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In the South East of South Australia, groundwater is one of the greatest factors inflyémeiviability of
agriculture and industry, and ecosystem healthe Thajority of wetlands in the South East éineught to

be groundwatedependent (Brooks, 201}) and he extensive scheme of natural and marade drainage
channels that moves water around the landscape, draining agricultural land and fekdiagologically

and culturally significanbkes and wetlands, @sointrinsically linked to the groundwater system.
Groundwater is the underlying link between land management practices, water users, drains and
ecologically valuable wetlandsd many wetlands are particularly vulnerable to grouatisy exploitation

Hence an ability to simulate the groundwater system and all of its interactions with confidence is key to the
effective management of surface water and groundwater availability and quality.

The highly modified nature of the South ERstdscape and numerous competing stakeholders present
immense challenges in water resource management. In addition to thisyder of fundamental
scientific questions remaimjnderingthe development of arffectiveWater Allocation Plan fothe Lower
Limestone Coast Prescribed Wells Area R\Wa)(Figurel. ). Major questions include: (a) the scientific
validity of existing resource condition triggers, fiow to ahieve integrated management of groundwater
and surface water resourceand (c) how muchvater can be extracted sustaibly from the LLC PWA as a
whole. This broaduncertainty is due to a number of gaps in the conceptual model of the overall water
balancefor the LLC PWAThe current tools availabl® inform water managementannot evaluate the
longerterm impacts of laneluse and climate change, or the impaof changes in allocation policy on
groundwater-dependent ecosystems.

Compared with many regiord Australia, a large body of data esifir the South East, numerous research
projects hae been carried out and therare quite a few numerical groundwater flow models already in
existence (Harrington and Lamontagne, 2013). However, this informa#sheenlimited in its

applicability to addressing resource management questions because:

1 The existing groundwater flow models are variable in their original objectives, system
conceptualisations and input datasets, and hence are not applicable for aduydasjescale
management issues.

1 Most of the datasets required for the development of groundwater flow models of the study area
havenot beenreadily accessible, ntravethey beenin formats that could be used directly as
model inputs, e.ghydrostratigaphy data, groundwater extraction dasad details of the man
made drains.

1 Regionaiscale recharge and evapotranspiration dataset did not exist.

9 Therefore, he incorporation of recharge into groundwater modesdate hasconsisted of
implementation of rebarge zones with constant rates based on kbegn averages, or at best,
rolling averages based on trends in rainfahis is a common methodology employed in
groundwater model development. However, tiiwthod has a limited ability for making
predictionsunder future land use, climate or water management scenaticalsodoes not
incorporate the influence of depth to watertable on recharg#hich is likely to be an important
factor in the South East

1 Although thereare point measurements of inteaquifer leakage and evidence for its occurrence
based upon groundwater environmental tracer signatures, the magnitude of this on a regional scale
has beerlargely unknown, causing large uncertainty in how water resources should be managed.



1 The most recently aviaible information and data had not been consolidated into a conceptual
model of the groundwater flow system, nor tested in a groundwater model framework to assess its
quality or worth in addressing management questions.

1 The most recent estimate of the watbalance for the Lower Limestone Coast PWé& based on
the dataavailable at the timebut still contained a large number of limitations, including the use of
long-term averagdlux data,uncertainties associated with groundwater extraction estimates!
limited characterisation of surface watggroundwater interactiongWood, 2010). It included
neither estimates of rates of lateral groundwater inflow to, nor submarine groundwater discharge
from, the PWA, nor estimates of intaquifer leakagedue to alack ofavailableinformation on
these water balance components.

1 Knowledge of wetlangjroundwater interactionias beervery limited,consisting mainly of broad
regionalscale assessments, and little field data.

The South East Regional Water Balance ptrigez collaboratin between Flinders University (The National
Centre for Groundwater Research and Traini@fIRO and the Department of Environment, Water and
Natural Resources (DEWNR), funded by the Goyder Institute for Water Research. The projeatczsnme
in September 2012, with a number of tasks that have soughtdoaddress key gaps in the conceptual
model for the water balance of the Lower Limestone Coast, (b) facilitate the development of a regional
groundwater flow model for the LLC PWA andrgrove the understanding of impacts of changes to the
regional water balance on wetland water regimes.

This report is intended to provide a summary of the activities and major outcomes. A suite of Goyder
Institute technical reports and research papées been produced, each providing details of specific
project tasks and outcomes. These are liste8éatiord.
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Figurel. Sudy area of the South East Regional Water Balance Project.

1.2 Project Overvievand Objectives

Through thepartnership between Flinders University, CSIRO and DEWNR, the South East Regional Water
Balance project has brought together a range of experts in groundwater modelling, recharge modelling and
assessment, and surface watgroundwater interaction, as wedls team membes with sitespecific

knowledgeof the hydrogeology of the South East. The project has been strengthened by the high level of
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engagement witlthe SA Department of Environment, Water and Natural ResouRE¥/NR who are

both the custodias of the data that were critical to the project outcomes and the amseis of the project

outputs. This engagement was facilitated through direct contributions within the project team,
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In recognition of thdikely iterative approach required to build the knowledge and modelling tools required
to support water management in the Lower Limestone Coast PWArteular focus of the project has

been that the outcanes should form part of a loAgrm approach. As such, it was considered imperative
that the outputs should be amenable to further development, be integrated with other modelling activities,
and provide clear direction for further work.

1.2.1 PHASE 1

The projectwas undertaken in two Phasd3hase 12012-2013) consisteaf three taskswhichaimedto
characterise key aspects of the hydrogeatadiconceptual model, thereblaying the foundation for the
development of the regional water balance model:

1 Task It Development of a regional water balance framewpikcluding a detailed assessment of
rechargeprocesses

9 Task Z; Preliminary assessment of the spatial variability and indicative fluxes of groundwater
discharge to the marine environment.

9 Task &; Preliminary asessment of the role of geological faults on regional groundwater flow and
interqaquifer leakage.

Task lof Phase Included compilation of all relevant data and knowlegged development of a
methodology for incorporation of this intormumericalgroundwater flommodel. Tasks 2 and 3 were
preliminary research projects addressing two of the major knowledge fgajpise region identified by
Harrington et al. (2011)'he outcomes of Phase 1 are described in Harrington and Lamontagne (2013).

1.2.2 OBECTIVESF PHASE 2

Phase 2 of the project was carried out between 2013 and 2015 and consisted of three tasks with the
following objectives:

The aim of Task 1 was to develop a regional groundwater flow model eE€RRWA, includig both major
aquifers:the unconfined Tertiary Limestone Aquifer (TLA) tradTertiary Confined Sand Aquifer (TCSA),
with the followingprimaryobjectives:

1 Assess and improve knowledge of the regional water balance, including rechangeg\wsier
extraction, groundwater inflows and outflows across the boundaries oPW&3 and outflows at the
coast.

1 Quantify available surface water and groundwater volumes at a regional scale.

1 Identify critical knowledge gaps.

Longerterm objectives of tie regional model are to:

Tt NPOARS o02dzy RFNE O2yRAGAZ2ya F2NJ FdzidzNE 201t &ol
groundwater flow processes are important, e.g. wetlandsewntionsof the drainage network.

1 Act as a tool tanvestigate the impactsf climate, land use and water management scenarios on aspects
of the regional water balance and on groundwater levels at a regional scale.



A relatively large amount of poirgcale field dataxists for the South Eagi support recharge estimatign
althoughthese data have various limitations in the spatial and temporal scales of recharge that they
represent.A major effort is required to utilise the existing data to understand the dynamics of rainfall
recharge in theSouth East and to develop a methodology for including this knowledge in groundwater
models designed to assess future groundwater management scenbriBhase 1 of the project, all
availablerechargedata was assessed at a regional scale to better unaledsthe processes driving

recharge in the South East and how these might be incorporated into a regional groundwater flow model.
Climate soil type vegetation typeanddepth towatertableare important factois controlling rainfall

recharge in the Southast.However, he current recharge and evapotranspiration packages in MODFLOW
are unable to effectively represent the relationships between recharge and deptiatiertableobserved

in the South Easilthoughcouplingof regional groundwater flow modsiwA G K wA OK | H&Ra&da 9 |j dzt
unsaturated zone modslhas been achieved in several studies (®tigen et al. (2008) aridaxwell et al.

(2014), such a frameworkivolves large model rutimes and is likely to be too cumbersorteebe a useful
managementool for the South EasfTherefore, a new MODFLOW net recharge package was proposed that
incorporates the results of an unsaturated zone model through a simpler letthlp approach. As rainfall
recharge is a major input to the water balance for the Sdtakst (Wood, 2010), thectivity wasdesignated

as a separate task Phase 2 of the project, with the following objectives:

1 Complete onedimensional numerical recharge modelling, conditioned to the recharge rates
estimated in Phase 1.

1 Develop lookup tades that are based on: monthly rainfall, month of year, vegetation type, soil
type, and depth to watertable.

1 Develop a new MODFLOW package capable of interpreting theujptkbles andtrial the
implementation ofthis within the regional groundwater flowodel.

Thisactivity was carried ouh parallel and irclose collaboration witlthe regional model constructiormask
1) so that the understanding gained could be fed, where possiiie the first iteration of the groundwater
flow model.Additional metodologesfor incorporating the watertable depth dependence of recharge
were alsoinvestigated, taking advantage of an existing butcatibrated LEACHM recharge model for the
South East. Téuse of multipleapproachegprovides an opportunity to test theénfluence of the use of
different (but equally acceptable) recharge modelling methods on the overall modelled regional water
balance recognising that rainfall recharge is one of the largest components of the water balbalks®
providesthe basis for @termininghow to bestsimulate rainfall rechargim the different landscapes of the
South East

Future water allocation policy exeises in the LLC PWA will needtt@luate potential impacts on wetlands
and other groundwatedependent ecosystems. Howeveg; becessitythe regional model wa developed

at a coarse spatial scale (1 km by 1 km cells) relative to the size of most wetlands in the region (Adew km
less). Thusthe aim for Task 3 was to develagcomplementary approach tihe regional modeto help

evaluate potential impacts of future changes in climate, tasd and wadr allocation policy on wetland

water level regimesTo achieve this, Task 3 haddbrobjectives:

1) Development of a conceptual framework for wetlandroundwater interactions in the LLC PWA

2) Inform the development of this framework by evaluating groundwatsurface water interactions
for three wetlands in the regiofDeadmans Swamp, BloLagoon and Lake Robe) using historical
data and an environmental tracer field study

3) Develop a MODFLOYAsed wetland; groundwater modelling framework representatioé
deflation basins and other shallow wetlands in the region



The three wetlands seleetl for the field study were hypothesised to represent a regional recharge
(Deadmans Swamp), fletlirough (Bool Lagoon) and discharge wetland (Lake Robe) along a regional
hydrogeological system.



2.1.1 A SPATIALLY CONTINMBCRECHARGE DATASET

Phase 1 ofttis study built upon half a century of recharge estimation in the South East to provide the first
spatially continuous estimation of recharge in the regi@nosbie et al., 2015 his estimation was

achieved through grountruthing net recharge estimates derived from tB&SIRO MODISHiectance based
scaling evapotranspiration (CMRSET) algorithm (Guerschmar2€08). The advantage of theew net
recharge estimateisthat they are spatially continuous on a ~250 m grid and because the CMRSET
evapotranspiration data is on an 8 day time step there is also a temporal resolution that we have not had
access to before. These net recharge estimates wesandtruthed againshundreds of point scale
watertable fluctuation estimates of recharge over the period 2@010. A further comparison against the
hundreds of previous point scale estimates of recharge demonstrated that the new net recharge estimates
were not biased overglbut there were considerable differences in individual points. For the 10 year period
20012010 the areal average net recharge was found to be 40 mm/yr.

2.1.2 FACTORS CONTROLLWEG AND GROSS REGHAR

The availability of this spatially continuous recharge dataset allowed for an assessment of the variability of
net recharge undedifferent vegetation type, soil type and depth to water table conditions. It was found
that, as well as the expected dependanof recharge upon climate, soil type and vegetation typeharge
under forestry plantation was strongly dependent upon deptiwtatertablefor groundwater depths up to

6 m. For all vegetation types, the watertable fluctuation estimates of gross reclsfigeed a low recharge
when the watertable was close to the surface climbing to a maximum recharge when the watertable was 1
2 m below land surface and then reaching a point beyond about 6 m where the depth to watertable no
longer had an impact on the maigude of recharge. The low recharge when the depth to watertable was
near the surface was due to a lack of storage space in the unsaturated zone and this led to little infiltration
and additional runoff. The maximum recharge & fn depth is because thainfall could rapidly infiltrate

to the watertable without being evaporated or transpired while moving through the unsaturated zone. The
volume of gross recharge increases, but at the same time, evapotranspiration from the groundwater will
also increase.le reduction in recharge with greater depth to watertable was due to the infiltrating rainfall
replenishing diminished unsaturated zone storage and being available for evaporation or transpiration.

The net recharge estimates had a different relationshighwliepth to watertable as this also incorporates
evaporation and transpiration processes that are known to exhibit a dependence upon depth to
watertable. For the forestry land use, when the watertable was shallow, there was a negative net recharge
with a peak reached at around-2 m depth,from this point the net recharge increasdoecame positive,

and at a depthof around 8 to 20 metres, Wwas no longer dependent upon the depth to watertablde

depth to watertable where the net recharge under the fargdand use was no longer dependent occurred

at around 6 m under sandy soils and may be greater than 20 m under clayey soils. This diffeteiec®

higher capillary fluxes for the finer textured saither than differences in rooting depths. The pastland

use had almost no relationship between net recharge and the depth to watertable from the remote sensing
based water balance estimates, presumably because of the difference in rooting depth of the vegetation

types.
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In Phase 2 of the project, thehdity of the observations of the depth dependence of recharge was tested
using the WAVES unsaturated zone model (Zhang and Dawes, 1998). Using the same soil, vegetation and
climate inputs the model was run for various depths to watertable to investitjgse relationships. The
relationships seen between soil evaporatiand transpiration and depth to watertable were as had

previously been described in the literature and the relationships between both gross and net recharge
were replicated as seen in thésudy in the SEFigure?)

The relationships observed here between depth to watertabid both gross and net recharge are not
generally seen in the literature and, consequently, little thought has been put into how to model them in a
regional groundwatemodel to date.Two new and different methodologidsr thishave been developed

as part ofthe South East Regional Water Balapogiect,and aredescibed in the following sections.

11
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Figure2. Example of groundwater deptl's. net recharge curves generated from WAVES modelling for (a) Mount
Gambier softwoods on solil type 2, (b) Bordertown crops on soil type 5, (c) Lucindale perennial grazing on soil type 5
and (d) Lucindale native vegetation on soil type 2. Net rechargadkciated by the black line. Other unsaturated

zone fluxes used to calculate net recharge are also shown: transpiration (OS_T, red), canopy interception (OS ],
orange), soil evaporation (Soil E, yellow), runoff (Q, green), gross recharge (Gross_R, lighabthET from

groundwater (ETGW, purple).
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2.2 Regional Groundwater Flow Model

2.2.1 MODEIDEVELOPMENT

The regionagroundwater flommodel consists primarily of a three layer transient MODFLOW groundwater
flow model, which hasden developed for a large area of the South East of South Australia, including the
LLC PWA, and extending across the/&/orderto cover the entire regional flow systerfhis is the first
model to include details of both the unconfined and confined &&siin this region. New data sets were
developed as part of the project and these have been implemented in the groundmaidel and the
recharge modethat supports it including hydrostratigraphy, mamade drains, groundwater extraction

and historicaldnd use. The groundwater and recharge models therefore act as databases of the latest
climate, soils, land use, and hydrogeological data for the region.

The regional groundwater flow model includes: (a) a steady state version that represents average
condtions between January 1965 and December 1974, and (b) a transient version, which adopts monthly
stress periods and simulates the period between January 1970 and December 2013. The model domain
covers the area shown Figurel. and is discretised into model cells that are 1 km x 1 km in area. Three
model layers are implemented, as showrHgure3. . The model domain covers part of the Gambier Basin

of the Otway Basin and part of the Murray Basin, and the geological units of the Murray Basin are identified
in italics inFigure3.

West o I _ i D_Prl'm East

-
)

—

Layer 1 Aquifer Padthaway Fm, Bridgewater Fm, Coomandook Fm (Quaternary Limestone Aquifer)
Gambier Limestone/Murray Group Limestone (Tertiary Limestone Aquifer)

‘ Layer 2 Aquitard Gellibrand Marl, Narrawaturk Marl, Upper Mepunga Formation, Geera Clay,
) Etirick Formation (Lower Tertiary Aquitard)

" Layer 3 Aquifer Dilwyn Sand, Renmark Group Sand (Tertiary Confined Sand Aquifer)
. Pember Mudstone, Pebble Point Formation

Figure3. A typical cross section through the regional groundwater flow model showingdal layers.

The regional groundwater flow model includes all availablerinédgion on the conceptual model, including
hydrostratigraphy, current and historical groundwater extraction and mede drainsAquifer hydraulic
parameters within layer 1 of the groundwater model were subdivided into five zones based on the
distribution of geology and the approximate location of the Tartwaup Fault. Layer 2 was treated as a single
unit of lower hydraulic condutvity. Layer 3 was divided into four zones that were developed by
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amalgamating hydraulic conductivity zonesed by Brown (2000h ithe Tertiary Confined Sand Aquifer
model, as well as by considering measured head contours.

2.2.2 RAINFALL RECHARGE

A particular focus of th&egional Water Balangeoject was on the quantification of rainfall recharge
particularly in shallow watertablareas Despite being a very large component of the regional water
balancethere was ncsuitable spatial and temporal rainfall recharge dataset that had been validated
against real measured recharge dé&ba the study areaorior to this project As part ofthe Regional Water
Balance project, a new methodology, including the development of aM@BFLOW net recharge package
has been developed in parallel with the regional model construction. Thisekakedin apreliminary tool
that will support future recharge modelling buequiresfurther development and testing within the
framework of the regional model as the latter evol\{ese Sectio2.3below). If successful, this tool will
provide a usefriendly means of incorporating watertabtiependent recharge into groundwater models
and predicting recharge under future scenarios.

In the meantime, pevious work in the South Easy Fleming and Hutson (201ghovides a spatially and
temporally variable rainfall recharge input dataset for thajority of the study area. This dataset was
developeddza A Y3 G KS wA-aget INNRCHM ursditwdated Zomeynddiltson, 2003)

implemented in a GIS frameworkhis datasetioesnot include the effect of depth to watertable on net
recharge angbreviouslyhad not been compared to real field datdowever, he outcomes othe Phase 1
recharge studyrovided an opportunity taondition the LEACHM recharge model to real data, providing:

(a) avalid recharge input dataséb facilitate construction of thereliminary regional groundwater flow

model, (b) an opportunity to closely evaluate the model parameters that influence the recharge model
outputs, and (c) a second valid methodology against which to test the outcomes of the new MODFLOW net
recharge apprach

The recharge and evapotranspiration outputs of tHHeACHMInsaturated zone model were compared
againstthe CSIRO MODU&rivednet recharge datsetsthat had beerdeveloped andvaluated as part of
Phase 1Section 2.1.1jCrosbie and Davies, 2013p€bie et al., 2015). This resulted in a series of
improvements to the recharge model used by Fleming and Hutson (2014), and an improved confidence in
the use of its outputs in the regional groundwater flow model (Morgan et al, 2015).

Along with the outpts of gross recharge from the LEACHM modekw method for representing
groundwater ET with the MODFLOW EVT package was employed within the groundwater model and
involved the use of a modified extinction depth approach, as outlined in Morgan et al, PRishew

approach scales groundwater ET in each MODFLOW cell by the relative area of the cell that is inundated.
Traditional methods for applying the EVT package, that involve the use of a spatially uniform extinction
depth of 2 m (somewhat arbitrarily keted) and an ET surface (determined using an approximation of the
ground surface elevation in the cell e.g., using the mean DEM value in the model cell), failed to converge
within the South East model. This convergence failure is thought to be duggdhanges in calculated
groundwater ET fluxes between time steps that occur in shallow water table environments such as the
South East. The modified extinction depth approach overcomes this problem because it smooths out the
changes in groundwater ET begen time stepsThe approach was validated through comparison with the
CSIRO MODIS datasets described above.

Using this approacltombining gross recharge from the LEACHM model with watertable depth dependent
evapotranspiration in MODFLOWg estimated areal average net recharge for the study area for the 10
year period 20022010was 48 mm/y, compared withd0 mm/y estimated as net rechardsy Crosbie et al.
(2015)
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2.2.3 CALIBRATION

The steady state model takes less than a minute to run andratibb was carried out usinipe PEST

model calibration code (Doherty, 2005), with hydraulic conductivities allowed to vary within acceptable
ranges for the geology in the region, as outlined in Morgan et al. 20The transient model takes about
15 haurs to run and therefore calibration of storage parameters was carried out using a manual trial and
error approach. Storage parameters were implemented using a single zone in eaclhlagell number of
zones have been employed during calibration becanigbe limited spatial hydraulic property data
currently available for the are®ecalibratiorof the modelusingadditional zones or pilot poinis
recommended whemdditional hydraulic parameter data becomes available.

Despite the relatively simple dtdNBE 2 F G KS 3INBdzyRgl GSNJ Y2RSt Qa LI NI Y
statistics are relatively good (steadiate model rootmeansquare error (RMSE) = 5.4 m and scaled-root
meansquare error SRMS5 3.6%; transient model RMSE & f and SRMS =®46) The plot of measured

versus modelled heads for the steadiate and transient modslare shown irFigure4 andFigure5. Maps

of measured versus modelled heads contours for the steady state model are sh&iguia6 andFigure

7, respectively.
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The transient hydrographsee Appendix Ahow a good match between sheadrm (i.e., seasonal) head
changes in the majority of cases. This indicates that seasonality of recharge, groundwater ET and extraction
are being represented with reasonable accyratthe model. Longerm trends in head also match

reasonably well, indicating that lortgrm climate, extraction, irrigation and land use change impacts are
generally well represented including, for example, the rise in water levels following the 1883 As
Wednesday bushfires, which destroyed extensive areas of plantation forestry and native vegetation, with
the resulting increase in recharge being obvious in hydrographs around that area. However, differences in
long-term modelled and measured head trends occur in hydrographs close to the Kimberley Clark pulp
and paper millend this suggests that extraction values used in the model are tooM@asured

hydrographs in the South Australian highlands indicate a rise in water levels from the start cddieé m
periodin 1970to the 1990s. This is due to a lag in recharge reaching the water table after forest clearing.
The current LEACHM recharge model has attempted to incorporate this effect in a preliminary way but
further work is neededAlso, a number dfiydrographs have a steeper decline in modelled heads than
measured heads for the period since 1990, especialyghland areasThe match between measured and
modelled heads in layer 3 of the model (i.e., the confined aquifer) is variable across fayatregrhe

difference is largest at the coast near Robe, where the density corrected heads are less than the measured
heads This discrepancy is likely due to the offshore extension of the confined aquifer. For the hydrographs
near to extraction wells theemsonal change in measured heads is not matched by the mohisl is likely

due to both model averaging effects owefl km x 1km cell sizes well as the use of only a small number of
hydraulic conductivity and storage zondodelling of the confined agjfer requires further attention to be

able to better simulate seasonal and letegm trends particularly in the areas of highest groundwater use.
The rise in measured hydrographs in recent years is thought to be due to rehabilitation of leaky confined
wells in the area. This rising trend is not matched by the model, despite that reductions in extraction from
rehabilitated wells was included within the mod&l.number of rehabilitated wells were not included

within the model because data was not availabi¢he time of model developmenPlease refer to

Morgan et al., (2015) for further details of the model calibration.

The transient model produces reasonable water balance regkilisire8 ), based upon comparison with
estimates of net recharge (i.e., gross recharge minus groundwater ET), drainagedbastal discharge
fluxesand interaquifer leakageFor the 2001 to 2010 period the model producespatially averaged net
recharge of 48 mm/y, which compares well to the estimate by Crosbie (2015) of 40 mm/y for the same
period. Also, the model estimates drainage fluxes of around 250 GL/y for the entire simulation period,
which compares well to the sunf measured drain flows to the sea and evaporation from the drains
(estimated) which is 425 GL/y (and considered an upper linfMt)delled coastal discharge fluxes can be
compared with an estimate obtained from an environmental tracer study carried wing Phase 1 of this
project (Lamontagne et al., 2015). That study estimated coastal groundwater discharge in tfehoesar

zone between Port MacDonnell and the SA/Victorian border to be 50 to 150 Ghadischarge along the
near shore for the rest ahe coastline in the study area is unknown. However, near shore discharge is
possibly small elsewhere because of the presence of several coastal lakes located below mean sea level
(Lake Bonney, etc). These could intercept shallow groundwater before ieaah the coastline. Modelled

total groundwater discharge at the coastal boundary for the whole study area is evaluated as 1368 GL/y in
2013. Itis likely that much of this discharge is occurring offshore. It is not possible to independently
evaluate modéed offshore discharge fluxes at present, but it may represent a substantial component of
the water balance. Whilst technically challenging, further independent evaluation of coastal flux would help
to constrain the water balance model.

19



15,000 —
—Recharge —Evapotranspiration
——Extraction —Drains
—Net coastal flux —Change in net storage
5,000

il I\UL

-, 4. g, . SRR PR
VAT SR S SR
A 3 vy

10,000

Flux (GL/y)

—~——

hlu

5,000

21/12/1963 21/12/1974 21/12/1979 21/12/1964 21/12/1989 21/12/19% 21/12/1939 21/12/2004 21/12/2005

Figure8 Transient water balance

The steadystate model predicts a flow from layer 1 to layer 3 (through layer 2) of 317 GL/y. This value is
higher than the rough estimate of 2080 GL/y which is based on the poestale isotopic analyseof

Harrington et al. (1999). However, given the uncertainty associated with both estimates, it is considered
reassuring that values of a similar order of magnitude were obtaiiad.velocity vectors through the base

of layer 1 predicted by the steaebtate model suggest a pattern of intaquifer leakage that is more

complex than previously thoughbased upon observed head differences and trends in groundwater
hydrochemistry and isotopeparticularlyin the north of the model domaifFigure9). However, in

general, the locations of downward flow and upward flow agree with measured head differences between

layer 1 and layer.3
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Because the model domain extends beyond the boundary of the LLC PWA and incorporates the whole
regional groundwater flow systemastimates can be provideaf fluxes across the Souttugtralia- Victoria

border and into the LLC PWA (i.e., across the eastern boundary) and across the northern border of the LLC
PWA. Modelled net inflows from Victoria and net outflows across the northern boundary are reasonably
constant over the period ot transient simulation. In 2013 net inflows from Victoria are 310 GL/y and net
outflows across the northern boundary are 31 GL/y.

The sensitivity analysis indicates that the water balance and goodridgsstatistics are most sensitive to
changes indross) recharge and hydraulic conductivity in layer 1. Therefore, future work to improve the
accuracy of these data sets will have a significant benefit in terms of increasing confidence in model
outputs. Changing drain conductance had a large impact amage fluxes but minimal impact on the
model goodnes®f-fit. Therefore, the calibration process is not able to inform drain conductance on the
basis of the current observation dataset. Monitoring of flows and water levels in the drains would reduce
uncettainties associated with drainage fluxes.

A number ofrefinementsto the regional water balance model are required to improvesitgaklity for use
as a quantitative management mod€&lor example, the calibration approach and uncertainty analysis
shouldbe upgraded to better capture the complex nature of the aquifer characteristics. Noneth#iess
model is considered to have the majority of the characteristics of a Class 2 model, as described by the
Australian Groundwater Modelling Guidelines (Barnett et al., 2012). As such, it is able to provide: (a)
valuable information on intermediate anégional groundwater flow paths, particularly in relation to the
influence of these on wetlands (s&aylor et al. (2015) (b) areas of the model that require improved
conceptualisatiorand the attainment of additional field measuremengs) semiquantitative information
aboutthe likely impacts of future climate or management scenarios, and (d) improved estimates of the
regional water balance and how it varies over time.

2.2.4 KEYLIMITATIONS OF TREGIONAL GROUNDWAHERWMODEL

Theregional groundwater floumodel is a simplified model of a complex natural system. As such, it includes
a large number of standard assumptions about the system it represents and its outputs are limited by the
degree of initial system understanding and amount of inglata availableThere is limited field data within

the large model domain on hydraulic parameters &eg water balancéluxes. This restricts the ability to
constrain many of the parameters used within the model and hence there is currently a high degree of
uncertaintyin model outputs. Future work is needed to improve the calibration when additional

information becomes availablé detailed uncertainty analysis is required to improve understanding of the
models suitability for use as a management tool.

The model has n developed as a regionatale water balance model and hence the focus has been on
incorporating large scale water balance processes rather than calibration to measured heads. Additional
work is needed for the model to be able to simulate localised chariig water levels in response to

stresses such as pumping.

The large spatial scale of the study area requires the regigsé model to have relatively coarse levels of
spatial discretisation (i.e. large model cells). For this reason, regardles$eekitef calibration or the

amount of input data, the regional groundwater model will not be able to reprekmattscale processes
(such as those associated with interdunal systems,.€kbg purpose of the model is to represent
intermediate and regioal groundwater flow systems in the study ar&¥ith this in mind, the regional
groundwater flow modelcanprovide a basis for future locakale groundwater modeEmingto answer
localscale hydrogeological questiof®uch as defining environmental watexquirements for specific
wetlands, etc.)Detailed recommendations to further improve the regional model can be found in Morgan
et al. (2015) and are also summarised in Chapter 3.
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2.3.1 METHODOLOGY

The results desdredin Section 2.1.2bove clearly demonstrate the need to incorporate the depth to
watertable dependence of recharge into groundwater models of the South Haisthas been achieved in

the current preliminary version of the regional groundwater flow miatieough the development of gross
recharge datasets in an unsaturated zone model (LEACHM) and applicatinevofreodified extinction

depth ET approach in MODFLOW. However, a simplified approach to implemesitnegharge in

MODLOW in shallow watertabhreas haslsobeen developed, to make regional models more user

friendly and amenable to scenario modelling for management purp@esventionally in MODFLOW,
recharge is an input that is independent of the depth to watertable (RCH package). Thisregivas well
where the watertable is well below the land surface. Evapotranspiration (EVT or ETS packages) has always
been modelled in MODFLOW as a linear relationship with depth to watertable, with the evapotranspiration
being at a maximum when the watable is at the land surface and then decreasing to O at the extinction
depth. These existing packages do not simulate what we have observed in the South East, with gross
recharge being dependent upon depth to watertable and the evapotranspiration nogkaia maximum

when the watertable is at the surface.

To enable these processes as observed to be replicated in groundwatersyddeé South Easa more
complex coupled unsaturatesiaturated zone model would normally be required. Coupled unsaturated
saturated models generally need a much finer numerical discretisation leading to run times that can be
orders of magnitude greater than an equivalent MODFLOW model. Consequently these complex model
codes are generally only used in a sksalle research ndels rather than regionadcale management
models.The approach currently implemented in the regional groundwater model also requires spatial and
temporal gross recharge datasets to be developed for each scenario outside the MODFLOW framework
whichis lalour intensive. One of the aims of this regionatale model of the South East is to investigate the
predictive uncertainty in elements of the water balance. This requires running the model hundriade ®f

at a minimum, making these methodapractical.The solution pursued here was to create a new
MODFLOW package that can incorporate the depth dependent net recharge that has been observed.

The existing segmented evapotranspiration (ETS) package returns an ET rate that is dependent on the
depth to waterteble from a piecewise linear function that is limited to having the maximum when the
watertable is at the surface, decreasing to 0 when the watertable reaches the extinction depth. The new
MODFLOW net recharge package (NETR) developed as part of thi$ iglapees these restrictions to

enable the piecewise linear function to be both fing and negative. This allowlse maximum to occur at

any depth and not be restricted to having a flux of 0 at the maximum depth. The package reads a landscape
key that isassigned to each grid cell and then reads the values of the piecewise linear function from a look
up table that has a row for each landscape key véikigure 10 The NETR package can use a new-lgok

table and landscape key for each stress period otinae to use the same inputs as the previous time

step. This enables both transient land use and transient net recharge relationships to be incorporated into
the model.
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Figurel0 Conceptual diagram of the modelling process witie new net recharge MODFLOW package (NETR).

The new net recharge MODFLOW package (NETR) was tested on a small tutorial model of 17 x 17 cells and
five layers to mimic the conventional RCH and EVT package behaviour. When the test model had recharge
(RCH) nly, the new package returned identical outputs for both water balance and heads. When it had
evapotranspiration (EVT) only, the new package returned identical outputs for both water balance and
heads. When both recharge (RCH) and evapotranspiration {gva)mplemented, the new model

returned net recharge outputs that were fractionally (but insignificantly) higher than the combined output

of the RCH and EVT packages, the difference is believed to be due to the sequencing of packages in
MODFLOW. This camhed that the functions were implemented into MODFLOW successfully.

As a proof of concept, the test model demonstrated that the new net recharge package (NETR) works for
both steadystate and transient model instances, however, a more complex test vathégional model
wasrequired
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2.3.2 ESTIMATING RECHARGIR THE REGIONAL NEDD

To test the new net recharge package more extensively, it was incorporated into a-staselyersion of
the regional groundwater model. The inputs needed were the landscape lktharlookup table.

The landscape key was developed based upon the factors found to be important determinants for net
recharge. These were climate, soil type and vegetation type. The climate within the model domain was
attributed based upon Theissen pobyts around 12 representative climate stations. The soil type was
attributed according to the average clay content of the top 2 rnthefsoil profile estimated using the ASRIS
databaseandwas split into 7 classes. The vegetation type was a simplificatid@ LUMPAustralian
Collaborative Land Use and Management Prograspping(ABARES, 2010) down8 functional classes
that behave differently for recharge. This gave a potential for 672 individual classes in the larkisgcape
which currently 502 physally exist in the region.

The lookup table was populated using the WAVES model. Despite the fact that only 502 currently exist, all
672 landscape classes were modelled using WAVES to support possible future scenario modelling. For each
of the 672 landsape classes, WAVES was run for 26 depths to watertable ranging from 0.01 m to 20 m. The
net recharge was then averaged over 100 years to give ateyngsteadystate net recharge for

populating the lookup table.

The approach was algorithmically testedngsR with a static watertable derived from averaged spring and
autumn water levels and also a 2008 watertable. This algorithmic test returned a net recharge value for
every grid cell in the raster using the static watertable, landscape key andifptade. This test provided

a raster of net recharge that should be able to be compared with the net recharge raster derived from the
remotely-sensed (CMRSET) ET. This test demonstrated that the logic of thepléaile approach worked
successfully but the Waes in the lookup table were not correct. The resulting net recharge raster was too
extreme, the interdunal flats had a negative net recharge (groundwater discharge) that was much greater
in magnitude than that estimated through the water balance armbdhe dunes had much greater positive
net recharge than that estimated through the CMR®&3ed water balance. The model did represent the
bluegum forestry areas south of Lucindale and the pine plantations around Penola well compared with the
CMRSET dathrigated areas were shown to be recharging in the WAVES outputs due to the additional
irrigation volume applied, while the CMRS&Eed water balance indicated that these areas were
evaporating, as applied irrigation was not included in the water bala@gerall the loolup table approach

had an areal average net recharge rate of 15 mm/yr whereas the resensing derived water balance

had an areal average net recharge rate of 40 mnigurell)

The final test of the new net recharge MODFLOW pacKdgdR) was incorporating it into the regional
groundwater model. The steaetate model converged successfully demonstrating that the new package
works, however the water balance was substantially different from that calibrated using a different
recharge iput approach in Task 1, suggesting that further work is needed. Forested areas were better
represented than other vegetation types, while higher elevations were better represented than those with
extremely shallow groundwater (DTWT <1m). Areas for impr&ragrnmclude better calibrated vegetation
parameters in the WAVES model and improvements in the representation of the evaporation surface in the
large cells of the MODFLOW model, perhaps using probabilistic methods.
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An objective of the regional groundwater flow model was to provide more information about the regional
water balance for the LLC PWA. The mddehsa toolthat can be usedo estimate the regional water
balance and observe how it changmser time or under differenscenariosTable E.1 shows a decadal
average water balance for the LLC PWA obtained from the groundwater model that was developed in this
project, compared with that developed as part of the South East Science Review by20b8dThe LLC

PWA is a sularea of the model domain and therefore these values differ to those presented above.

Net recharge and extraction fluxes are very similar for the two water balances. Flows to drains are larger in
the groundwater model, but thigalue was checked against measured drainage flows at the coast and
evaporation from drains and is thought to be reasonable. Additionally, Wood (2010) only considered
outflows at the coast (and not inflows to the drains), which in 2010 were relativelyTlbg/groundwater
modelallows for theestimation oflateral flows into and out of the LLC PWA and these lateral flows are a
large component of the water balance. There is a net outflow of 952 GL/y across the coastal boundary, a
net inflow of 309 GL/y acroske eastern boundary (from Victoria) and a net outflow of 31 GL/y across the
northern boundary. The negative change in net storagd b6 GL/yr estimated by the groundwater model

is consistent with declining groundwater heads over the 2004 to 2013 pdfitte majority of this storage
change occurs in the unconfined aquifer, and assuming a specific yield of 0.1, this represents an average
drop in thewater tableof approximately0.68 m across thé.LC PWAetween 2004 and 2013 his

compares well with okervation well hydrographs for the unconfined aquifer, which show an average drop
in water level of 0.65 m across the LLC PWA between March 2004 and March/April 2013.

Theregional groundwater floumodel includes all available data and system understantir@ate and the
comparisons presented above and in Section 2.2.3 are encouraging that it provides a reasonable
representation of the regional water balance. Howewerconsidering these water balance outputs, it is
important to recognise that the model &simplified representation of a complex natural system. As such,
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there are still large amounts of uncertainty around each of the water balance comporttieistBkely that
these estimates will change as improvements are made to the regional modelimeefailowing the
recommendations provided in Section 2.2Mformal uncertainty analysis of the influence of model
parameters on the magnitudes of the different water balance components should be carried out before
theseor any other water balanceutputs are used to influence management decisions.

As an example, rainfall recharge is a process that is notoriously difficult to quantify, because of the number
of factors that influence it and the fact that it is difficult to measure. However, iténa large component

of regional water balances. The use of various different but equally valid recharge modelling techniques can
result in vastly different recharge estimates. This project has included a large effort to improve the
capability to model rimfall recharge in the South East, using a combination of new and different modelling
approaches and all available field data including remote sensing data. Despite this, there remains a
difference of 20% between the modelled and measured (remote senaugyage areal recharge rate.
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Wood (2010) Groundwater model

Water balance component  (GL/y) (GLYy)
Inflows Net recharge* 682 930
Coastal boundary *ND 10
Eastern boundary ND 310
Northernboundary ND 50
Surface water inflows 15 ND
Outflows Extraction 285 220
Drains 99 220
Coastal boundary ND 960
Eastern boundary ND 5
Northern boundary ND 15
Discharge from gw springs 97 ND
Net storage change 216 -120

*Net recharge estimatefor Wood (20D) are comprised of 1,256 GLhg¢harge +23 GL/y(drainage from flood
irrigation) +309 GL/yrainfall on surface water bodigs601 GL/y(evaporation from surface water bodigs99 GL/y
(interception of recharge by plantation foresjrsl06 GL/y(direct extraction from plantation forestryNet recharge
from the groundwater model is comprised of 9BGL/y gross recharge argb9 GL/y groundwater
evapotranspiration.

** Not determined.
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2.5.1 CONCEPTUAL MODEDR WETLANGROUNDWRARER INTERACTIONS

Interactions between wetlands and shallow groundwater are complex because they can be influenced by
both regional and local factorgor LLEWAwetlands, sixegional and locascale factors are proposed to
control groundwater¢ surface water interactions. These are:

1) Landscap@osition¢ whether wetlands are located irecharge(Figurel?2 top), flow-through
(Figurel2 middle)or discharge zoneigurel2 bottom);

2) Topography the development of local flow systems in hummocky terrain, etc;

3) Subsurface contral whether the presence of geological basement intrusiar faultspromote
upward regional groundwater flowr the development of local flow systems

4) The presence or absence of clogging layers at the base of wetlands;

5) Whether a wetland receives surface runoff or is only raimd groundwateifed;

6) The morphometry of wetlands (including depth, surface area, agtekof incision in the
landscape).

In the LLC PWA, wetlands in regional recharge areas tend to be fresher but with a more veatebigble
regime; wetlands in regional discharge areas tend to have a less vasiatdgableregime but are more
saline(see examples in the next section).

The key here is that some factofar{dscape positioand subsurface contrah particula) are regional or
subregional in naturgvhereas othes are more wetlanespecific Thus, evaluating the impact of changes in
land-use, climate or water allocation policy on wetland water level regimes in the LLC PWA will be a two
step process. Regional trends should be evaluated first (using the regional water baledekr similar

tools) to evaluate, for example, how wetlands @gional groundwater recharge and discharge areas could
respond to change. The second step (using the wetlgnodindwater model proposed below) would

evaluate how local scale features of wetlands (presence or absence of a clogging layer, etc) modulate their
response to change in thgatertableregime at the regional scale.
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2.5.2 DATA REVIEW AND BERTUDIES

To help the deviepment of the conceptual model presented above and the wetlgnalindwater
numerical model presented below, groundwatesurface water interactions were evaluated for three
wetlands along a landscapgadient in the LLC PWBigurel3). This evaluation was made in paring a
review of historical monitoring data and part by sampling surface and groundwater at the wetlands for
various environmental tracers in Mdr014.
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Position in the landscape was clearly an important factor determining ghwater ¢ surface water
interactions in this environmentn a regional recharge area (Deadmans Swamp) the piezometric surface
was seasonally vari#dy the wetland was ephemerdiut salinities were lowKigurel4). Conversely, in a
regional discharge area (Lake Robe), seasonal variations in the piezometric surface were smaller, the
wetland was perennial, but it waasohypersaline Figurel4). The piezometric surface was most variable
in space and in time at Bool Lagoaonpart because it is the only of the three wetlandseivingsignificant
surface runoff (gually at the end of winter)The evaluation of gaining and losing conditions using
potentiometric surfaces was difficult in all wetlands because of their limited surface water level record
(Taylor et al., 2015However, potentiometric surfaces suggestedt Bool Lagoon is a groundwater
recharge area during wet periods and a groundwater discharge area during dry periods. Much of the
groundwater discharge probably occurs by evaporation from shallatertables from areas of the

wetland with exposed sedimés
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Environmental tracermajor ions, stable isotopes of water, tritium, and noble gageske sampled in
surfacewater and groundwater irMarch2014at Bool Lagoon and Lake Robe only. Deadmans Swamp was
dry during this period and currently only has onezuimeter near the wetlangso could not benvestigated
with environmental tracersAt Bool Lagoon, surface water was relativiebshin March 2014<1000mg

ClfLor ~4 dS/mand groundwatetocated 6 to 12 m below the wetlanglas fresh tasaline(300¢ 8000 mg
CfLor ~1.6¢ 23 dS/m Figurel5). However, surface water salinity at Bool Lagoon is known to vary over
time between frestandsaline (.4¢ 17.5 dS/m;Tayloret al. 2015)There may bea vertical stratification in
groundwater salinity in Bool Lagoon, whihackish to salingroundwvater (6 ¢ 20 dS/m)found across the
wetland in shallow pit$1 ¢ 2 m below tke surfacg dugin late March 2014, when the wetlandas drying

Bool Lagoon surface water samples hadrang evaporation signal in tretable isotopes of water, andthis
signal was found in groundwater as well, especially in groundwater along its western i&rith et al.,
2015;Figurel5). Tritium activityin Bool Lagoon surface water was ~2.5 TU, or 85% of the value expected
for precipitation in the region, whereas activities in groundwater ranged from ~0 tdW.(Smith et al.,
2015).Thus, some of the groundwater below and near the lagoon was recharged prior to 1960. Some of
the groundwater samples had terrigenic He, especially upgradient from the wetland, indicating a much
older source of groundwater is alsogsent.An intriguing feature at Bool Lagoon was bromide/chloride
ratios in groundwater suggesting halite dissolution as a source of salinity in groundwater. However, it is not
clear if halite formation and dissolution is ongoing between entrmwetting and drying cycles drthis
representsremnantgroundwater recharged under a past climate, when Bool Lagoon could haveatszdin
lake.
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Lake Rob&éadhypersaline conditions in surface water and fresh to brackish conditiamsighbairing
groundwater(Smith et al., 2015)This is consistent with a discharge environment, where fresher

groundwater discharging to the wetland evaporates. However, thereliwated evidence for regional
groundwater discharging to Lake Robe, but the lake receives discharge from springs associated with
neigboring coastal sand dunes. Despite being located below sea level, Lake Robe is still slightly higher than
the neighbauring Lake Eliza. Thus, the latter may be the focus for regional groundwater discharge.

Based on the data review and the field study, a better picture of groundveadarface water connectivity

at the three wetlands was gained. Based on its location in thdsieappe (Naracoorte Ranges), Deadmans
Swamp is in a regional recharge area. However,iasitrrounded by a network eblian sand dunes, its
local connectivity is uncleand will require a more comprehensive piezometer network to be investigated
Lake Rbe appears to be a local discharge wetland set in a regional discharge area. Bool Lagoon has the
most complex groundwateg surface water connectivity of the three, and could be characterised as an
ephemeral recharge wetland locatedardischarge zone fan intermediate flow syster(Figurel6). The

Bool Lagoon complex (which also includes a number ofraimaller wetlands) is probably an example of a
W2 A ydallagdiform complex of groundwater discharge, which occupies shallow depressions tarsgmi
regions of low relief (Macumbet991).Locationat the toe of the Naracoorte Scarp asdme form of

bedrock contromay explain why a major discharge zone occursethia particular, a major regional fault
(the Kanawinkaaul) occurs near Bool Lagoon and niaguce upwardgroundwater fow.
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2.5.3 WETLANR GROUNDWATHMODEL

Ageneric, local scale wetlaggroundwater interactiomumerical model was developddr LLC PWA
wetlands(Turnadge and Lamontagne, 2018k most wetlands in the region are small relative to the grid of
the regionalgroundwater flommodel, the purpose fothe wetlandgroundwater model was to translate

regional patterns inwatertablevariations into wetland water level regimds particular, the wetland
groundwater model was designed to evaluate how local wetland features (presence of a clogging layer,
surf- OS NHzy 2 FFX Y2NLIK2YSGNRBO Ay Tt dzSyOS watertaldi f | Y RQA
regime.Some of the requirements considered in the developmétthe wetland;groundwater modelling
approachincluded that:

1 Longterm variations in the regionalatertable (whether obtained from the regional scale
groundwater model or from other sources) could be incorporated;

9 The approach is not too computationally demanding, thereby enabling the evaluation of a wide
range of management scenarios over long tineeipds (i.e. decades to centuries);

9 The tool is generic and applicable to deflation basind other shallow (< 3 m) wetland types in the
LLC PWA, rather than applicable to a specific wetland within the region;

9 The output should be provided in the form sifnple surface water level metrics that can be used
by water managers and wetland ecologists to evaluate potential environmental impacts.

The industry standard groundwater flow simulation code MODFI(@&¥son et al., 2014yas used as the
basis for this approactkor the wetland, hte components ofhe water mass balandacluded pregpitation,
evaporative losses from inundated areasd evapotranspiration losses from notundated aeas(Figure

17). For the groundwater domain, significant water massahaé components included-iand outflows at

the lateral and lower domain boundarigieakagerom the wetland and evapotranspiration from shallow
watertables. Each of these components was characterised as awangng flux. Of particular novelty was

the combined approach used to represent recharge and evapotranspiration, which can be represeated
net flux from groundwater rather than by following the traditional approach of compartmentalising the two
fluxes. For the cases of wetlands receiving surface runoff, axamgng boundary condition can be
introduced for wetland surface waterleveS 8 A SY G A | 4.8 WEKSLIOBSY A yR 2y |
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The type of information provided by the model waswenstrated using a synthetic dataset in lieu of
outputs from the regional groundwater flow model, which vl under developmenat the time of
writing. The synthetic dataset represented a scenario for a 5 m drop in a regiatertableand was
appliedfor a2 m deepflow-through wetland, without a clogging laydor different levels of annual surface
water level inputs (+ 0 m, +0.5 m, ¥0Im and +1.5 m¥or these conditionghe synthetic demonstration
showed that the water level regime would switfrom permanent to either ephemeral or permanently dry
under a lover regionalwatertable (Fgure 18. However, surface water addition may partially offset the
watertabledrawdown.For example, for the case with no surface water addition, the wetland wewitth
from ephemeral to permanently dry, whereas with +1 m annual surface runoff itipaitvetland would
switch frompermanent to ephemeralHigurel8).
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The wetlandgroundwater model is generic amginot meant to represent specific wetlands in the region.

Its purpose is to understand wetland behaviour at a regional to subregional scale under different
management scenariofor example, in the example piided above, further simulations could be made

for wetlands with differenshapes, different positions in the landscapechargeareas dischargereas

etc) or with a clogging layer to evaluatdat are the wetland properties that make them most resilient

most vulnerable to changds for the regional model, the wetlargtoundwatermodel does not include

solute transport so it cannot evaluate changesvetland salinity over timea(key ecological driver in this
environment). However, a simple salinigat risk index was defined am@n beused to evaluate whether

salinity ould increase or decrease under different conditions. Turnadge and Lamontagne (2015) proposed

a strategy to couple the regionahdwetland modes. Briefly, the strategy would involdetermining
WK@RNRIS2t23A0Ft adzoNBIA2yaQ Ay GKS [[/ tz2! & C2NJI
discharge zones for a northern area (drier climate, shallower bedrock) and southern area (wetter, deeper
bedrock). The regional modelcéul 4§ KSy 6S Ay G SNNRII (S RwaieableRSGSNYAYS
variation regimes in each subregion. This strategy will need to be further tested and developed in future
studies.

35



A regionalscale water balance model has bedgveloped for the unconfined Tertiary Limestone Aquifer

and the confined Tertiary Confined Sands Aquifer in the south east of South Australia, with a model domain
that covers the entire regional groundwater flow system, including part of Victoria. Thelnmodeporates

all currently available information on the various components of the regional water balance, including new
or consolidated datasets that have been developed for the purpose of this project. The model adopts
monthly stress periods and simuéat the period between January 1970 and December 2013.

The groundwater model is complemented by an unsaturated zone recharge model that has undergone
significant validation and testing. The recharge model simulates the period between January 1955 and
December 2013 and has been used for recharge inputs touhrent version of thegroundwater model.
Despite the simplifications involved in developing a regional groundwater flow model, and the limitations
of the available data, the model represents reasonably well the observedéongfluctuations in
groundwate levels and the elements of the regional water balance of which there is some knowledge.
However, further work is required to improve the model calibration before it is suitable for use in
predictive scenario modelling.

Thegroundwatermodel producsreasonablewater balance resulidased upon comparison with

measured estimates of net recharge, drainage fluxes, coastal discharge fluxes asatjuifer leakage.
Additionally, changes in modelled storage compare well to changes in storage that were edtimsatg
measured water level changes. It can be concluded that the model currently provides a useful tool to
investigate changes in the regional water balance. However, before any results are used in management,
an appropriateuncertainty analysis shoulsk carried outand it should be recognised that these water
balance results are likely to be refined as the model is refined awgdlibrated in the future.

In parallel with the regional groundwater flow model constructiomajor focus of the projectdms been

the development of methodologies to accurately quantify spatial and temporal variations in rainfall

recharge for the study area. In particular, the depth to watertable has been shown in many previous studies
to be a key determinant of evaporatiomd transpiration from shallow watertable environments. This

study has shown that the depth to watertable is a key determinant for both gross and net recharge for
shallow watertable regions such as the south eds$outh Australia. This link between reojpaiand depth

to watertable has been poorly studied in the past and means that this important process has not been
incorporated into commercial groundwater modelling software (including MODFLOW).

To overcome the limitations of existing software for userigea of shallow groundwater, this study has led

to the development of a net recharge package (NETR) for MODFLOW. This new package is based upon a
piecewise linear relationship between net recharge and depth to watertable that is read into MODFLOW as
a lookup table. The package overcomes the limitation of the existing recharge package (RCH) whereby
recharge is independent of the depth to watertable, and also the limitations of the existing ET packages
(EVT, ETS) whereby the maximum ET rate occurs wherateetable is at the surface and decreases to 0

at some critical extinction depth. This new MODFLOW package has been run in assteadyrsion of

the regional groundwater model as a premffconcept, although it is not yet ready for operational use.

Firally, a conceptual model for wetlargfoundwater interactions that combines regionahd localscale
processes has been developed. This framework was used to developdimeasional MODFLOWased
model of wetland; groundwater interactions in the LLC PWTIhe wetlanejroundwater model should be
suitable to evaluate how the surface water level regime of generic wetlands could be impacted when
evaluating regional scenarios of change in climate,as& or water allocation policy.

The field studies on wethd-groundwater interactions were useful in unravelling the complexity of
groundwatersurface water interactions in this landscape, in particular how wetlands can have intricate
local and regional scales of interactions. For example, identifying the 8gobh Complex as a part of a
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major regional discharge zone has important management implications for these wetlands. Wetlands that
are part of a regional system could take a much lorgee to achieve a new state when conditions change
relative to neighbaring wetlands that are part of local hydrogeological systems only.

In summary, the South East Regional Water Balance project has providedfMeaced understanding of
the regional water balance for the Lower Limestone Coast PWA, (2) a regoahalgoundwater model

that incorporates all of the existing knowledge of the groundwater system, (3) in this, a tool that can be
used to further investigate the conceptual model of the South East groundwater system, (4) a better
understanding of the spatial artdmporal dynamics of rainfall recharge in the South East, (5) some
preliminary tools for incorporating the watertable dependence of recharge into groundwater mdagls
new understanding of the regionand localscale drivers of wetlandroundwater nteractions, and (6) a
conceptual wetlanebroundwater numerical model for translating outputs from the regional groundwater
model into wetland water regimes.

The regional model and its associated recharge and wetland modelling todirdyexdvanced but still
require some additional work before they could be applied to guide policy decisions relative to climate
change, land use and water allocationthe LLC PWACey recommendations arising from this study:are

1. Further update key hydd dzf A O LJ NI YSGSNER Ay (GKS Y2RSt o0& &
literature for the region or through targeted field programs. In particular, additional hydraulic
conductivity data evaluated by pump tests should be available in particulaegiagors (Naracoorte
Ranges, Tatiara, Upper South East, Bordertown and Padthaway regions).

2. Independently evaluate groundwater discharge to drains to help constrain the regional model.

3. Further work is needed to explore tleffects of representing the coastabundary condition as a
truncated version of what is otherwise an extensive offshore aquifer system.

4. Continue toevaluate the use ad modified extinction depth approach within the MODFLOW EVT
packageo scaleevapotranspiration using topographic variatimformation from the DEM

5. Refine the lookup table strategy to evaluate recharge rates, in particular through additional
calibration of the model used (WAVES) to populate the tables. Establish and maintain a robust
surface water monitoring program forrapresentative range of wetlands in the reigbature
development of both the regional and wetland groundwater models would be greatly helped by
establishing a more robust surface water level monitoring network for wetlands in the region.
Groundwater mortbring near wetlands would also be improved by installing piezometers in nests
(to measure vertical hydrauligradient) and to combingiezometer nest withshallowwatertable
monitoring welk (to more accurately determinthe position of thewatertable).

6. Use remote sensing data to evaluate historical water level variations in LLC PWA wetlands. Recent
work on remote sensing of South East wetland inundation regimes (Deane et al., 2015) could form
the basis for such an analysis.

7. Evaluate downscaling stratexsi for developing local flow models, suchi®©D (Vermeulen and
Minnema, 2015) or MODFLOWSG Panday et al., 2033

8. Further constrain recharge fluxes in the model by considering groundwater salinity. This would be
especially useful in the northern section of the LLC PWA, where saline water tables are more
common.
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Appendix ATransient Calibration Hydrogrdys for
the Preliminary Regional Model
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Figure A1 Hydrograph comparison between modelled and measured heads in layer 1, interdunal flats.
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Figure A2 Hydrograph comparison between modelled and measured heads in layer 1, coastal plain.
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Figure A3 Hydrograph comparison between modelled and measured heatis/er 1, coastal plain near extractions.
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Figure A4 Hydrograph comparison between modelled and measured heads in layer 1, coastal plain near forestry.
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Figure A5 Hydrograph comparison between modelled and measured heads in layer 1, highlands.
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Figure A7 Hydrograph comparison between modelled and measured heads in layer 3, regional observation wells.

Figure A8 Hydrograph compan between modelled and measured heads in layer 3, near extraction wells.
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