock and Martif1991). This method entailed the additiohaf ayield tracer {*°Ra) and radiochemical
separation procedures.

Allradonandradiumisotopemeasurements were corrected for radioactive detagween the time of
sampling and measurement. Thetizities quoted pertain tahe time of sample collection. Uncertainties
correspond to the one standard error.

Figure6.2 Sampling for shallow intertidal groundwater along the Piccaninnie Conservation Area shoreline using a
drive point and a haneheld peristaltic pump.

6.1.5 ESTIMATION OF THEFSHORE RADIUM FLUX

Several steps are required to estimate SGD usimgd in Rand Rn activity in seawatdrollowing
convention(Moore, 20002003, in a first step the sho#lived Ra isotopes are used to estimate the
offshore coefficient of solute diffusivitypf). Secondly, the totadffshore Ra fluxR,) is estimated usg the
longlived Ra isotoped'he approach used to estimal® and R, was similar to the one developed by
Hancock et ak2006) and will only be briefly reviewed here. Offshore Ra activity profiles were modelled
using the onedimensional advectiomispersion equation by incorporating radioactive decay, depth and
benthic flux terms:

2
PALGPA o BDPA A H kA= H B, 6.1)
Mt X HX

whereAis the radium activityt is time,x is offshore distancey the advection velocity is water depthD,
is the offshore coefficient of solute diffusivity the isotope decay ratek the gas transfer velocitgnd Bis
the Ra benthic flux (that is, the flux of Ra from the seafloorditfasion and bioirrigation)To solve Ed5.1,
advection offshore is assumed to be negligibie- Q) so that diffusivdike processes alonentrol offshore
transport(Moore, 2000Q. This assumptiors reasonabléased orthe absence of obvious river plumes at
the time of the studyAnother assumption of the model is that the watlumn is well mixedyhich was
the case at the time of the study (see Chapter 6.Z2) Rak is set at 0.

At steadystatefor Rg Eq.6.1 simplifies to:

Groundwater discharge to the marine environm¢rg5
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px & puxH _ (6.2)

In a first step, the shotlived isotopes?*Ra and®Ra, are used to estimaf®,. For the shorfived isotopes,
the boundary conditions for E.2 are a constant Ra flux at the coastlifg @nd a zero flux at®km, or:

F5()<m = % = O
(6.3
Integration of Eq6.2 with respect tox yields:
N 50km  50km
e HAg
- D HE=S = A{B- /HA)KX. (6.4)
e et =
The left hand side of this equation is jligdm ¢ Fo, but since we assume th&o = 0 then:
50km
F, = f{/HA- Bx. (6.5
x=0

The integral on the right hand side is evaluated using the measurements of radium activity aldng the
transects.Two formulations for diffusivity were tested:

D, =D,, (6.6)

D, =D,[1- exp(- x/D)]. (6.7)

In both formulationsD, is constant.In the second formulation, the diffusivity increases from zero at the
coast to asymptote td), further offshore. The lengthscale for this increas®isTwo formulations forB

were also used to estimatg,. In the first formulation, the convention used in previous studies was used
(Moore, 2003, where there is no benthic flud-or this case, the Ra gendom capacity of bottom
sediments is assumed so low that the combined effects of molecular diffusion and bioturbation produces a
negligible Ra fluXn a second formulatiorthe B flux alongx was assumedb follow Hancock et al(2006),
whereBis constant inshore but declines exponentially thereafter:

B=B x<10km, 6.9

B=Ce™ X2 10km. (6.9)

Values foB,, Candb were taken fromHancock et a2006) for each Ra isotope.

Four models with different combinians for the formulation ofD, and B were tested.Solutions were
developed foD,, D, andBby discretising Ed.2 in massconsewing form with a cell size of B0nfrom the
shoreline to ® km. Depth was allowed to vary between cells and was approximdtech depth
measurements made during Ra sampling using a series of linear equalio@stesulting discretised
equations with their two boundary conditions were solved by LU factorisation (a form of Gaussian
eliminaion). Optimal parameter values for eaaghodel were evaluated by minimising the negative-log
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likelihood between prdicted and observed activitigglancock et a).2009. The negative logkelihood ()
is defined as:

T (X, - m)?

L = ngog(s) +%Iog(2p)g+ a 5g? (6.10

Where X is the measured Ra activity at distangem the predicted activity ati, n the number of
observationsands is:

(6.11)

Using the likelihood ratidest (Hillborn and Mangel, 1997the negative lodikelihoods were also used to
evaluate whatformulation forD, gave the best fit to the datalhe rationale behind the test is that negative
log-likelihoods will tend to decrease (i.e., indicate a better fit) when more parameters algdéttin a
model even if the supplementary parameters have little or no relationship to the observed data. The
likelihood ratio testR) is defined as:

R=2@L ,- L,), (6.12

where Ly and Lg are the negative logjkelihoods for model A and B, g@ctively, and where moddé® has
more parameters than AThe test has a cliquare distribution with degrees of freedom equal to the
difference in the number of paraeters between models B and Aaus, if B has one more parameter than
A,Rmust be >3.84 foB to be considered better than A at the 0.05 probability level.

The estimates ob, obtained using the shottived isotopes can be used to estimagefor the longlived Ra
isotopes. The isotope€°Ra and®®Ra have halives sufficiently long that othe timescale of transport
acrass BGB decay can be neglectBaus, for longdived Ra isotopes, E.2 simplifies to:

Mg H HAg_ 6.13
kX uxH

A key difference relative to sholived Ra isotopes is th& cannot be directly estimated becaubgy, >0

for the longlived isotopesThus, the boundary conditions here are a constant offshore flux at the caastlin
and at 50 kmEquation6.13 was solved using a numerical model similar to the one used for the-Bhedt
isotopes F, was estimated fof*®Ra only because ttfé®Ra data was incomplete at the time of writing this
report.

6.2.1 TRACER SIGNATURPONENTIAL SOURCE BRI

In general, source waters were slightly or moderately enriched in radiogenic tracers (Table 6.1; Note that all
tablesare appended at the end of this Chapter). Surface waters and coastal springs were relatively fresh
(EC = 163.9 nS/cm Figure6.3), with the exception of the tidal section of the Glenelg River, which was
brackish £ 14 mS/cm). Groundwater was also relatively fresh (G;Z® mS/cm), with the exception of the
CARO61wvellwhich is located within the coastal salt wedge (45.%/am). Intertidal groundwater varied

from brackish to marine (4.2@8.6 n5/cm). Rador222 was enriched in all source waters, with activities
ranging from 0.28Bg/L(Glenelg River) to 1Bg/L(Cress Crdg. The patterns in radium activity were more
complex, with the highest activities found in the more saline samples, in partCARO061For example,

Groundwater discharge to the marine environm¢rg7



*Ra activities were 1¢2.2 mBg/Lin surface waters and coastal spring4,3 mBg/Lin intertidal
groundwater with marine salinities, and 41.38g/Lin CARO61Helium4 concentrations were generally
low (4¢8e¢8 cc STHY), excepin Cress Creek (1.2 2cc STR)).
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Figure6.3 Variations in(a) *He, (b) 224an,(c) 222Rn and(d) EC in source waters

The patterns in major ions and in the stable isotopes of water clearly indicate two origins for the source
water samplesTable6.2; Figure6.4) that is, seawater and terrestrial groundwater. Aside from having a
high (Na+K)/(Ca+Mg) ratio, seawater in the study area is also relativatyhethin stable isotopes and has
an evaporation signal (plots to the right of the meteoric water lifigure6.4b). Several source samples
appear a mixture of terresial and seawater, in particular some surface water and intertidal groundwater.
On the other handCARO63roundwater mostly has a marine signature.

Temperature in creeks and ponds ranged between 16 1.3°C, similar to what was observed in regional
groundwater (17.0o 19.2°C; Table 6.1). However, the coastal springs were slightly warmer than other
sources (20.%0 20.6°C), including recirculated seawater (1403L9.3°C).
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6.2.2 TRACERS IN SEAWATER

There were weak horizontal inverse temperature and salinity gradients perpendicular to the coastline on
13¢14 November 2013. Such inverse gradients (warmer and saltier seaslager to the shore) are

common along the South Australian coastline and are generated by the high evaporation inaidemi
climate and éw terrestrial runoff. OffshoréBlue Transegt there was a weak vertical thermal gradiemt a

the 1km station but not further offshore (Figure 6.5a Surface temperatures ranged from 17Qat the 1

km station to 14.7C at the 45%m station. A weak vertical temperature gradient was also evident along the
Greencg 2 km transect but was not always present along the Gigé kmtransect(Figure 6.5-c). None of

the temperature profiles showed obvious signs of submarine groundwater dischdogever,

groundwater temperature in coastal wells (619 °C) and coastal springsZ0 °C) was only slightly

warmer than seawateat the time of the survey.
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Figure6.5 Vertical temperature profiles along théa) Blue, (b) Greeng 2 km and(c) Greencg 4 km transects, 1814

November 2013.

Unlike for temperature, vertical salinity gradients were not evident and the differences between transects
smaller. For example, Along the Blue Transect surface salinity varied-86r*SU at the km station to ~

35.5 PSU at 4km (Figure6.6). Like for temperaturey” 2

20 JA 2 dza

WFNBaKgl 6 SNR

the profiles did not extend to the seafloor past the B{ug km station). However, the temperatueand

salinity profiles are consistent with a gradual warmupgof the water column during the Austral spring in a

semiarid environment. Similar salinities between the Biuekm, 3km and 5km stations may be

consistent with some dilution of inshore waitebyeither, freshsurface wateror freshgroundwater inputs
at the coastThis is also consistent with seawater having a slightly less enriched isotopic signature at the
shoreline than at 85 km offshore Table6.3).

90| Framework for a Regional Water Balance Mdor the South Australian Limestone Coast Region

Ly 20



Salinity (PSU)

35.4 356 358 36.0 36.2 364

] 4 w_ B
” B o= ___i
g w4
10 ] 8
. X
L e
15 4 ‘ h\QA v - ; :z
: A - &= Skm
20 ) :d A ot
-~ 45 km
25
35.4 35.6 35.8 36.0 36.2 36.4
0 . e OO

(B) SWN
: 9t
/ N3

—
- 1k \ !
é 6 - —: 2k: \;‘ :
E o - = 3 km \ v H ¥
b —&— 4km
SEE| wa
-8 6km I\ \
Q 10 4| <O~ 7km \“‘
-O~ B8km W/
12 4| -4 9km e $
-~ = 10km
14
354 356 358 36.0 36.2 364
0 . R s

(C) .- e ¥ I 4
Y TES
10 4 O)V?i &
el

20 4 a_-o

25 4

30

Figure6.6 Salinity profiles at the(a) Blue,(b) Greeng 2 km and(c) Greeng 4 km transects, 1814 November 2013.

Radionuclides

Radon222 activitiesvere generally low at the Blue and Green transects, ranging from <€D0DE3Bq/L
(Table6.4 and Table6.5; Figure6.7). Radon activities were mostly at background at the Blue Transect and
varied from background to slightly above backgrouhtha Green transects, without any clear trends in

space. Radium isotopes along the Blue Transect had a more traditional profile, with the highest activities at
the coastline generally declining exponentially offshd¥igire6.7). For example’*’Ra activities were 2.5
mBg/Lin the surf zone and declined to 0.1BwyLat the 45km station. The range fi°Ra in seawater was
smaller than the one of the shortéived Rasotopes (from 1.41.7 nBg/L) but activities also declined
exponentially offshore. At the time of writing the repoft°Ra analyses were only partially completed and

will be presented elsewhere.
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The patternsn “He concentration requirecarefulconsideratiorbecause concentrations are a function of
temperaturedependent equilibrium concentration with the atmosphere, salinity, geological inputs (the
source of interest here) and the presence of excess air. These different factors were evaluated by plotting
the *He concentrations relative tdNeand by showing the expected equilibrium concentration relative to
temperature at a given salinity (fresh vs. saline) and amount of excess air. Thus, samples were separated in
G062 3IANRBAzZLIZ Y I Y SRighre6iydd S | Y RNIb XK IS OFy@rg6 $uk vf &dditio?, yadigles 0
collected with diffusers were inspected independently as this technique is usually considered more reliable
than the copper tube oneH{gure6.7c).

In general, théHe conentrationsfell either on or close to the solubility equilibrium lines (with or without
excess air). In other words, there was limited evidence of a significant enrichnfefefiom a geological

source other than in a few samples (such as Cress Créwis). 35 most potential sources were not
enriched in'He, it is not surprising that néHeenrichment from a geological source was found in seawater.
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Figure6.8 Helium-4 and total Ne concentrations in soure samples and in seawater. Also shown are the-aaiter
equilibrium solubility lines (black) and the excess air enrichment line at’C8(green). Samples falling to the right of
either line may represent'He enrichment from a geological sourcéa) Freshwater samplegb) Saline samples(c)
Diffuser-only samples.

6.2.3 SHORELINE RADON SBHRV

There were significant variations 3ffRnactivity in the surf zone along the 900 m test section, with the
highest values usually associated with beach spriRiggi{e6.9). Radon activities in the surf zone were
highest at the Spring 79 complex (Station 0 km) and for up to 200 m away frong3Z@ABg/L). A

smaller surf zoneadon peak occurred near Goyder Spring (IBgfh). Incontrast radon activities in
shoreline and basef-dune groundwater had a relatively narrow range (60000 nBqg/L), with the highest
values at stations 0¢0.9 km. Rador222 activity in intertidal groudwater from beach sand was noticeably
smaller than in the nearby springs (213200 nBqg/L).
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Figure6.9 Variations in“*’Rnactivity in (a) the surf zone(b) shoreline groundwater andc)baseof-dune
groundwater along a 900 m beach section in Piccaninnie Conservation Area.

There was a significacbntrastin salinity between shoreline and bas&dune groundwater along the test
section Figure6.10). Along the shoreline, groundwater was saline but usually less so than in seawater,
particularnear the two springs. However, at the base of the dune, groundwater was fresh to brackish, wi
some of the freshest samples away from the two springs. Overall, while the greatest groundwater
discharge is probably associated with springs, the patterns in salinity suggest that diffuse groundwater
discharge also occsielsewhere. Whether the soura# diffuse groundwater is the same for the springs is
not clear, but the trends iff°Rnsuggest that it is not.
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Figure6.10 Variations in salinity along the test section @) shoreline and(b) base of dune groundwater.

6.2.4 OFFSHORE RADIUM FEBX

D, could only be estimated usirffgRa, the trends if*‘Ra suggesting that this isotope was controlled by
processes other than offshore diffusivity (Figure 6.11). Both the conBtgamd the asymptotic increase in
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D, model could fit the’**Ra data equally well (Figure 6.11). However, the relativehDofthe asymptotic

D, model (41¢ 104 m) indicates that diffusivity would be lower only near the shoreline (<1 km). Thus, a
constantD, model is probably sufficient at a 50 km scale. InclusidBinfthe models only improved the fits
slightly (Tablé.6) but the improvements were not statistically signficant. None of the models could fit the
monotonic decline if**Ra activity with distace offshore very well.

0.35 3.0
e 0.30 No B e (B)
-—l ....... wuhB -,

T 0.25 5
o @
£ 0.20 =
g 0.15 - §
S 0.10 - &
0.05 -
0-00 v L) LJ L)

0 10 20 30 40 50

Distance (km)

The offshore flux fof*®Ra was estimated using tieean (396 M's) and 95% confidence intervals for the
estimatedD, (303 and 559 Ais) using the model witB= 0 (Figre 6.12). The estimated medf was 0.120
Bg m/s, with a range of 0.092 to 0.170 By(s. As for the shorlived isotopes, the inclusion &in the
models improvedhe fits slightly but was not statistically significant. Assuming that the shoreline in the
study area is ~25 km in lenght, tff8Ra load to the Southern Oaeaanges between 23004250 Bgs.
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This preliminary survey for the use of environmental tracers to estimate SGD along the Limestone Coast
aimed to answer three basic questioQ#n this environment can we:

1. Locate inshore and affiore SGD sources using tracers
2. ldentify the source of SGBnd
3. Quantify the SGD flux

Several tracers were trialled in order to find the combination that would be most successfabsind

effective in this environment. Overall, based on the results of the November 2012 survey and other studies,
I LJ- NJi A lbé givehaoShe thre€dbgie questions. These and other questions will be explored in

more detail in the following.

6.3.1 WHAT TRACERS TO USE?

As carbonate rocks are not typically enriched in uranium and especially th@iammer and Genereux,

1998, there was the possibility that Limestone Coast gubmater would not beenriched in radon, radium
andhelium. This was only partially true, with reasonably high radon concentrations found in the beach
springs in particularHowever, despite the potential for relatively long groundwater flow paths (that is long
residence times) there was not a large enrichmeritein groundwater Helium4 would have been an

ideal tracer because the regional groundwatemgmnent of SGD would then have been easier to separate
from recirculated seawater. Groundwatdischarginglong the coast may have been low'ife because it
could be principally derived from local, shorter, groundwdtew paths However, similafHevaues were
found in relatively old groundwater (thousands of years old) elsewhere in the regiolC(geer7).

Actually, some sources of relatively old groundwater may be discharging along the coast, as demonstrated
by the relatively highHevalues in Cress Creek. Temperature was also higher at the beach springs relative
to regional groundwater from the well network. This is consistent with different geological formations
contributing groundwater along the coastline, or that a mixturdlofv pathsare discharging along the
coastline.

Overall, the best tracers to use in this environment would be salinity, temperature and radon because
these have some contrast between groundwater and seawater andetativelyeasy to measure. These
tracers @n also be measured continuously during shigne surveys, which would enable finer scale

studies to locate offshore SGD in the future. Interestingly, the stable isotopes of water could also be used
as a SGD tracer, especially considering the signifisartpic enrichment common in South Australian
coastal seawater.

6.3.2 IS THERE OFFSHORE SGONG THE LIMESTEOBOAST?

There was no evidence found in this study for offshore SGD. HegatitB had hypothesised an offshore

{ D5 ySIN Wwdzoe w201Q oFaSR 2y (0KS LINBaSyoOoS 27
thermal infrared imagery. Hogver, detailed sampling at that location during the November 2012 survey
found no evidence for SGD. The patterns in radon and radium activity in seawater also suggest SGD maostly
at or near the shoreline (see below). In a homogeneous unconfined aquifernv8@dbe focussed along

the coastline because the salt wedge would help focus freshwater discharge there. This may also be
possible in a fractured limestone or karstic system if enough conduits are available to enable most of the
discharge along the codiste.

However, while no evidence for it was found, offshore SGD may still occur along the Limestone Coast. The
offshore surveys where at a coarse scale (km or more) and may have missed offshore springs. The radon
footprint of the larger beach springs £00¢200 m) suggest that finer scale sampling than the one used

here would be required taletect offshore springs.dbtinuoushighresolutionsampling for temperature,

salinity and radomay be required to detect offshore SGD along the Limestone Gdaseve, a different
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approach may be required to evaluate offshore SGD, especially when the aquifers underlies a thick
permeable seabed. In such cases, mixing between groundwater and seawater could occur in the seabed
rather than at the seabed surfa¢®loore and Wilson, 2005Thus, offshore groundwater discharge could

be evaluated by looking for evidees of freshwater in the seabedther than in the water colum{Evans,
2007).

6.3.3 RADIUM226 FLX

The estimated®Ra flux at the coastline for the Limestone Coast was quite |8t@8q Bam/s). In
comparison, using the same modelling techniggor *Ra was 0.02 0.061 Bdm/s in the Great Barrier
Reef (GBR) Inner Lago@tancock et al., 20060.011 Bgm/s in Gulf St Vincerftamontagne et al., 2008
and0.028 Bgm/s in Bowling Green Bay (Cook et al. 2011). This is consistent with the large offshore
diffusivity also found at the Limestone Coast (3%swsing?*’Ra), higher than similar estimates for Gulf
St. Vincent (22 57 nf/s), the GBR Inner Lagod@6( 256 nf/s) or Bowling Green Bay (132°f8). Thus, the
*Raflux at the coast could bieigher for the Limestone Coast in part because it isyairddynamically
active environment

At the scale of the study area (~25 km), thi%Raload (=F,-25,000 m)s 2300 Bds. There are three possible
sources for this radium: surface runoff, recirculated seawater and terrestrial groundwater discharge.
Surface runoff can be discarded as a significant sourt8Rd to the coastline.HE mean annual discharge
is ~3m*/s for the creeks and drains in the study afé#ood 2011) and 20 ffs for the Glenelg RivéBKM,
2003). The tvo combined would represent@°Raload of ~100 Bg. Fresh terrestrisgroundwater
discharge isinlikely to be a major source of radium to the coastline because it is depleted in radium
isotopes. For examplé®®Ra actiity in the surf zone (~0.35 mBd)is higher than in fresh groundwater
(0.08¢ 0.25 mBdL). Thus, recirculated seawater appears the maima®of radium to coastal waters
However, the possibility remains that groundwater discharge that has partially mixed with seawater in the
seabed cou contribute to the radium flufMoore and Wilson, 2005 This would be consistent with the
elevated radium activities found in brackish and saline groundwater in the region. Better defining the
groundwater flux using radium would require independently defining the magnitude of the recirculated
seawater flux, which is unknown for Australian cedstaters.

Along the Limestone Caasource waters have a differeasignature in temperature, salinity, stable

isotopes of water, radon and radium relative to seawater, ot for helium Trends in salinity and radon
activity along the coastle (that is, in the surf zone or in intertidal groundwater) could be used to map
areas of point or diffusergundwater dischargeJnder the right conditions (that is, when seasonal
differences in temperature are larggdemperature could be used as wdllis unclear if these tracers

could be usd in a similar fashion offshore. Instead, looking for evidence of freshwater in the seabed may
be more practical. 8ed on the available evidence, most of the SGD between Port MacDonnell and the
Victorian borderseems tooccurrelativelyclose to the coastline.
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SAMPLE

Deep Creek
Cress Creek
8-Mile Creek

Piccaninnie Pd.

Glenelg River

Spring 791
Spring 792
Goyder Spring

MACLO0
CARO059
CARO060
CARO61
CAR®5
CAR®6

Well 1
Well 2
Well 3

LOCATION

480975578912
4750605788484
482358578904
49502/5788956
50062/5788616

496269/5788033
496239/5788024
495747/5788097

467450/5793255
482442/5790218
482440/5790216
482437/5790211
489139/5790625
482004/5792811

(near Well 3)
(near Well 3)
485457/5789632

TEMPERATURE

17.6
18.3
16.4
15.6
18.0

20.5
20.3
20.6

17.3
171
17.8
18.2
19.2
17.0

154
19.3
14.3

EC

3.6
2.0
15
3.2
13.6

1.8
1.7
3.9

1.2
2.4
2.9
45.6
0.78
0.81

48.6
47.9
4.3

ZZZR1 224%

Surface waters

3.4+0.18 C
11+0.50 G
1.2+0.07 2.15+0.10
2.7+0.14 1.41+0.09
0.29+0.021 1.85+0.09
Coastal prings
7.8+0.39 1.33+0.12
7.7+0.39 G
2.1+0.12 G
Regional groundwater
2.3+0.13 4.37+0.28
5.410.28 4.360.27
1.5+0.08 4.63+0.18
3.8+0.20 41.3£1.08
0.69+0.044 2.75+0.15
1.3+0.08 2.15+0.10
Intertidal groundwater
0.92+0.056 12.7£0.70
1.1+0.06 13.2+0.59
1.1+0.07 0.48+0.07

0.13+0.018
0.085+0.014
0.088+0.014

0.12+0.025
C
C

0.79+0.11
1.85+0.15
0.207+0.027
2.79+0.21
0.237+0.033
0.064+0.009

1.70+0.19
1.82+0.16
0.080+0.022

1.11+0.06
3.2%+0.13
2.55+0.11

2.83+0.10
C
C

7.18+0.33
26.1+0.8
2.67+0.14
22.1+0.70
2.46+0.16
1.53+0.070

2.25+0.12
1.52+0.07
0.198+0.023

(cc STRwater)

4.5ec8
1.2ec7
5.9e8
6.4ec8
4.5ec8

5.3ec8
5.7e8
8.0ec8

5.6e;8
5.8ec8
7.3ec8
4.4e;8
7.0ec8
8.0e;8

5.3ec8
5.1ec8
5.4ec8
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SAMPLE cf Alkalinity

(meg/L) (meg/L)
Surface waters
Deep Creek 19.91 0.34 4.12 5.42 25.11 271 4.85 0.27 -24.94 -4.49
Cress Creek 9.00 0.13 3.83 3.29 11.57 1.33 5.11 0.21 -25.24 -4.58
8-Mile Creek 5.78 0.09 3.72 2.43 7.33 0.81 4.86 0.42 -24.77 -4.55
Piccaninnie P. 15.83 0.27 4.18 4.63 20.31 2.08 5.36 0.21 -25.57 -4.52
Glenelg River 89.57 1.53 5.74 20.82 112.84 11.88 2.65 0.04 -9.93 -1.33
Coastal springs
Spring 79 5.78 0.10 3.80 251 8.18 0.84 5.56 0.17 -25.28 -4.66
Goyder Spring 17.35 0.33 4.24 4.96 23.98 2.50 5.41 0.21 -24.41 -4.53
Regional groundwater
MACL00 5.13 0.13 3.72 2.09 6.49 1.02 5.17 0.02 -25.90 -4.60
CARO059 14.13 0.32 471 3.58 18.62 1.65 4.96 0.29 -27.05 -4.70
CARO060 16.17 0.32 4.36 4.28 22.28 2.29 4.78 0.39 -26.90 -4.66
CAR061 416.09 10.20 21.36 87.24 507.76 58.33 2.35 0.05 5.10 0.21
CAR®B5 3.26 0.35 0.93 2.44 2.71 0.44 4.87 0.01 -26.20 -4.98
CAR®B6 2.40 0.12 2.86 1.88 2.40 0.29 5.04 0.42 -25.70 -4.87
Intertidal groundwater
Well 1 320.00 6.14 13.72 69.55 423.13 47.92 3.63 0.10 -3.60 -0.63
Well 2 300.43 5.68 13.82 68.64 423.13 45.83 4.29 0.12 -4.49 -0.96
Well 3 12.04 0.42 0.87 3.16 10.44 2.71 5.57 0.00 -26.62 -4.76
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SAMPLE lab EC Na K’ 0, Alkalinity

(mS/cm) (meqg/L) (meqg/L) (meqg/L) (meqg/L) (meg/L)
Surf 57.3 491.30 10.67 22.41 116.05 535.97 58.33 2.42 0.14 5.48 0.81
Blueg 1 km 58.0 433.48 7.88 18.26 95.47 564.17 62.50 2.39 0.10 5.95 0.79
Blue¢ 3 km 58.1 422.61 7.90 17.86 93.00 564.17 62.50 2.38 0.11 6.26 0.69
Blueg 5 km 58.1 495.65 10.84 22.95 118.52 564.17 62.50 2.38 0.02 5.72 0.89
Blueg 10 km 57.9 456.52 8.52 19.41 101.23 564.17 62.50 2.38 0.08 4.67 0.79
Blueg 20 km 57.7 456.52 8.49 19.31 99.59 564.17 62.50 2.39 0.02 5.17 0.77
Blueg 45 km 57.4 439.13 8.11 18.86 97.12 564.17 60.42 2.38 0.09 4.15 0.55
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SAMPLE LOCATION SALINITY “Rn 2%2a 2259 “2a *He

(E/N) [(%519)) (Ba/) (mBg/L) (mBg/L) (mBqg/L) (cc STP/ghter)

Surf (Brown Bay) 485457/5789632 35.60 <0.005 2.48+0.16 0.346+0.047 1.65+0.07 6.5e8
1-km 492677/578745 36.03 <0.005 0.77+0.06 0.190+0.023 1.74+0.11 5.4ec8
3-km 4925135785445 35.97 <0.005 0.64+0.05 0.154+0.019 1.68+0.08 5.1ec8
5-km (surface) 4923505783466 35.99 <0.005 0.72+0.05 0.144+0.018 1.66+0.09 5.56;8
5-km (4 m) 4923505783466 35.97 0.012+0.003 q q q q

5-km (8 m) 4923505783466 36.04 0.007+0.004 q q q q

5-km (12 m) 4923505783466 36.02 <0.005 q q q q

5-km (16 m) 4923505783466 35.96 0.015+0.004 q q q 3.7/4.0e;8
10-km 491948/577850 35.76 <0.005 0.59+0.04 0.10+0.012 1.48+0.06 q

20-km 491128576865 35.53 <0.005 0.45+0.03 0.043+0.008 1.48+0.06 6.36c8
45km 4890945743908 35.54 <0.005 0.14+0.02 0.005+0.002 1.40+0.07 5.1&;8
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SAMPLE

GREEN 2 KM

LOCATION

EC

GREEN 4 KM
LOCATION

EC

1 km
2 km
3 km
4 km
5 km
6 km
7 km
8 km
9 km
10 km

(E/IN)
4969735785943

4960(B/5786070
49502/5786256
4940445786334
493054/578632
49208/578649%
491178578686
4902135786841
489331/5786477
48834957865%

(mS/cm)
45.66

45.95
46.02
46.09
46.38
46.45
46.45
46.16
46.52
46.38

0.0110.004
0.012:0.003
<0.005

0.005+0.004
0.009:0.004
<0.005

0.006+0.003
0.006:0.004
0.013:0.004
0.009:0.004

(EIN)
496947/57839%

49598/57840'8
495009578421
494031/5784347
49303/5784302
492074/5784471
491168578484
4902425784640
48928857846
4883B/5784510

(mS/cm)
45.31

45.31
45.52
45.74
45.52
45.59
45.66
45.74
45.59
45.66

0.011:0.003
0.0110.003
0.012:0.004
0.00#0.003
0.011+0.003
0.008:0.004
0.011+0.003
0.009:0.004

q
0.00#0.004
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Model Number

e

Ra223

1 396 C 0.942 ¢13.073 C

2 435 104 0.945 ¢13.073 o™
Ra224

3 ~2000 C 0.835 4.733 C

4 625 6 0.799 4.057 1.35"°

With B

Ra223

5 215 C 0.959 ¢14.175 C

6 215 41 0.959 ¢14.175 o™
Ra224

7 ~2000 C 0.860 1.481 C

8 625 6 0.822 11.358 o™
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7  The influence of geological faults on
groundwater flow

ChrisTurnadge Stanley Smith andlennHarrington

Groundwater supplies in the Lower South East region of South Australia are sourced primariigthiom

the Pleistocene Bridgewater Formation and fhertiary Gambier Limestone aquifer. It is known that
groundwater predonmantly flows in a westerljo southrwesterly direction through th&ambierBasin and
toward the souttern coast. The influence of two significant geologic faults, the Tartwaup and Kanawinka
faults (Figure7.1a), upon the regional groundwater flow gradient has also been noted from potentiometric
mapping Figure7.1b); both faults appear to impede the flow of water.

(b)

-

NARACOCRT
. -

1)

-

AUSTR Lid)

are

Figure7.1 The study area showing (a@d¢ations of the Tartwaup and Kanawinka faults in tAertiary ageGambier
Basin(Drexel and Dreiss, 199%nd (b)watertable contours for the unconfined Gambier Limestone aquifgirove et
al., 1993.

Recently, the Department of Environment, Water and NatRasources (DEWN®&)dertook localised
studies at transects spanning either fault. These involved the drilling of deep1(00 m depth)
observation wells and the use béreholegeophysical tools. From the data obtained, the influence of the
faults upon the local stratigraphy was identified, as depicteligure7.2.

@
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Figure7.2 Verticalcrosssectiors interpreted from stratigraphic log data for (a) the Tartwaup fault transect and (b)
the Kanawinka fault transecfLawson et al., unpublished

For the Tartwaup fault transect, the impediments to groundwater flow may be seen in the pinching out of
the Bridgewater Formation at approximatedy2400m andthe Green Point Members tb 3 at x=1000m.
Similar impediments to flow across the Kanawinka fault are not as obvious; however, it is hypothesised that
similar geological controls may exist betweeri4km andx=16km but have not yet been directly

observed. The aim of the present study wasample groundwater wells located along the two transects
for chemical andsotopic constituents in order to provide further insight into the dynamics of flow across
the faults. Numerical modelling of groundwater flow and age was also undertaken intonaeake

predictions of the likely variability of groundwater ages (and therefore environmental tracer
concentrations) between hydrostratigraphic unis two dimensional verticarosssectioral model was
developed for each transect and used to modelurdwaterflow as well as the transport of groundwater
age.

7.1 Methods

7.1.1 ENVIRONMENTAL TRAGHR GROUNDWATER
Sampling of groundwater wells along the Tartwaup and Kanawinka fault transects was undertaken in

November 2012. Wells were sampled for major ion chempjsttable isotope?H and"®0) composition and
for concentrations ofhe following commonlyused age dating tracershlorofluorocarbon (i.e. CF1 and
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CFE12),sulphur hexafluorideS), carbon14 (“C) and*He. Details and locations of wells samplea:
provided inTable7.1 andFigure7.3.

UNIT NO

OBSWELL NO

LATITUDE

(DECIMAL
DEGREES)

LONGITUDE
(DECIMAL
DEGREES)

TOTAL WELL
DEPTH

(M) (M)

WELL SCREEN
EXTENT

HYDROSTRATI
GRAPHIC UNITS
INTERSECTED*

Tartwaup faulttransect wells

140.9341093

140.9309632

140.9314776

140.9313355

140.9287214

140.9284353

140.9224397

140.9617708

140.9447349

140.9419139

140.9285904

140.8407254

102 92
149 146
165 163
35 21
150 148
150 148
35 18
76 61
12 10
66 30
42 4
75 25

GFlc4,CB
GPlc4,CB
GFlc4, CB
GHR

GPlc4,CB
GFlc4,CB

GHR

GW
GW
GW
GW

GPX4,CB

* CB = Camelback Formation; GP1= Green Point Fornsatinmit 1; GP44 = Green Point Formation subunit$éol4; GW = Greenways Formation

702210574 GAM262 -37.8217306
7022-10573 GAM261 -37.8325716
7022-10572 GAM260 -37.8415851
7022-128 GAMO079 -37.847804
7022-10687 GAM257 -37.8594204
7022-10688 GAM258 -37.8614032
7022-139 GAMO78 -37.8964472
Kanawinkafault transect wells
70237134 CMMO093 -37.2570133
70237259 - -37.2673277
70237133 CMMO092 -37.2691742
70237135 CMMO094 -37.2844908
70235280 - -37.3673119
(@)
N » ( 1 -
). L1 7022-10574
L ]
7022-10573
7022-10572
a
e
7022-128
7022-10687
>
L3
7022-10688
7022-139

(b)

7023-7135

7023-7134

Kipmetre

7023-7259
7023-7133

7023-5280

Prior to samplingeach well was purged of at least three casing water volumes using either a truck
mounted Legra pump (at approximately /Sécond or a Grundfos portable MP pump (at approximately
0.1 Usecond. For wells that were pumped using the Legra pump, standirigrievels were recorded
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prior to pumping. For wells that were pumped using the-Mpump, standing water levels were not

recorded due to a damagewater level meter Electrical conductivity, pH and groundwater temperature

were measured athe end of a disharge pipe aeach well using a TPS-BQ field probe. Alkalinity was
measured at each well using a Hach field alkalinity kit. Water samples were collected for major ion and
stable isotope analysis in H0L plastic vials and XL McCartney bottles respectivel@ation samples

were acidified with nitric acid in the fiel&amples fot*Canalysis were collected Bx1.25L plastic bottles.
Samples for CFC analysis were collected imil2§lass bottles after being filled fromhih density nylon

hose whilst submerged in a metal bucket. Samples fgpa&#lysis were collected in allglass Winchester

bottle. Samples for dissolved noble gas analysis were collected using a mixture of diffusion cells and copper
tubes. Major ion cheiistry analyses were performed by the AnalytiSakvicedJnit of CSIRO Land and

Water at Glen Osmond, SA. Carllbhanalyses were performed by tlecelerator Mass Spectrometry
laboratory of theAustralian Nuclear Science and Technology Organisation ae@anACT. All other

analyses were performed by the Isotope Analysis Service of CSIRO Land and Water at Glen Osmond, SA.

7.1.2 GROUNDWATER FLOW MEDDING

Groundwater flonwasmodelled using the finite difference code MODFL@O@0(Harbaugh et al., 2000
The stratigraphic detail at each traaxs was interpolated from stratigraphic logs provided by Lower South
East DEWNR staff (JS Lawson, pers. comm. 06/02/13) using the RockWorks software package
(http://mww .rockware.con). These data were subsequently used to provide layer geometry informtation
the flow and transport models, as depictedrigure7.4a andFigure7.4b. An alternative conceptual model
of the Tartwaup fault transect stratigraphy was also congddFigure?.4c). Based upon the available
stratigraphic logsas wellas knowledge of downthrow on the downgradient side of the Tartwaup fault
(Smith et al., 1995 agrabenfault structure was proposefkaturingabrupt changes in stratigraphyhis
facilitated comparisons to modelling results produced usirigsmoothlyvarying stratigraphylepicted in
Figure7.4a. Vertical faults were represented at approximat&980 m ank=2550 m. The
hydrostratigraphic unit underlypg the Greenways Member was assumed to be the Mepunga Formation.
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Figure7.4 Grid discretisation, including stratigraphic layers, used(&) Tartwaup fault transect model, (b)
alternative Tartwaup modeland (c) Kanawinka transect modetolours correspond to hydrostratigraphic uts
shown previously inFigure7.2; Z-axis dimensions are exaggerated bgctors of 10, 10, and 15 respectivelgr
display purposes

A simplification used in the present modelling is that the base of the deepest stratigraphic unit is
impermeable. This assumption is made on the basis of incomplete knowledge of unit thicknessyent
knowledge is limited by thenaximumdepths of well completion, whicare approximately 50 and76 m
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for the Tartwaup and Kanawinka fault transectspectively(Table7.1). This assumption results in
groundwater flow parallel to the base of the deepest modelled hydrostratigraphic unit; in reality, it is
possible that upward flow does occur.

TransmissivityT) values were assigned to hydrostratigraphic umtagcordance with the following
methodology. Variou§&ate Government department reports have reported or assigned transmissivity
andor hydraulic conductivityK) values to the hydrostratigraphic units of ti&ambier BasirNumerical
flow modelling byBrown (2000 assigned lodf) values ranging from O to 4@ the Gambier Limestone
aquifer. The confining clay/marl layer was assignedogglues ranging fron® to +2. The Dilwyn Sand
aquifer was assigned ldg(values of 0 to +2. Numerical flow modelling3tadter and Ya(2000 assigned
log(K) values of +1 to +2 to the Gambier Limestone aquifer. The Dilwyn Sand aquifer was asgi¢gfhed lo
values of1 to +1.Mustafa and Lawso(2002) reviewed a large number of publishddralues based on
hydraulic testing of the Gambier Limestone aquifer and reported a rangecd685nt /day, with most
values in the range of 2@600 nf/day. Harrington et al(2008) reported that permeability testing biove
and Stadte (1990 determined logK) values of7 to -3 for the Tertiary aquitarddarrington et alalso state
that past hydraulic testing determined a transmissivity range of 200 to more tB@0Qm?%day for the
Gambier Limestone aquifer. Discussions with Lower South East DEWNR staff confireathesfor the
Gambier Limestone aifer could likely range from 3@@00 nf/day for more transmissive subunits and
from 100;200 nf/day for less transmissive subunits (JS Lawson, pers. comm. 19/02/13). Representative
transmissivity ranges for other units estimated on the basis of fieldngskperience include the
Bridgewater Formation (5@®00 nf/day), Green Point Member (1@@00 nf/day), Camelback Member
(500¢5000 nf/day), Greenways Member (1@R00 nf/d), Mepunga Formation (5{100 nf/day) and

Dilwyn Formation (150£2000 nt/day; JS Lawson, pers. comm. 27/03/13).

The various parameter ranges described above were used to inform the specificafii@tcofder
transmissivityestimatesfor each hydrostratigraphic unit of each modelled transéicese values are
summarised imable7.2.

HYDROSTRATIGRAPHNIT TRANSMISSIVITY
(m?/d)

Quaternary sand/clay 20
Bridgewater Formation 500
Green Point unit 1 300
Green Point unit 2 100
Green Point unit 3 300
Green Point unit 4 100
Camelback Member 500
Greenways Member 100
Mepunga Formation 50
Dilwyn Member 1500

Overlying the Bridgewater Formation is a discontinuous layer composed of unconsolidated fine sand (0.1

0.3 mmgrain sizg overlaying a clay layer (JS Lawson, pers. comm. 27/03/13). In the present modelling, and
for purposes of simplicity, thiayer was treated as confined and assigned a representative transmissivity of

20 mday. The sand/clay layers represented in the models range in thickness fra®.0.%, which yield
hydraulic conductivities of 4F nv/day respectively; these values are cigtent with those of a fine to
coarsesand(Spitz and Moreno, 1996
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Generalised head (GH) boundary conditions, which allow both hydraulic heads and flow velocities to vary at
a model boundary, were applied at both lateral exteiof the flow model. GH boundary conditions require
the specification of a conductance term, which is essentially a fitting parameter compoaetistant
hydraulic head valughe distance to the distanbbservation and transmissivity between the model
boundary and the distardbservation Choices of hydraulic head values and distances from transect
boundaries were informed after identifying adjacent wells using the DEWNR WaterConnect website
(https://www.waterconnect.sa.gov.au)-or the Tartwaup faultransect model, the boundary conditions
represent an upgradierttydraulichead of 60 mAHD located approximately 4 kpgradient fromwell
702210574and a downgradieniydraulichead of 15 mAHD, located approximately 4 #owngradient

from well 7022139, Similarly, for the Kanawinka fault transect model, the boundary conditions represent
an upgradienhydraulichead of 95 mAHD located approximately 2 kpgradient fromwell 7023-7134and

a downgradienhydraulichead of 10 mAHD located approximately 9 #awngradient from 70235280,

The conductance values used in the GH boundary conditions were chosen so that the hydraulic gradients
along the modelled transects wepensistent with those observedReference elevations for transect wells
located on model boutaries were not available from the WaterConnect database, so proxy elevations (in
metres above sea levahaSl) were obtained from the AUSLIG esecond resolutiomigital elevation

model DEM dataset instead. The Tartwaup fault transect features a head differenabaft 27 m

between observation wells 70220574 (4 mAHD) and 70220688 22 mAHD). The distance between

these two wells is approximately 4400 m, so the hydraulic gradient is aippately 0.@6. The Kanawinka

fault transect features a head differenceaifout 20 m between observation wells 7023134 (2 mAHD)

and 70237135 (72mAHD). The distance between these two wells$®approximately4400m, so the

hydraulic gradient is appximately 0.08.

GH boundary conditiotransmissivitjterms were adjusted so that boundary hydraulic heads and hydraulic
gradients across the models were consistent with the observations described. This resulted in a
conductance value of 1.5%aayfor the Tartwaup fault transect model, which infers a bulk upgradient
transmissivity of 6600 fiday. Assuming an average total thickness of 150 m results in a bulk upgradient
hydraulic conductivity of 44 maly. GH boundary condition conductivity term adjustmsffibr the

Kanawinka fault transect model resulted in a conductance value of approximate¥y Byywhich infers a
bulk upgradient transmissivity @2,000m?day. Assuming an average total thickness of fi6eesults in a
bulk upgradient hydraulic conduetty of 147 m/day.

It should be noted, however, that this process of determining GH boundary condition conductance values is
dependent upon the transmissivity values specified for each hydrostratigraphic unit in the model. Future
work to further constrairtransmissivity and storativityalues would likely requir&H boundary

conductance values to be updated accordingly.

7.2.1 ENVIRONMENTAIRACERS IN GROUNDWRT

To assisthe interpretation of results wells have been ordered in termspdsition along the groundwater
flow path ateach fault transect.

Results of major ion chemistry analyses as well as measured laboratory parameters are pres€abee in
7.3andTable7.4.
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UNIT NO. labEC fieldEC labpH fieldpH labAlk field Alk Ca Mg Na K a SQ

> {cm > {cm meg/L meg/L mg/L mg/L mg/L mg/L mg/L mg/L
702210574 1149 1092 7.41 6.99 6.07 5.7 131.00 10.60 65.20 0.68 140.00 67.00
702210573 996 950 744  6.76 6.01 5.9 115.00 10.70 56.40 0.76  110.00 40.00
702210572 1121 1057 753 6.75 6.90 7.0 81.80 29.20 88.90 3.78 150.00 7.50
7022128 952 950 7.74 6.97 6.02 5.6 94.30 10.70 62.40 2.20 120.00 15.00
702210687 1176 1167 755 8.93 7.10 6.7 77.00 30.90 99.70 4.15 160.00 10.00
702210688 1191 1147 7.54 7.16 6.96 6.9 71.80 34.50 103.00 7.00 170.00 18.00
7022139 818 814 7.68 10.85 5.97 5.8 64.80 22.60 49.30 2.09 79.00 9.60

UNIT NO. labEC fieldEC labpH fieldpH labAlk field Alk

> {cm > {cm megL  meglL
70237134 1749 1660 7.33 7.34 7.42 7.5 146.00 21.10 157.00 1.84 300.00 40.00
70237259 1365 1419 7.81 6.94 7.09 9.0 121.00 21.40 111.00 1.50 220.00 17.00
70237133 944 919 7.33 6.93 4.49 4.4 80.10 18.80 66.50 0.98 150.00 12.00
70237135 1393 1417 7.66 7.36 5.67 5.0 73.70 28.20 145.00 3.06 270.00 8.50
70235280 1414 1361 7.49 7.12 6.07 5.9 96.70 23.40 129.00 3.12  250.00 16.00

Spatial trends are not apparent for EC, pH or alkalinity along the Tartwaupréadect(Table7.3).

Calcium concentrations appear to decrease along the flow gradiemntever, no other clear trends are
apparent for other ionic specieSpatial tends are also not apparent for EC, pH or alkalinity along the
Kanawinka fault transed¢fable7.4). Calcium concentrations again appear to decrease along the flow
gradient; however, n@ther trendsare apparenfor other ionic speciesBilinear plots of major ions versus
chloride (in whib all values are in molar units) were produced using data from both fault tranJéwts.
consistent lack of trends in ionic chemistry may be reflective of the exterisve (LO0Om) production

zones of many wells sampled (summarise@able7.1). Such conditions can result in mixing of waters from
a range of depths and hydrostratigraphic uniajor ion chemisty results were also plotted &iper
diagramsand arepresented inFigure7.5.
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The general chemical composition of the sampled groundwater from both the Tartwaup and Kanawinka
fault transects appears to be of calcithitarbonate typeBicarbonates accounted for >80% of anion
speciedn all but onewell sampled, which is consistent with expectation for a limestone aquifer. Sulphate
accounted for approximately 2% of anion species at all sampled wells, while the proportion of chloride
varied between 823%. Greater variability was observed in cationcige which were typically dominated
by calcium (3§60% of cation species), while proportions of sodium/potassium and magnesium were
generally 2@40% and 1§30% respectively.

Plots ofd’H and d"®0 compositionare presented irfFigure7.6. For comparison purposes, the global
meteoric water line (GMWL) and the Adelaide and Melbourne local meteoric watel(iRB&L; Crosbie et
al., 2013 are also plotted. A stable isotope dataget rainfall(n=36) provided by Lower South East DEWNR
staff (S Mustafa, pers. comm. 14/02/13) is also presented.

Sampled stable isotope data are consistent wifith range ofregional groundwatestable isotope data
presented inChapter 6 [figure6.4). Stable isotope data for the Tartwaup fault transact generally

located in the vicinity of the GMWL, with two data points (702572 and 70220688) locatedo the

right of the GMWL. Th&MWL itself lieo the right ofboth Australian LMWLSs. Stable isotope data for the
Kanawinka fault transect are generally located in the vicinity of the Melbourne LMWL, with two points
located below the GMWIBoth sampled fault transect datasets are tigaly consistent with the existing
Lower South East rainfall dataset, although some data points feature depf@eslues, particularly the
Tartwaup dataset. Comparisons are hindered somewhat by uncertainty associated with the source of the
samplesDueto the large screen extents of many of the sampled wells, it is unclear which depths and/or
hydrostratigraphic units these samples represent; consequently, estimations of their original recharge
location are also confoundetiVvhen compared with stable isope results from coastal groundwater bores
(Section6.2.1), the fault zone analyses have a greater spread and are slightly more enricfed in
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Results ohge dating tracer sapling are summarised iRigure7.7. No clear trends in isotopic

concentrations across either the Tartwaup or Kanawinka fault transects are discernibEbSemee of

linear gradients suggesthat it is possible that mixingddween aquifers is being facilitated by both faults.
Carbonl4 resultsfor the Tartwaup fault transedghdicatea general increase in agéong the groundwater

flow path and with increasing depth of aquifer sampl€arbon14 results for the Kanawinka fattansect

do show a linear, but poorly constrained, decrease in percent modern carbon (pMC) along the groundwater
flow path Figure7.7). The absolute difference age is 15700 years, yielding a horizontal groundwater
velocity of 1.0 m/year assuming no mixing of old and young waters.

SampledSk concentrations for wells 70220572,-10573,-10573,-10687, and 10688 were in excess of
anticipated concentrations andiggest an additional neatmospheric source of §H his may be due to

input from the volcanic and igneous basement rossenberg and Plummer, 20aBat (indirectly)

underlie the Gambier Limestone. Alternatively, this may have been due to inadvertent contamination by
either the truckmounted pumped used to puegthe wells prior to sampling, or by geophysical testing
undertaken by a third party in the days prior to sampling. A lack of correlation between these activities and
the contaminated samples appears to suggest that contamination by volcanic rock is thdikely

hypothesis. It should also be noted that, as stated previously, interpretation of isotopic results is hindered
by the uncertainty associated with the source of the samples. Due to the large screen extents of many of
the sampled wells, it is un@e which depths and/or hydrostratigraphic units these samples represent.
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Figure7.7 Vertical crosssections summarising isotope sampling results f¢ga) Tartwaup and (bKanawinka fault
transect wells; surface and hydrostratigraphic unit elevations and well screen extents are provided for context only
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Results of dissolved noble gas sampling are summaris@édhie7.5 and Table7.6. Noble gas analysis
results can be divided into two groups: those collected with the diffusion saménod have
concentrations within the range expected for groundwater recharged undenabenvironmental
conditions, while samples collected with the copper tube method yielded questiofi#deand “°Ar
concentrations and will be considered separately.

Groundwater recharge temperatures were calculated from diffusion cell samples usingftaetionated
excessir model (Heaton and Vogel, 1981This model yielded an average groundwater recharge
temperature of 8.2C (excluding well 70238135, which gave an erroneously low recharge temperature).
This temperature is indicative of recharge during a climatic regime similar to present as meiam med
winter (JuneAugust) air temperatures from 194@ 2012 are 9.6C with mean minimum ground
temperatures being 2.3C lower tharmean minimum air temperature@ureau of Meteorology, 2033
After correcting fo'Hederived from atmospheric sources (atmospheric equilibration plus excesthair),
mean terrigeni¢He concentrationis 4.0 x 10 cc*He STP/g, whictepresens an excess of 10% relative to
atmospheric equilibrium. This represents approximately 1000 years of accumulation assuming uranium and
thorium concentrations of the average upper cr{gte Ballentine et al., 2002Af lower uranium and
thorium concentations representing an avage carbonatéGao et al., 199@are used, this represents
approximately 3000 years &fleaccumulation.

Copper tube sample analyses showerbaeously high concentrations 8INe and*°Ar, indicative of
implausible recharge temperatures below®. It was determined that nonlinearity in tA%\r

measurement may fully explain the hiffAr concentrations, while the higf!Ne measurements remain
questionable. Regardles$je concentrations were deemed correct. As a result, terrigéifie
concentrations were calculated by removittde concentrations attributable to atmospheric equilibrium at
the mean recharge temperature and mean excess air canaion determined for diffusion samplers.
Terrigenic'He concentrations vary between.04¢2.90 x10° cc STP/g, representing 3515,000years of
accumulationfassuming U and Th concentrations of average carbonates; Gao et al)., TB88aerrigenic
*Heconcentrations roughly agree withéttrend seen if‘Cvalues Figure7.9) suggesting thatHe may be
useful as a semi quantitative tracer of age for future studies in this area.

Terrigenic*He concentrations exhibit no discernible spatial trends along the Tartwaup fault. However, there
is a linear, but poorly constrained trend along the Kanawinka fault transecftiétincreasing tavardthe

south. This trend inversely correlates withetdecrease in pMC weard thesouth. The increase fiie
concentrations can be used to estimate the horizontal velocity of the groundwater. Assuming horizontal
pistonflow of water, the water velocity is 0.6 iyéar.However, it is noted that with a rangd tvacers

indicating a mixture of old and young water, this interpretation is likely oversimplified.
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UNIT NO. TYPE* “Ar RECHARGE EXCESS AlF TERFGENIC APPAREN

TEMPERATURI “He AGE**
(x10% (°C) (x10°) (x10°) v)

702210574 C 5.37 - - - - 0.49 4502
702210573 c 4.92 - - - - 0.03 354
702210572 C 5.80 - - - - 0.92 8442
7022128 D 5.32 1.89 3.93 8.5 - 044 4331
702210687 C 6.37 - - - - 1.49 13632
702210688 c 6.18 - - - - 1.30 11937
7022139 D 5.58 2.04 4.05 8.0 1.29 0.70 2413

All concentrations (including excess air) in cc SER/gC=copper tube, D=diffusion sampler; **Based on U and Th concentrations of average
carbonateqGao et al., 1998and 30% porosity.

UNIT NO. TYPE* “He “ONe “ar RECHARGE EXCESS Alf TERFGENIC APPAREN
TEMPERATURE *He AGE**
(x10% (x107) (x10% (°C) (x10% (x10% )

70237134 C 5.09 - - - - 0.21 1949
70237259 D 5.31 1.98 421 6.5 0.61 042 2844
70237133 D 5.22 1.79 3.89 9.9 0.00 0.34 5646
70237135 D 5.17 1.87 4.82 0.7 0.00 0.29 3085
70235280 C 7.78 - - - - 2.90 26606

All concentrations (including excess airgc STPgier; *C=copper tube, D=diffusion sampler; **Based onrld &h concentrations of average
carbonateqGao et al., 1998and 30% porosity.
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7.2.2 GROUNDWATER FLOW MEDDING

Steadystate modelling of hydraulic head for both the Tartwaup and Kanawalatransectsyielded

linear hydraulic headistributionsthat were constant with depthin accordance witkpecifiedboundary
conditionvalues Interpretation of the alternative Tartwaup fault transect flow model involved the

examination of streamline paths; a selection of these is present&igure7.10. This interpretation

demonstrates the potential for the Tartwaup fault to act as a barrier to horizontal flow due to the offset of
hydrostratigraphic units. It may be seen that horizontahiathrough the Camelback Member (orange,

third unit from bottom) are restricted by the presence of the lower transmissivity Green Point subunit 4

(dark grey) downgradient of the faultaF Hc nn Y® Cf2¢ Aa AyaadSFIR RANBOGS
toward rdatively higher transmissivity units. Similarly, it may be seen that horizontal flows through Green

Point Member subunits 1 and 3 (both dark grey) are restricted by the presence of the lower transmissivity
Greenways Formation (green) downgradient of thelfatxF mnnn Y® Ly GKA& OFasSsz {f
toward higher transmissivity layers may be observed in the convergence of streamlines downgradient of

the fault in the relatively higher transmissivity Camelback Member.
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Figure7.10 Selected streamlines from alternative Tartwaup fault transect flow modetjlours correspond to
hydrostratigraphic unts shown previously irFigure?.2; Z-axis dimensions are exaggerated by a factor of ten for
display purposes

7.3 Conclusions

Building upon previous work lyawson et al(unpublisted), twelvegroundwater wells locatedlong

transects perpendiculao the Tartwaup and Kanawinkagional geologic faults were sampled for
hydrochemistry and environmental tracers. Hydrochemical analyses did not identify significant, consistent
spatialtrends in ionic composition associated with well location or sampling depth, which may be
attributed to confounding effects caused ltiye broad extens of many well screeng\nion species were
dominated (>80%) by bicarbonates, while cation spes®® generally dominated by calcium (89%), as
would be expected for a limestone aquifer. Stable isotope composition was found to be consistent with
that of rainfall datasets recorded in the Lower South East, with some samples featuring defieted

values. Similarly, environmental tracer sampling did not identify significant, consispartialtrends

associated with well location or sampling depth, which may again be attributedrtftounding effects

caused byhe broad extent of many well screeriSnvionmental tracer results suggest that the

groundwater sampled was a mixture of both young Q<y&ars old) and old $800 years old) water. The

large screen extents present likely facilitate the mixing of waters between different aquifers; therefore it is
not possible to identify the variation in groundwater ages with depth, nor the contribution of variowes wat
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ages to the volume sampled. Thedre completionof deep wells as muHevel piezometer nests, followed
by subsequent resampling could identifydifferences in hydrochemistry arehvironmental tracer
concentrationsbetween hydrostratigraphic units.

Groundwater flow modelling was undertaken for both fault transects, based upon stratigraphic
interpretations presented previously [fizawson et al., unpublishgdror the Tartwaup fault transect, an
additional conceptualisation was also considered, in which abrupt changes in vertical stratigraphy were
represented. Groundwater flow modelling was used to demonstrate the possible effects of the regional
geologic faults offlow paths Future resampling of wells after adequate completion could identify
differences irenvironmental tracer concentratiortsetween hydrostratigraphic units, which could
subsequently be used to constraimdel fluxesboundary conditions and hydraulic parameters

The primary recommendation for future investigations of groundwater flow across the Tartwaup and
Kanawinka faults is to complete the recentyilled (c.2009) wells as mulevel piezometer nests. This

would enable sampling to be undertaken at discrete depths below surface. Vertical profiles of chemical and
isotopic concentrations could then be obtaghevhich would likely provide greater insights into the

dynamics of flow between hydrostratigraphic units.

A second recommendation is that the deep (>100 m depth) wells be extended in order to intersect the
confined Dilwyn Sands aquifer. It is possible thiaplacement at or around the faults is sufficient to
facilitate upward flow of water from the Dilwyn aquifer into the Gambier Limestone aquifer. Deeper well
completions (followed by installation of mullyer piezometer nests) could provide significarsight into
connections between the confined and unconfined aquifers.

A third recommendation is to undertake additional drilling along the Kanawinka fault transect. Similarities
in the stratigraphic logs of wells drilled-tate suggest that the locationf fault displacement has not been
identified. It has been hypothesised that the fault offset may occur upgradient of well 7223, future

drilling activities may wish to target this section of the transect.
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Nikki Harrngton, Chris Lijuliette Woods Steve BarnettJeff LawsonBen Plush and Matthew Skewes

This chapter provides details of work carried fartPhase 1 ofask 1, specifically to fulfil Objective 1 of
that Task, which is:

Whilst a lot of the information provided in this chapter represents the collation and organisation of existing
datasets, a number of activities have been undertaken to further interpret some data sets to improve the
conceptual understanding of the water system in the study aBesch activities include redevelopment of
the hydrostratigraphic model to include both theo6th Australian and Victorian portions of the study area,
collationand comparisorf all available historical irrigation equivalent (IE) and recent metered
groundwater extraction data, andevelopment oftoastalcross sectionsummarisinghe results of

multiple investigations into the position of the seawater interface in the area to the south of Mount
Gambier.The historical land use mapping activity, described in Chapter 4, and the recharge estimation
project(Chapter 5) were carried out as part of TAsR number of diagrams and maps included iisth
chapter assist with the visualisation and understanding of the conceptual médtebugh all of the

available data has now been collated and summarised, there is still some effort required to cors/@t thi
datasets that can be directly input into a numerical model. This will occur as part of the model
development phase of Phase 2 of this project.

The datasets that were likely to provide the greatdsaltengesand risk to the success of the modelling
projectwere identified at the beginning of the projeend prioritised for an immediate star€ollation of
these prioritised datasetsvhichwere 1) thehydrostratigraphic model of the model domain (&Ad
Victoria), 2) the groundwater extraction datend 3) historical land use informatidrave been a major
focus of Phase.Dther datasets described in this chapter are more readily available.

A broad range of data and conceptual information has beeleceld as part of Phase As described

above, some of this is readily available on vibetsed government databases. Other information has been
extracted from a range of reports and journal papers, as well as from less accessible parts of the
government daa archivesSpecific details of data sources and collection methodologies are provided in the
relevant sections, however, the main sources of data were:

1. The DEWNRIount Gambieroffice, which provided numerous datasets and reports, as well as
metered groundvater extraction data.

2. DEWNR databasd®th web-based and internal departmental databasparticularly for spatial
datasets stratigraphic information andbservation well data

3. Government of Victoria Department of Sustainability and Environméntorian spatial information
(GMU and WSPA boundaries, surface water information, observation well infornzatieb-
based), stratigraphic information

4. United States Geological Survey (US@S)ndsat datdChapter 4)

5. South Australian Government Parliamentaryp®a for historical land use information prior to 1975
(see Chapted).

The key datasets obtained through this projeetve been archived in a filing system thatonsistent with
592 bwQa DNERdzy Rg | (i SINaddit®R thd profedt tidnkas digvSoped a metadata
database to facilitate archiving the data throughstralian National Data Service (ANIISIRO already has
data archiving systems that are compatible with the ANDSFiinders University is in the process of
developingthis capacitylntegration with this system will be an ongoing activity through Phase 2 of the
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project.In the meantime, aldlata collated through Phase 1 of this project is to be provided to DEWNR for
archiving within their data storage systems.

8.2.1 OVERVIEW

A conceptual hydrostratigraphic framework for tBeuth Eastegion of South Australiaas compiledas

part of the South Eadtiational Water InitiativeNWI) project, and ahree-dimensionaimodel constructed

from this(Lawson et al., 2009The model includiéstratigraphic logs from a combination of groundwater
observation wells, water supply and irrigation bores and petroleum exploration holes, which were available
from the state drill hole dtabase, SAGeodata, or as microfiche records heREWNR (then the

Department for Wateg DFW) Additional investigation holes that ddeen recently drilledvere also

included. Overall, the modeté¢luded data from 327 well logs, including 5 newly efililvells in the

Victorian Border Zone 3B.

Subsequent to thissnd at commencement dhis project, the hydrostratigraphic model for the whole
South East region (including tkBambieBasin and the soutlwvestern portion of the Murray Basin) was
being revied by DEWNPRr the Bureau of Meteorologilational Aquifer Framewonfiroject (S. Barnett,
pers. comm, 2013. This new modeihcorporated additional stratigraphic interpretation, particularly for
the Murray Basin portion of the study arda.collaboratiorwith the currentproject, it was decided to
extend the study area for the hydrostratigraphic model across the border to the Dundas Plateau,
considered to be a natural hydraulic boundary for groundwater flow.

As mentioned above, the existilgdrostratigraphic model includitonly 5 data points from the Victorian
side of the BorderAdditional hydrostratigraphic data froMictoriawasobtained from the Victorian DSE
and, although the interpretations and unit descriptiongre slightiydifferent, itwasbelieved that the
spatial coveragé the study area wagood and this dataouldbe interpreted toextendthe South
Australianhydrostratigraphic modeto the whole study area

8.2.2 APPROACH TO SIMPEBTHRE®IMENSIONAHYDROSTRATIGRAPMIGDEL
DEVELORENT

LAYERS

The general approadpplied to develogthe simplified hydrgtratigraphicunits involved grouping
formations broadly by geological ages shown ifTable8.1.
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HYDROSTRATIGRAPI GEOLOGICAL UNIT GEOLOGICAL UNIT HYDROSTRATIGRAPHNITS
MODEL LAYER (OTWAY BASIN) (MURRAY BASIN)

1 Padthaway Fm Quaternary Limestone Aquifer
Bridgewater Fm
Coomandook Fm

2 Gambier Limestone Duddo Limestone Upper Mid Tertiary Aquifer
(Murray Group) (Tertiary Limestone Aquifer
LA
3 Gellibrand Marl, Geera Clay, Ettrick UpperTertiary Aquitard
Narrawaturk Marl, Formation, Renmark

Upper Mepunga Fm Clay

4 Lower Mepungd&m Lower Tertiary Aquifer
4 Dilwyn Sand Renmark Group Sand LowerTertiary Confined Aquifel
Pember Mudstone (Tertiary Confined Sands Aquif
Pebble Point Formatior GTCSA)
5 SherbrookGroup Cretaceousquifer / Pre-Cainozoic Sediments and
aquitard system Basement

CREATION O#YDROSTRATIGRAPHILEVATION SURFACES

Several methods were used to create thydrostratigraphiclevationsurfaces for the smplified
hydrostratigraphichree-dimensionaimodel

1. Extent of Simplified Hydrostratigraphic Units

The extent of simplified hydrostratigraphic units was developed from simplified geology GlSalayers
from interpretation from prior projects in South Australiad Victoria, and identifies the extents of outcrop
and subsurface features for each simplified hydrostratigraphic asishown ifrable8.1.

2. Point Interpolation Data

t2AylG StSgLFGAZ2Yy RIFEGE 61 a&a SEGNI OGSR FNRBY GKS bDL({
Geodata system, using SQL (Structured Query Language) queries in ArcGIS to obtain thattop éte

mAHD) of generaliseldydrostratigraphic unitse.g. Murray Group Limestone, Ettrick, Renmark and

Basement (identified iborehole log data as npaunits), within the MurrayOtway Basin Region. Point data

was also sourced from GHD for the studgaacrossing into Victoria.

3. Contour Interpolation Data
Contour data was used gonjunction with the point data. @tour data was provided by GHD for the

Victorian region of thestudy areaContour data wasalsoobtainedfor the top of Cretaceous surface in the
Otway Basin from PIRS&.Barnett pers. comm).2013.

Data review and conceptual modell21



4. Outcrop Features

Outcropping boundaries were determined by a combination of surface geology layeBsarif 2 3A a i a Q
interpretation of the dataS. Barnett, perscomm, 2013. The boundaries of the outcropping areas were
converted to points and these pointgere given the value of thBEMat that point. The points were used

Ay GKS AYyUSN1IREFGA2Yy LINRPOS&aa (2 ickgpiigfeaties wdrd & S NJ dz
created from the South Australian/Victorian state one second Digital Elevation Model (SA 1 Sec. DEM/Vic 1
Sec. DEM)The extents of outcrop@vith a 150m buffer, later used to mosaic outcrop surfaces with

subsurface layers) were used tipadhe 1 seond DEM to create an outcrop surface elevation raster for the
simplified hydrostratigraphic units.

5. Absent Areas

Absent areasor the northern part of the study area on the Sowlastralian side were determinedbsent
areas for the Victoriaportion of the study areanear the border and around thiglount Gambierarea
utilised the Victorian interpretation of the extent of the stratigraphic units.

0. Subsurface Features

The ArcGIS 10Topo to RastefTTR)nterpolationalgorithmwas used tanterpolate an elevation surface

from the extractedNGIS point dataAdditional point data were created along the boundary of outcrop

extents to assist the interpolation proce§he height values for these points were obtained from the SA 1

Sec. DEM/Vic$ec. DEME KS LJdzZN1J2 &S 2F GKSaS FRRAGAZ2YIE LRAYy(a
surface up to meet extents of outcrop.

TheTTRnterpolationtool has been developed ke Australian NationaUniversityto interpolate and
hydrologically comct raster surfaceslhe TTR interpolation methagesmany types of input data

commonly available such as contour lines, spot height data, fault Bbesand considers the known
characteristics of elevation surfacddhe TTR method uses an iterativatérdifference interpolation
technique.TTR is optimized to have the computational efficiency of local interpolation methods, such as
inverse distance weighted (IDW) interpolation, without losing the surface continuity of global interpolation
methods, suclas Kriging and Splink.is essentially discretsed thin plate spline technique for which the
roughness penalty has been modified to allow the fitted elevation surface to follow abrupt changes in
terrain, such as streams and ridges.

TTRnterpolation producedthe Best fitCto the NGIS point heighdata when compared to IDW (Inverse

Distance Weighted), Spline and Kriging interpolation metladslable in ArcGIS 10.1 while also allowing

the use of contour datarhe default settings in th€TRool allow sink features to be filled (which creates
WAGNBLFYQ FSEHGdZNBaovszs Ay (GKS OFasS 2F ONBIFOGAYy3I &dzo & d:
0KSNBETF2NE y2 WaiNBlIyaQ KIFIgS 0SSy ONBFiGSRo®

The subsurface elevation rasters were clipped (with arbh@ffer, used to mosaic subsurface with

outcrop extents) to their known extents, resulting in a subsurface elevation raster for the simplified
hydrostratigraphic units.

7. Mosaicof Subsurface and Outcrop Extents

ArcGIS 10.1 was used to mosaic the outcrogmrtst with the subsurface extentg/here the two extents

overlapped (buffer zones as previously described) a surface elevation averaging method was used to
determine surface elevation.
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8. OvercomingProblems Encountered with the Interpolated Elevation Swg$a

Analysis of the raster elevation surfaces was conducted to identify areas where subsurface features
intersected/breached overlying elevation surfacesy WS NNB NW NI} aGSNJ 61 a ONBIFGS
subsurface elevation raster from overlying surfatevation rasters using ArcGIS 10.1 Raster Calculator.

The negative values in the resulting calculated raster indicated areas where subsurface elevation rasters
were intersecting/breaching overlying elevation surfadg@serlaying the interpolation point da on the

Wrror Waster identified that the errors were either due to some areas of the outcropping eX@miping

up Yand breaking the surface prematurely, a lack of point data, and/or possible errors within the borehole

log information of the point dta.

9. Indentifying and correctingreors within the borehole log information

Analysis of the borehole log information identified that misinterpretation and errors were preBeiious
borehole log data was either reinterpreted/adjusted or deleted/ignorAderun of the interpolation

method, once a data cleansing was completed through SA GeoData (which is used to update the NGIS
database nightly), demonstrated that cleansing the borehole log information decreased the amount of
error (subsurface elevatiorasters intersecting overlying elevation surfaces).

10. Resolvingdck of point dataand otherareas oferror

Errors in the interpolated elevation surface rasters attributed to a lack of point data or other unknown
reasons were adjusted by forcing the subscd elevation raster below overlying rasters using a condition
statement in ArcGIS 10.1 raster calculafdne condition statement entered into the raster calculator
altered any cell within the subsurface raster that had a height value higher than thiyiogeraster cell to

be 3 m below the overlying cell.
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8.2.3 PRELIMINARY HYDROATIKERAPHIC MODEL

The preliminary hydrostratigraphic model is showrrigures8.1, Figure8.2 and Figure8.3. For illustrative
purpose, the Pre&Cainozoic Sedinmes and Basemenayerisassigned a constant thickness of 500 m in
these figures.

~ Kingston

Millicent

Mt Gémbier

Quaternary Aquifer

Pre-Cainozoic Sediments
and Basement

TheUpperTertiary Aquitard is present in the hydrostratigraphic model, althoiighk very thin, appearingbsent in the
view aboveRenmark Group / Dilwyn Sand represetite Lower Tertiary Confined Aquifer, which also includes the
Lower Tertiary Pember Mudstone and Pebble Point Formation.

Figure8.1 Preliminary threedimensional hydrosratigraphic mockl of the study aregvertical exaggeration is 30x)
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8.2.4 CHECKING OF SURFACES

Crosssections and raster staces from the preliminary hydrostratigraphic model have been checked
against existingrosssectiors from DEWNR reports and hydrogeological maps haweé been reviewed by
a localhydrogeologist with expertise in the South E@ktLawson, pers. comn2013). Some areas for
correction have been identified. These were:

1. The surface for the bottom of the TCSA/topRs&-Cainozoic Sediments and Basemeontained a
number of sharply sloping features, which were considered to be unrealistic and probably an
artefact of the interpolation method, using a combination of point data and structural contours (J.
Lawson, pers. comm2013. These have been amendédthe current model shown iRigure8.1,
Figure8.2 andFigure8.3. However, it has been brought to our attention that the final surface
presentedin thispreliminary modektill contains some inaccuracies caused by differences in the
datasets used toraend it (S. Barnett, pers. comm., 2013). The original datasets included the base of
the Lower Tertiary Pember Mudstone and Pebble Point Formation (i.e. thexseincluded in Layer
4), but the dataset used to amend the surface may have only represented the base of the Dilwyn
Sand. This will be rectified as we move into Phase 2 of the project with a revised stratigraphic model
produced for use in the numericalodel.

2. Some areas along the SA/Victorian border, wheecurrent hydrostratigraphic model shows the
Tertiary Limestone Aquifer and the Upper Midrtiary Aquitard to be absent have been queried (J.
Lawson, pers. comm Patasets to be used to rectifyithare being compiled and this will be carried
out and the hydrostratigraphic model finalised as part of Phase 2 of the project.

As shown irFigure8.1 and Figure8.2, the study areacomprises three main hydrostratigraphic units. From
oldest to youngest, these are thewerTertiary Confined Sand Aquifer (TCSA), the Upper Tertiary Aquitard
and theUpperTetiary Limestone AquifefTLA)Harrington et al(2011) provide ageneralsummary of all
available information on the groundwater flow characteristics and hydraulic properties of these units for
the South Australian portion of the study aré&@ome othe information provided below ialso provided in

that report.

8.3.1 LOWERERTIARY CONFINEDBAQUIFER

TheLowerTertiary Confined Sand Aquifer (TCBAhe GambierBasincomprises interbedded gravels,

sands, silts and carbonaceous clays of the early Tertiary Dilwyn and Mepunga Formatiayenenally
increases in thickness towards the south, being up to 800 m dffskoreto the south ofMount Gambier
(seeFigure8.1; (Love, 199)). In the Murray Basin, the equilent of the Dilwyn Sands aquifer is the
Renmark-ormationand the aquifer is alsoften referred toas the Lower Tertiar€onfinedAquiferor

Tertiary Confined Sand Aquifer (TCIAE aquifer system thins and wedges out towards the basement
highs of the Rdthaway Ridge at the northern margin and the Dundas Plateau at the eastern margin of the
basin.As with the overlying aquifers and aquitard, it is also elevated above the structural high of the
Gambier Axis in the Nangwarry area.

The TCSK a multiaquifer system, but is treated as one aquifer unit for management purposes. There are
few data and hence little understanding of the hydraulic interconnection between thequlfers of the
Dilwyn Formation. Most wells only penetrate the uppermost sand unihefaquifer for economic reasons,
but a number of deeper petroleum exploration wells have provided some valuable stratigraphic
information (Brown et al., 200)L The aquifer is dominated by sands and gravels in the north of the basin,
with clay béng a relatively minor component and not forming any regionally extensive confining(lapyex

et al., 1993. The clay/sand ratio increases towards the south and the number of confining beds increases.
The Pember Mudstone sits at the base of the Dilwyn Formatiorf@mnas an aquitard over much of the
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Gambier BasinThis lies above the Pebble Point Formationifgg, which also occurs throughout the
GambierBasin and forms part of the Lower Tertiary Aquifattle is known about the hydrological

properties of the Pember Mudstone and Pebble Point Formation due to the quality of the resources that lie
above themand the consequent lack of exploratory drilling at depth. However, the extent and thickness of
the Dilwyn Sand Aquifer has led to the conceptualization that this dominates flow processes within the
Lower Tertiary AquifefSKM, 201p

Regional gpundwater flow in the TCSA aquifer is in a sewtsterly direction towards the coaétigure

8.4). Alongthe SAVictorian border, flow becomes predominantly soutecharge to the TCSA is believed
to occur in areas where the layer is close to the surfdajor recharge zones for this aquifémdicated by
the presence ofroundwater mounds, have been identified in the Nangwarmarpeena area on the South
Australian side of the border, and south of Strathdownie, which is approximately 33 kmeastiof

Mount Gambier, on the Victorian sid€KM, 201P The mound in the Nangwaryarpeena area coincides
with aslight depression in the wattble of the unconfined aquifer, as described in Sec8d3 as well as
being a region where the TCSA is close to the surface and the overlying aquitard is relativelyethiake
Mundi area, approximately 21 km east of Nangwarry, over the SA/Victorian border exalscted to be a
major recharge area for the TCSA as no aquitard exists here (J. Lawson, pers. comnBr@0a3t al.
(2007 investigated the mechanisms of recharge to the TCSA from the overlying Tertiary Limestone Aquifer
(see Sectio®.3.2below).

Love et al(1993 describea potential for recharge to the TCSA from underlying Cretaceous aquifers based
on the orientation ofequipotential lines, although no direct evidence for this exists. Discharge to the
overlying unconfined aquifer has also been ssigd to occur offshore, but again no direct evidence exists
(Blake, 198D

Love et al(19931999A y #Sa G A3+ SR G NBYyR& Ay *hTRPaddy'Grothed SNI K& R NJ
unconfined and confined aquifeedong two transects within the study area. The transects run

approximately (a) east west, from northwest of Edenhope in the north east of the study area to Kingston
at the coast, and (b) nortg south fromnorth-east of Nangwarry to just east of Port Macdonnell at the
coast(Figure8.5). They calculated groundwater travel times in the TCSA, along thevessttransect

between the ZHD line (point at which the hedifference betweerthe unconfined and confinedquifers
switches from positive to negative) and the coasing boths | NJ & gndltheintedpretation of “C data.

They found thawater within the TCSA hadatal residence time ot least 30 000 yrs (i.e. time since
recharge), witha groundwater travel time between the ZHD line and the coast in the TCSA of 12 800 years.
This implies anean groundwater velocitgf 4 m/yr, but velocity apparently decreasl towards the coast.

The apparent decrease in groundwater velocity could be due to either a reduction in hydraulic conductivity
or loss of water from the system by upward leakage. An error of +20% was assigned“® water

velocity calculations based ap uncertainties in carbon isotope measurements and the length of the flow
path. The reader is referred to the original papers for full details of the data used and the full methodology,
including the correction models applied to tht€ data.

Thegroundwater@Sf 2 OA G & SaldAYlI §8R) dzKBydAl YSNBSGAARY62F (NI
approximately one quarter of that estimated usitige **C data(Love et al., 1993This estimate utilised a
porosity value of 20% and hydraulic conductivity values of 0.9 m/day to 3.9 m/day badediddata. The
error associated with this estimate was considered to be +3Rpward leakage of water to the
unconfined aquifer is important, this hydraulic velocitguld represent an upper bound.ove et al(1994)
considered the discrepancyetween the**C derived groundwater travel time and that derived from
hydraulic parameters to be due to changes in the potentiometric driving force throughout the late
PleistoceneHolocene due to a reduction in sea levBEhey considered thates levels dung the Pleistocene
glaciation may have been as much as 150 m below current sea [Ekelgffect of thison groundwater

flow would be recorded in th&'C data, resulting in greater groundwater velocities than those estimated
from hydraulic data, which tg onmeasurement othe presentday (lower) hydraulic gradient.

Harrington et al(1999 extended the work of Love et 411994 by using their*C isotopic data ia
Compartmental Mixing Cathodel to calibratea two-dimensional MODFLOW groundwater flow model of
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the eastwest transect of Love et 11993 1994) (Figure8.5). The two models were run and-alibrated
iteratively until the modelled hydraulic and tracer values matched field déies approach resulted in
estimated lateral flowelocitiesin the TCSA raimg between0.4m/yearand5.5m/year, as well as
estimates of vertical leakage rates as described in Se8ta

Hydraulic data for the confined aquifer is sparse, but what &lalvle suggests that hydraulic properties
are not as spatially variable as for the unconfined aquifers. For the gbéinrebierBasin region, porosity
values estimated from borehole geophysical logs etyveen20%and 30%, whilstistorical

transmissiviy estimates range from 200 to 16@@/day (Bowering, 1976Cobb, 1976Floegel, 1972
Shepherd, 1978 Pumping tests carried out on the Robe Town Water Supply (iaNs1, TWS5 and TWS6;
Figure8.4) provided transmissivities of 6&%day to 82 nf/day (hydraulic conductivities of around 26 25
m/day) and storage coefficients of 1 x 1 5 x 10° (OseiBonsu and Dennis, 20D4

A recent drilling and aquifer testing program was carriediniRrovince 1 of the Border Zot®investigate
inter-aquifer leakage between the TCSA and.TLi#e locations of the observation wells installed and tested
are shown irFigure8.4 as SAY4 and Vici4) (Mustafa and Lawson, 201$KM, 201REstimates of
transmissivityof the TCSA from the pumping tests the South Australian side of the study areaged

between 267 and 2260 fiday (K = 33 to 226 fday). Storage coefficients ranged between 1.2 X 4Ad

6.4 x 10" For the Victorian portion of the study area, hydraulic conductivity of the TCSA ranged between
13 and 91 nfday, with storage coefficients rangirbetween9 x 10° and 6.5 x 10. The pump test data

appeared to suggest the presence of flow boundaries in the vicinity of the test wells, which were suggested
to be potentially the result of faulting.

In their model of the region to the south dfount Gambier Stadter and Yaf2000), assigned zones of
hydraulic conductivity rangmbetween 0.§10 m/day to the Dilwyn Sand aquifer, based on limited
hydraulic testing results and local knowledge. A uniform specific storage valu&/of W@s also applieth
that model In the regional model of the confined aquif&rown (2000 assigned hydrawdiconductivities
ranging from 1 rfday to 80 m/day.
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Figure8.4 Confined aquifer potentiometric surfacefor June2010, showing the Border Zones and Provinces in the
Border Designated Area described in the text, and the locations of recentifer tests

8.3.2 UPPER TERTIARY ARD

Hydraulic Properties

Little information exists on the hydraulic properties of the Upper Tertiary aquitahich comprises the
glauconitic and fossiliferous marls of the Narrawaturk Marl and clay of the Mepunga Fonregiwell as
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the Dilwyn Clayn the Gambier Basin and the Ettrick Formation in the Murray B¥eitical hydraulic
conductivities of the aquitard were determined via triaxial permeability testing to range betweéariDd
10° m/day in the northern portion of th&sambier Basin, near Lucinda(eove and Stadter, 1990
Laboratory tests carried out on the Dilwyn Clay in the Nangwarry / Tarpeena Area provided vertical
hydraulc conductivity values ranging between 3.4 £ 20d 7.2 x 18 m/day (Brown et al., 200 The
recent NWI stratigraphy proje¢tawson et al., 200®btained three porosity estimates for the aquitard
through borehole geophysics. These were for the Mepunga Formatiofq@ritl 7.2%) and Narrawaturk
Marl (9.5%). The joint Border Zone et on interaquifer leakage described above concluded that the
aquitard in the study area was relatively leaky, with estimated vertical hydraulic conductivities ranging
between 3.1 x 10 m/day and 4.4 x 18 m/day (Mustafa and Lawson, 20L1The authors acknowledged
large limitations associated with the derivation of these aquitard conductivities and suggested that they be
used with caution.

There are a number of areas within the study area in which flow between the confined and unconfined
aquifers, across thaquitard, is believed to occuilhe direction of thigpotential interaquiferflow, i.e. the
direction of the vertical hydraulic gradie changes from downwards in the noréast of the study area to
upwards in the south and west of the study ar€&g(re8.5). The line along which the heatifference

between the unconfined and confined aquifers is zero and hence the direction of potential flow switches is
known as the Zero Head Difference (ZHD) lixigure8.5). The location of this line coincides approximately
with the location of the Tartwaup Fault.

There have been a number of studies where evidence for-mdeiifer leakage across the Uppeertiary
Aquitard has been identifiedn particular, Lovet al. (1993 investigated trends in groundwater

K& RNE OK S x%H an#C Blong twdransects vithin the study area (seBigure8.5 for transect
locations) Whilst trends in hydrochemistry data for the unconfined aquifer are dominated by local flow
processesthe following could be observed in the confined aquftarthe eastwest transec ! | Q0

{1 From the eastern margin to Naracoorte, the groundwaters become progressively deplét¢auin*®0,
whilst the isotopic signature of the overlying unconfined grounthssmare significantly heavier. This
indicates that significardownward leakage of isotopically heavier unconfined groundwatenot
occurring todayThis is supported by continuously IG%C activities of the confined groundwater in this
region.

1 Between Naracoorte and the ZHD line, the confined groundwaters become progressively more enriched
in the heavy isotopes, with the signatures of the two aquifers being similar at the ZHD line. This, along
with the downward hydraulic gradient suggests siigaifit downward leakage of groundwater from the
unconfined aquiferAdditional evidence for this hypothesis is a gradual increa$i€iactivity from
background levels at Naracoorte to 31 percent modern caifpomC)at the ZHD line. The gradual
increase in“C activity along this flow path suggests that downward leakage through the aquitard is the
dominant mechanism of recharge rather than preferential flow at the Kanawinka Fault.

9 To the west of the ZHD line, the stable isotopic composition of the confjrmthdwaters tends to
decrease monotonically along the hydraulic gradient. This is consistent with lateral groundwater flow
with the stable isotopes recording temporal variations in the stable isotopic composition of the
recharging waterThis is supporte by a monotonic decrease fC activity along the flow path.

1 Upward leakage dbotopically depleted groundwater from underlying aquifers at the western edge of
the transect issuggested by a decrease in groundwatérand™®O content and this isuppored by
increased Cl concentrations in this area.

For the northsouth transecH . . QHAiguras%)Salthough local flow cells occurred in the unconfined
aquifer, thesewere not as weltleveloped as in the eastest transec ! !dye to the less undulating
topography in the regiofLove et al., 1993 Nevertheless, the effects of local flow processes dominate the
trends in hydrochemistry and isotopes for the unconfined aquifee fbllowing could be observad the
trends for the confined aquifer:

Data review and conceptuaiodel| 133



{ Lateral variations in chitae and?H and'®0 concentrations between the northern margin of the transect
and the ZHD line are consistent with downward leakage from the unconfined aquifer.

1 *C activities of 53.3 pmC to 77.1 pmC for the unconfined aquifer and 12.2 pmC to 61.2 pheC for
confined aquifer between the northern margin of the transect and the ZHD line suggest active recharge
to both aquifers occurring in this region.

1 Relatively constant chloride concentratioasd decreasingH and'®0 concentrations antfC activities
between the ZHD line and the coast are consistent with no recharge to the confined aquifer, either from
the overlying unconfined aquifer or from underlying aquifers.

As described in Secti¢h3.1, Harrington et al(1999 extended the work of Love et lL993 by usingheir
C isotopic data in @ompartmental Mixing Cathodel to calibratea two-dimensional MODFLOW
groundwater flow model of the eastest transect of Love et g1993 1994). One of the outcomes of this
was an estimate of average rechamgges to the TCSA of 2.1 mm/yr and 8.5 mm/yr along a flow line
between Naracoorte and the ZHD line.

Further evidence for the connection between the unconfined and confined aquifers in the area to the north
of the Tartwaup Fault in Province 1 of the Bor@esignated Are& seen irthe relationship between
groundwvater levels and groundwater extraction informatitor this area.These datandicate that

groundwater level declines in the TCSA are not caused by groundwater extractioth&ioaguifer but

reflect trends in the overlying Tl.Auggesting interconnection of the two aquifers

Brown et al(2001) suggested that any downward groundwater flow across the aquitard in the Nangwarry /
Tarpeena area occurs preferentially via faulting, fractunesinkholes. Supporting this theoA}C activities

of groundwater from the aquitard in the Tarpeena area measureBtaoyn et al(2001) were below
background levels, whilst significant concentrations'6fexisted in the underlying confineduifer. The
aquitard is relatively thin in the Nangwarry / Tarpeena area fn), which probably facilitates this inter

aquifer leakageHowever, it is possible that intequifer flow also occurs through the clay via similar
preferential flow mechanismis areas where the clay is significantly thicker.
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Figure8.5 Map of head difference between the confined and unconfined aquifers (unconfined: September 2008
confined: September 2010).

8.3.3 QUATERNARYUPPERERTIARYNCONFINERQUIFER

General Characteristics

Theunconfined aquifer systernm the GambierBasin comprises predominantlgg Gambier Limestone
aquifer, whichconsists of various facies of fossiliferous limestone of Tertiary age, rangingkinetbscfrom
very thin to 300m. The Gambier Limestone is overlain and hydraulicallycoterected with the superficial
Quaternaryaquifers the Padthaway, Bridgewater and Coomandook Formationthe Murray Basin, the
equivalent of the Gambier Limestorethe Murray Group Limestone and this is overlain byaaian
Woorinen Sands and the marine LoxtBarilla Sands.

In the GambierBasin, he Gambier Limestone is divided into three main-smliis, the Greenways,
Camelback and Green Point Membéerhe Geen Point Member has been further sdivided into five
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distinct units, forming seven units of the unconfined aquifer and these have been mapped across part of
the Lower South Eagiustafa et al., 201R Table8.2 shows the characteristics of the severbaunits of

the Gambier Limestoneas presented iMustafa et al(2012). These charactgstics apply in the region to

the south of the Tartwaup Fault but vary to the north of this (J. Lawson, pers. comm., 28 EBjown in
Table8.2, the TLAoften becanes marly and dolomitic towards the bagéis marly, dolomitic unit has
recently been mapped across part of the study aflesmvson et al., 20Q%ut its regional extent is unknown
due to a lack of penetrating wel{sove, 1991

STRATIGRAPHI STRATIGRAPHIC NAME HYDROSTRATIGRAPHNITU DESCRIPTION
UNIT

Thgr Green Point Member U1l Off white to cream bryozoal limestone, with or without
chert.
u2 Grey marl with abundant chert.
u3 Cream to light grey bryozoal limestone, with or without
chert.
u4 Grey limestone with abundant marl.
us Cream to off white limestone
Thgc Camelback Member Grey to pink dolomite
Thgg Greenways Member Grey marl with coarse bioclastic with frequent chert

band, often glauconitic near base.

Outcrops of the Gambier Limestone occur as a result of uplift and/or erosion of overlying sediments, with a
major outcrop occurring to the south of the Tartwaup FaRkpid thinning of the entire unconfined aquifer
formation to the north of Mount Gambide due to upwarping along the Gambier Axis and transgression of
the sea in the late Pleistocene, which truncated anavoeked the top part of the sequence. A

groundwater divide occurs here along the Gambier fase, 1991

The Gambier Limestone san intrinsic primary permeability, with a secondary fracture permeability
occurring in many areas along structurally weak zdeeas. faultsjn the form of karstic featureKarstic
features are describetb occur inBorder Zone 6A and the wiesn partsof Zones 5B and 6Border
Groundwaters Agreement Review Committee, 2008awson et al(1993 describe karst features in the
Mount Gambier area as being oriented in the neehst tosouth-westdirection. Despite the extensive
development of karst in th&outh East, Holmes and Waterho{$683) considered that these features do

not form an interconnected system and that groundwater flow is predominantly intergraniiave,

1991). Lawson et al(1993 also state that the degree of connection between fractures and karst features in
the Mount Gambier area, and their connection with Blue Lake (see S&&ds is unknown.

Many studies of groundwater flow in the TLA have been concentrated around Mount Gambier, due to
concernsabout the migration ofliffuse and point source contaminaritgo Blue Lake via groundwater
flow. The majority ofgroundwater flow to Blue Lake is believed to occur via the dolomitic Camelback
Member of the Gambier Limestone, with the top of this unit occurring about 50 m below lake level, at
approximately-39 mAHDHowever, there are few observation bores completeatlusively in this

dolomitic unitto enable investigation of its propertiel a study of the Mount Gambier area using a
downhole flow meter;Telfer and Emmet{1994) identified a 0.5 m thick interval of aquifer tens of metres
below the water table through which the majority of groundwater flow appeared to occur. However, the
specificlocations of the bores targeted by this investigation were not providetieir paper Varderzalm

et al. (2009 used injection of Sfnto the Gambier Limestone aquifer 4gpadient of Blue Lake in Mount
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Gambier to measure attenuatioatesand travel times of groundwater as it potentially flows through karst
features towards Blue Lak&hey injected Sfinto 24 bores, the majority of wibh were drainage bores,
located 1to 3 km to the north and northwest of Blue LakéSome injection sites were oriented directly-up
gradient of Blue Lake (to the north), but the majority were located to the ramist to enhance the
opportunity to observeamigration of the tracer througiNW-SE orientegbreferential pathwaysSubsequent
regular sampling for $Bver several yearat various locations in Blue Lake indicated that thetiSEer
reached Blue Lake aftapproximately 2 yeard his indicated a gimdwater velocity of 0.%50 1.5 km/year
through karstic flow.

In some areas, dissolution of the limestone along the karstic features has resulted in brecciation and

collapse of the limestone near the ground surface, forming numesaudolesFigure8.6 showsthe

YILIWSR t20FGA2ya 2F a2YS aAy|1 K2t Sa DEWNRfodeveryig 6y | &
map is not necessarily exhaustierczeg et a[1997) assessed the importance of localised recharge from

these pointsource features to the karstigroundwater system. They found that water recharging the
groundwater system via these features was detectable at a local scale only (<150 m from the source) and
comprised less than 10% of total recharge.

Groundwater flow in the unconfirdkeaquifer in the study area is generally from east to west, towards the
coast in areas north of Mount Gambiétigure8.6). To the south oMount Gambiey flow is to he south or
south-west, with discharge occurring at the coast. Flow in this region also occurs towards the Glenelg River
and, although the upper units of the aquifer are likely to be connected to the river, the nature of this
interaction is yet to be detenined (Border Groundwaters Agreement Review Committee, 2008a
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Figure8.6 Unconfined aquifer potentiometric contours for September 2011.

Thewatertablegenerally ranges betweenr and 25 m below ground level, but is within 2 m of the ground
surface adjacent the coast and in some parts of the diamal flats Figure8.7). A steep hydraulic gradient
zone to the north of Mount Gambier coincides with the location of the Tartwaup Heiglire8.6; Figure

2.1). The exact influence of the fault on groundwater flow is complex, and not yet fully undersi®od,
described inChapter7. However, recent drilling investigations indicate that significant stratigraphic
displacement occurs across the areas where the fault structure has been mdvesbn et al(2009
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reported on drilling investigationslong a transechcross the Tartwaup fault norteast ofMount Gambier
They foundhat approximatelyl00 m of uplift occurred in the southern part of the transect ($&gure
7.2a). In these ugifted sections, significant upper sulmits of the Gambier Limestone (Green Point

Member subunits) were not present. Such displacement is likely to hinder regional groundwater flow, and

is likely to be the cause of the steep gradightgyoundwater divideoccurs to the north of the Tartwaup
fault zone, as a result of thinning and uplift of the unconfined aquif®ve the structural high of the
Gambier Axiswith flow to the north of the divide occurring to the north and no#tlest and flav to the
south occurring to the south of the divida.slightgroundwater depression in the Nangwarry area is
considered to act as a sink for recharge to the underlying Dilwyn agunfcorresponds to a groundwater

mound in that aquifer (see Secti@:3.1).
I AAYAfFN WAGSSLI AN RASY G QO
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steep gradient zone is associated with the KanawilR&ult line, and is thought to be caused by thinning of
aquifer sediments on the eastern side of the fgukhwson et al., 2009

Love(199]) identified that a number of potential local flow systems occur in the unconfined aquifer in the
study area, and that the fact that theatertableis close to and follows the topographic surface suggests a
highimportance of local recharge/discharge processes within the unconfined aquifeal flow cells tend

to br recharged at topographic highs and discharged in the adjacentdniteal topographidows (Love et

al., 1993. Rapid lateral variations in groundwater chlorid#, 2 1 | y*®&support this(Love et al.,

1993,

Brown et al(200]) inferred average groundwater residence times from @QB®@alues of- 30¢35 years for
shallow groundweer (between 1.5and2 m below thewatertable) in the Tarpeena and Nangwarry areas.
Harrington et al(1999 estimated lateral flowin the TLA to range betweenahd 38 m/yar using their

combined MODFLOW and Compartmental Mixing &pgtoach.
Declining water levels in the TLA in Border Zone 5A, parts of Zone 5B, 6A and 6B are thought to be due to

recharge being less than groundwater outflows and extractigoder Groundwaters Agreement Review

Committee, 2008p
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