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ExecutiveSummary

The River Murray is the principal river of the western Murray Basin in southeastern Australia. It is highly unusual as it i major
river system that flows through an extensive landscape with highly saline groundwater. The river is naturally prone to salnity,
and this propensity has increased over the past century due to the construction of river locks and the introduction of large -
scale land clearance and irrigation.River flow volumes and river level variability have been reduced, while the watertable tas
risen. The overall impact has been to degrade riverine ecosystems and increase riveand floodplain salinity.

Management of the lower River Murray floodplain requires a detailed understanding of its hydrological and hydrogeological
processes, includingthose which mobilise or store salt. The Basin Plan increases State obligations to manage and report on
salinity and water quality targets for the River Murray. A major outcome of the Basin Plan is to deliver environmental flows to
help protect and restore River Murray wetlands and floodplains. To do so effectively, SA must understand the shortterm
movement of water and salt within the floodplain landscape, under present conditions and under various management options
for delivering environmental water.

Much research has been undertaken to monitor, conceptualise and simulate the dynamics of floodplain salinity. However, there
is currently no consistent and comprehensive approach to modelling the interaction of surface water and groundwater in the
lower River Murray floodplains. To address this need, in 2014 the Goyder Institute for Water Research commissioned the study
Modelling salt dynamics on the River Murray floodplain in South Australiaa collaborative research project with contributions
from Flinders University, CSIRO Land and Water, and the Department of Environment, Water and Natural Resources (DEWNR).
The study area consists of the floodplains of the River Murray in South Australia, from the Border to Morgan, within the South
Australian part of the Murray Basin. Due to the breadth of the review required, feedback was sought from a wide range of
experts and stakeholders.

This report documents the resulting conceptual model, data review, and salinity risk methodology discussion. The literature
review and testing of modelling approaches is reported on in the companion reports Modelling salt dynamics on the River
Murray floodplain in South Australia: Modelling approachegWoods, 2015a) and Modelling salt dynamics on the River Murray
floodplain in South Australia: Modelling approachesd Appendices(Woods, 2015).

Conceptual model

Floodplain salinity dynamics involve a large number of processes operating over a wide range of spatial and temporal scales.
There are three geographical provinces: the regional sdting, the river, and the floodplain. The provinces interact with each

other and with the vegetation and the atmosphere. River flow and regional groundwater flow into and out of the SA floodplain
can be considered as boundary conditions, transporting both water and salt. Within the SA floodplain, water and salt may be
stored within surface features (such as the river, backwaters, wetlands, and lakes), the unsaturated zone and in groundwater.

The processes impacting salt dynamics in the SA River Murray flooglain can be described as regional or floodplain processes.
The regional processes are:

1. Regional groundwater flux to floodplain aquifer
2. River flow and regulation
3. Climate change

The floodplain processes are:

4. Diversions of river water

5. Evaporation

6. Transpiration

7. Surface recharge (including from rainfall, flooding, and artificial/environmental watering)
8. Interaction between backwaters and the river
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9. Interaction between the river and groundwater

10. Interaction between wetlands and groundwater

11. Salt washoff

Drivers are natural or anthropogenic actions which affect these processes. They key drivers are identified as:

Regional drivers:

1. Flow and Salinity of River Murray at SA border

2. Natural (pre-agricultural) groundwater flo w into floodplain
3. Regional land use change

4. Salt Interception Schemes

Floodplain drivers:

5. Floodplain landuse change

6. Weirpool raising and lowering

7. Regulators on anabranches

8. Wetland management

9. Evaporation basins on the floodplain
10. Artificial/Environmental Watering

11. Floodplain pumping

12. Diversions

There are inter-linked challenges in understanding floodplain salt dynamics. The movement of freshwater and salt within the
floodplain is complex and is further complicated by anthropogeni ¢ change. The system is extremely dynamic, and is controlled
by numerous processes and drivers, many of which interact, and some of which are poorly understood. The dynamics impact
domains which are usually considered separately: groundwater, the unsaturaed zone, surface water, vegetation and
atmosphere. Each domain requires specialist expertise and employs assumptions and conceptualisations that may differ from
those used in other domains. Each process will vary spatially, depending on conditions and on Feterogeneity. Each process will
vary over time, some on a daily basis, others seasonally or over much longer timeframes. Finally, there may be insufficient dta
to characterise the floodplain of interest.

The critical processes were identified at an expertworkshop as regional groundwater inflows, evapotranspiration, river level
change (i.e. interaction between river and groundwater and backwaters), floodplain inundation and surface water evaporation.
Their relative importance varies geographically. Regional groundwater inflows into the floodplain could be estimated using
existing DEWNR groundwater models. Regarding the other critical processes, the key gaps in conceptual understanding are
regarding evapotranspiration, freshwater lens dynamics (relates to groundwater-river interaction), unsaturated zone dynamics
(relates to floodplain inundation and surfac e recharge), and wetland interaction with groundwater. Evapotranspiration is the
largest component of the floodplain groundwater balance, but is poorly quantified except on a small scale. Freshwater lenses
directly affect river salinity providing a buffer between the river and saline groundwater. They are also important for the
maintenance of floodplain ecology through the provision of a fresh water source to riparian vegetation communities.
Unsaturated zone dynamics are key to the effectiveness of artifical/environmental watering schemes, as this controls the
movement of water and salt to the root zone during and after inundation. Wetlands are important ecologically but the quantity
and timing of potential salt release from wetland management has been litt le studied.
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Data review

A total of 22 spatial datasets and 15 databases wereidentified as being potentially relevant to the current project. Databases
included a range of information types ranging from administrative boundaries, soil and mineral exploration data, surface and
groundwater hydrology and water quality, and biological data. Spat ial data ranged from vegetation wetland and Key
Environmental Asset (KEA) layers including prioritized areas based on ecological metrics, aerial and satellite based digital
elevation and flood inundation models, ground and riverbed conductivity, and estima ted evapotranspiration. GIS data also
included a variety of floodplain salinity impact layers based on weir pool management, inundation and depth to watertable,
regional groundwater inputs and irrigation practices and ecological health metrics. Spatial extents ranged from coverage
across Australia down to specific floodplain areas e.g. Chowilla.

There is a wealth of data on many topics, but significant data gaps remain. AEM data are extremely useful where present, as
they correlate with groundwater salinity, however surveys do not cover the whole study area. There are few monitored
observation wells particularly within the floodplain so there is little current data on potentiometric head and groundwater
salinity for model calibration. The lack of wells also means there is minimal information from aquifer tests, which would provide
aquifer and aquitard properties. Vegetation surveys are yet to assess the impact of the Millennium Drought and 2010 flood.
There are also few observations of riverbed conductance and inundation recharge rates.

One critical new dataset was identified during the review: satellite-derived estimates of actual evapotranspiration provided by
the CSIRO MMIS Reflectancebased Scaling Evapotranspiration (CMRSET) method. A preliminary anadys of the dataset is
provided in an Appendix. An extended analysis could greatly improve understanding of evapotranspiration in SA River Murray
floodplains.

Other existing data could be analysed to yield further information. A r eview toroidal coil data could provide a more detailed
understanding of salt risk to the River Murray under flood conditions . AEM data could be analysed to see whether it is possible
to determine the elevation of the Coonambidgal/Monoman Formation interface, to provide clay thicknes ses and extent.The
McEwan et al. (2003) soil surveycould be reviewed to see if this data can improve understanding of soil conditions and
properties. It may need to be converted into a spatial format for ease of use.

Salinity risk assessments

Five existng methodologies are identified as representing the best approaches for assessing risk to river or assessing risk to
floodplain. Each has noteworthyfeatures which may aid in the development of future salinity assessment frameworks. These

are: the Floodplain Risk Methodology, The Living Murray Environmental Works and Measures Program Salinity Impact

Assessment Framework The Salinity Impacts of Commonwealth Environmental Watering Activities Stage 1: Risk Assessment

data mining historic flow and salinity r ecords, andtheRi ver i ne Recovery Pr oj etowdver, Breepfesi an
the reviewed methodologies are currently capable of assessing the risk of multiple drivers acting concurrently despite this

being the norm.

We recommend that a Salinity Risk Framework be developed which is based primarily on the following, but informed also by
other methods:

1 The current Australian and New Zealand standard process for risk management
1  The Living Murray (TLM) methodology, which is broad enough to encompass all kinds of assessments

1 The CEWH assessment (RPS Aquaterra, 2011a), which provides an excellent example for assessing the impact of one
driver (artificial/environmental watering) on long -term salinity risks to the lower River Murray

Thereisnosingears wer to the question, oOWhat is the salinity risk?6 R
salinity risk depends on the driver/action, whether the risk to be evaluated is to the floodplain or river, and whether the r isk is
to be evaluated in the short-term or long -term.

A suite of likelihood and consequence matrices could be developed for each risk category (river and floodplain) and driver, in
the following stages. Each stage will require input from experts.
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Recommendations

Existing data and models can be mined for additional information. We recommend that the Salinioty Register models be used
to estimate the impact of various regional conditions on groundwater flux to the floodplain. As discussed above, broidal coil,
AEM and soil surveyscould be re-analysed for further information.

Key conceptual gaps should be addressed. Understanding of evapotranspiration would be improved through an analysis of the
recently-available CRMSET satellite estimates of AET, grounttuthing with available data from floodplain water stations and

the eddy covariance tower at Calpernum. Freshwater lens dynamics should be investigated through a review of existing data,

new hydrochemical studies, and model | i nByndmichandmanagementcf rivarineo pe o
f reshwat eUnsaturated gomesdynamics and wetland interaction with groundwater should likewise be investigated with

a combination of fieldwork and modelling.

A Salinity Risk Framework should be developed, combining prior methodologies, to provide a suite of likelihood and
consequence matrices for each risk category (river and floodplain) and driver.
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1 Introduction

Juliette Woods &, Linda Vears

The River Murray isthe principal river of the western Murray Basin in southeastern Australia. It is highly unusual as it is a major
river system that flows through an extensive landscape with highly saline groundwater. The river is naturally prone to salinity,
and this propensity has increased over the past century due to the construction of river locks and the introduction of large -
scale land clearance and irrigation.River flow volumes and river level variability have been reduced, while the watertable has
risen. The overdl impact has been to degrade riverine ecosystems and increase riverand floodplain salinity.

In South Australia (SA), the River Murray provides water for the city of Adelaide, numerous smaller towns, industry, stock,
irrigation, and floodplain ecosystems; hence the management of river salinity is vital for the economy and the environment. In
recent decades, State and Federal governments have invested in research, engineering works and evidenebased policy to
control the salinity. This has been extremely siccessful, and the salinity of River Murrayat Morgan in SA now meets legislative
long term average targets even under extreme conditions of drought and flood. Given this success, the focus of salinity
management has widened to include the management of fl oodplain salinity, to improve the health of riparian ecosystems.

Management of the lower River Murray floodplain requires a detailed understanding of its hydro logical and hydrogeological
processes, including those which mobilise or store salt. Much researt has been undertaken to monitor, conceptualise and
simulate the dynamics of floodplain salinity. However, there is currently no consistent and comprehensive approach to
modelling the interaction of surface water and groundwater in the lower River Murray floodplains.

To address this need, in 2014the Goyder Institute for Water Research commissioned the study Modelling salt dynamics on the
River Murray floodplain in South Australig a collaborative research project with contributions from Flinders University, CSIRO
Land and Water, and the Department of Environment, Water and Natural Resources (DEWNR). The project consistl of two
main tasks. Task lwas a review of data and literature on floodplain processes, salinity risk assessments and floodplain
modelling in the lower River Murray. Task 2 developgd and tested methods of simulating the salinity dynamics of the lower
River Murray floodplain.

This report documents the resulting conceptual model, data review, and salinity risk methodology discussion. The literature
review and testing of modelling approaches is reported on in the companion report Modelling salt dynamics on the River
Murray floodplain in South Australia: Modelling approachegWoods, 2015a) and Modelling salt dynamics on the River Murray
floodplain in South Australia: Modelling approachesd Appendices(Woods, 2015b).

1.1 Study area and scientific context

The study area consists of thefloodplains of the River Murray in South Australia, from the Border to Morgan, within the South
Australian part of the Murray Basin (Figure 1-1). While salt does enter the River Murray downstream of Morgan, this area is at a
comparatively lesser risk of salinity because groundwater salinities are lower and there is little flow from groundwater to t he
river. The Coorong, Lower Lakes and Murray Mouth (CLLMM) region is notincluded as its hydrology and hydrogeology are
significantly different. While the study area is within South Australia only, similar salinity dynamics exist as far upstream as
Nangiloc-Colignan in New South Wales and Victoria More broadly, similar dynamics may be seen for any freshwater river that
interacts with saline groundwater. Hence the literature review includes studies of sitesin SA, interstate and overseas.

The SA River Murray lies within the westernmost part of the Murray Basin.The Murray Basin is a lowlying, saucershaped
depocentre of Cainozoic unconsolidated sediments and sedimentary rocks (Evans& Kellett, 1989; McLarenet al., 2011). Itis a
closed groundwater basin of approximate area 300,000 km? with a number of regional aquifer systems Evans& Kellett, 1989).

The western part of the Murray Basin is referred to as the Mallee Province(Evans& Kellett, 1989) after its characteristic water-
efficient vegetation. Its geology is discussed in detail in Chapter 2. The climate is dry, with mean annual rainfall of
approximately 300 mm/yr and a mean annual potential evapotranspiration of 1,600 to 2,000 mm/yr (BoM, 2014). The dry
climate is responsible for the high salinity of the regional groundwater, concentrating the small proportion of salt in rainfall
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over tens of thousands of years (Herczeget al., 2001). The regional groundwater is typically 20,000 mg/I but can be above
100,000 mg/l (Telferet al., 2012).

The lower River Murray is a linear oasis within this dry landscape. The river has carved a trenclthrough the upper sediments of

the MurrayBasin, di vi ding the topogr aphy.Withntthe trehdh,cont frdstavater is providedbyh i g h |l ar
rain, but the majority is delivered by the River Murray via surface channels, episodic flooding, and by freshening groundwater.

The freshwater supports a diverse ecosystem, mosstrikingly the riparian river red gums and black box eucalypts.

The movement of freshwater and salt within the floodplain is complex. The river brings freshwater from upstream. Regional
groundwater flows into the floodplain sediments, bringing salt. Evapotranspiration concentrates salts in the soils and
groundwater. Flow between the river and floodplain aquifer depends on the gradient between the river level and the
watertable, which changes over time and may reversedue to complicated interacting factors. Anabranches and wetlands may
store and release salt.The system is extremely dynamic, and responds strongly to climatic conditions such as drought and
flood . Chapter 3 summarises what is known about floodplain hydrologica | processeswhich mobilise or store salt.

The system is further complicated by anthropogenic change. The construction of river locks in the 1920s/1930s altered the
balance between river levels and groundwater levels,and changed some anabranches and wetlards from ephemeral to
permanent while drying out others. Large-scale irrigation withdraws substantial volumes from the river. Land clearance and
irrigation have increased recharge to groundwater, raising the watertable and mobilising more regional salt to the floodplain.
Overall, the impact has been to reduce the volumes of freshwater flowing into the SA River Murray floodplains while increasing
the volumes of saline groundwater flowing in. The average and peak salinity of the lower River Murray increased and floodplain
vegetation was damaged.

Numerous works to control salinity have been undertaken. Some aim to reduce the flow of regional saline groundwater into
the floodplain trench . These include controls on land clearance, the rehabilitation of irrigation areas to minimise recharge to
the watertable, and the construction of Salt Interception Schemes (SIS). Other works alter the flow of freshwater within the
floodplain, using regulators, weir pool manipulation, wetland management, artificial/environmental watering and pumping
from the floodplain aquifer.

1.2 Policy context

Schedule B to the Murray-Darling Agreement establishes a requirement to identify, assess, repot, monitor and review
management actions which cause a significant long term increase in the salinity of the River Murray at Morgan. These actions
must be entered onto the Murray -Darling Basin Salinity Registers.

The Basin Plan expands obligations to manag and report on short term salinity and water quality targets for the River Murray.
All River Operators and Environmental Water Managers must have regard for these targets when making flow management
decisions. Having regard for water quality targets must be done in the context of the outcomes of the Basin Plan, to deliver
environmental flows to help protect and restore River Murray wetlands and floodplains while maintaining water quality for all
water users.

To fulfil these requirements and to provide assistance to policy makers and environmental managers, South Australia is seeking
to improve understanding of the short -term movement of water and salt within the floodplain landscape, under present flow
conditions and under various alternate options for delivering environmental water.

1.3 Project aims

The Basin Plan increases State obligations to manage and report on salinity and water quality targets for the River Murray A
major outcome of the Basin Plan is to deliver environmental flows to help protect an d restore River Murray wetlands and
floodplains. To do so effectively, SA must understand the shortterm movement of water and salt within the floodplain
landscape, under present conditions and under various management options for delivering environmental water. Short-term
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salinity impacts, both positive and negative, should be calculated in a way consistent with the requirements of the Basin Plan
and Schedule B.Current tools do not simulate the floodplain in the detail needed (Woods, 2015).

The project provides foundational knowledge, data and outcomes for existing and emerging environmental programs,
including the Murray Futures Riverine Recovery Programthe South Australian Riverland Floodplain Integrated Infrastructure
Program (SARFIIP) and future s@ity management activities.

The key outputs presented in this report are:

1 Areview of the geology and hydrogeology of the Murray Basin, including details of the SA floodplains of the study
area (Chapter?2).

1 A conceptual model based on a literature review of floodplain salinity dynamics (Chapter 3). Thi identifies relevant
physical processes, and the natural and anthropogenic drivers which impact the processes.

1 Areview of the available datasets (Chapter4).
1 Areview of approaches to salinity risk assessment (Chaptesb).

In addition, one critical new dataset was identified during the review: satellite-derived estimates of actual evapotranspiration
provided by the CSIRO MIS Reflectancebased Scaling Evapotranspiration (CMRSET) method. A preliminary analysis of the
dataset is provided in an Appendix.

Due to the breadth of the review required, feedback was sought from a wid e range of experts and stakeholders. A preliminary
conceptual model and data review was presented at a workshop in June 2014 and attendees were also provided a draft
bibliography by email. Feedback was sought from the attendees on the processes, drivers anl risks of floodplain salt dynamics,
including the relative importance of each in different river reaches. Attendees were also invited to identify any further rel evant
papers, reports, and datasets. A draft Task 1 report was prepared and circulated to a Pbicy Advisory Committee and selected
technical experts for informal review. Details of those consulted are provided in the Acknowledgements. The results of Task 1
shaped the modelling undertaken for Task 2. Further consultation took place for Task 2 (Woods, 2015a).

While this report focuses on conceptual understanding, the companion report s (Woods, 2015 & 2015b) focuses on modelling
issues, including data requirements, past modelling approaches, and model testing.Key floodplain processes are examined to
determine how these can be simulated This includes assessments of the impact on simulation accuracy of different
assumptions/simplifications and data limitations. MODFLOW and SOURCHilot models are developed and tested to simulate
lower River Murray and floodplain dynamics. Finally, aworks program is developed to prioritise improvements in the modelling
required and inform targeted data collation and scientific studies.

The overall research outcome is how to represent floodplain processes to inform floodp lain and river salinity management,
including estimates of the uncertainty introduced by model assumptions. The outputs will enable the progressive development
of models of the SA River Murray to simulate the impact of environmental actions on groundwater flow and salinity, including
exchanges with the River Murray and freshening of floodplain aquifers. They will also inform models of other regions where
surface water d groundwater interactions are important.
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2 The Murray Basin

Juliette Woods

2.1 Location and extent

The Murray Basin occupies300,000 km? of inland southeastern Australia (Brown, 1989)(Figure 2-1). It is a shallow,low-lying,
saucer-shaped intracratonic basin consisting of Cainozoic unconsolidated sediments and sedimentary rocks (Brown, 1989
Evans & Kellett, 1989) The Basin is bounded bysubdued mountain ranges of Proterozoic and Paleozoic fold rock belts, except
for part of its southwestern edge in South Australia (Brown, 1989) Basin sediments lie uncomformably over Upper Paleozoic
and Mesozoic sediments,which are weathered deeply and form an underlying aquiclude (Brown, 1989) There are two main
deposition centres: (i) Renmark Mildura, where the sediments are 500 to 600 m thick, and (ii) the west Riverine Plains, where
the sediments are 300 to 400 m thick (Brown, 1989).Elsewhere the sediments are typically 200 m thick(Brown, 1989 Evans &
Kellett, 1989).

The study area is within the South Australian extent of the Murray Basin. In SAthe sediments are bounded in the north and
west by the Kanmantoo and Adelaide fold belts, where these Adelaidean (Neoproterozoic) and Cambrian metasediments have
uplifted (Brown, 1989; Rogers et al., 1995). In the southwest, thin sedimentary layers extend over the underlying Padthaway
Ridge to the Gambier Embayment and the Southern Ocean; the only location where the Murray Basin connects with the sea.
The SA Murr ay Neapsofennzoit to eady Paleozoic basement, late Paleozoic glacigene sediments of the
Troubridge and Nadda Basins, and Early Cretaceous/onash Formation of the Berri Basind (R eeigak, £995). Within the SA
Murray Basin there are significant faults and evidence for tectonism and eustacy (Miranda et al., 2009).

2.2 Regional sedimentary sequences

The Murray Basin consists of four main sedimentary sequences: the Tertiary Renmark Group, the Tertiary Murray Supergroup,
the Tertiary Miocene-Pliocene sediments (including the Pliocene Sands) and subsequent Quaternary sediments (Brown, 1989;
Rogerset al., 1995; Lukasik & James, 1998). The Tertiary sediments are predominantifjuvio-lacustrine or marine. The
Quaternary sediments are mainly lacustrine or are erosional reworkings of Tertiary sediments by wind and rivers Figure 2-2
shows the main stratigraphic units.

Murray Basin sedimentation began from 60 Ma in the Paleocene and Early Eocene, when the fluvial Warinna Sand formed in
the deepest parts of the Basin (Brown, 1989). This is the basal unit of the Renmark Group. Above this lies thefluvio-lacustrine
Olney Formation. During the Middle Eocene to the Early Olgocene, the Olney Formation was deposited across the Murray
Basin, interspersed in the west with the marginal marine Buccleuch Bedsand similar formations from the Late Eocene (Figure
2-3a) (Brown, 1989; Rogerset al., 1995).

The Late Oligocene to Middle Miocene is characterised by transgressive recessive marine cyclesas sea levels changed and

moved the coast deep inland from its current position (Brown, 1989) This is first seen in the stratigraphic sequence in the

deposition of the Ettrick Formation clays from 32 Ma (Brown, 1989) in the southwestern Murray Basin, where it forms a

confining unit, 20 to 30 m thick, over the Renmark Group. Figure 2-3b illustrates the paleogeography of the Early Miocene,

when the coast was far i nl an duvio-lacustrinénGineyeFarsdtion cantineed B mmnirathek Gr ou p
west, Murray Supergroup limestones, 100 to 150 m thick, formed in a shallow marine environment (Brown, 1989) In the

marginal marine zone of tidal flats, the Geera Clay (up to 100 m thick) and Winnambool Formations were deposited (Brown,

1989). Hence the Renmark Groupremains thicker and more extensive in the eastern Murray Basin, more than 300 m thick in

the Riverine Plan depocentre (Brown, 1989) while the Murray Supergroup is confined to the western Murray Basin. Lukasik &

James (1998)gives the detailed stratigraphy of the Murray Supergroup in the Riverland, which includes:

1 Mannum Formation (Lower & Upper, Swan Reach Dolomite units)
1 Finniss Formation (Cowirra Clay, Portree Carbonate, Woolpunda Marlnits)
1 Morgan Group (Glenforslan, Cadell,and Bryant Creekunits)
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Figure 2-3 Selected Tertiary paleoenvironments and facies ( Source: Rogers et al., 1995).

Deposition of both the Renmark Group and Murray Supergroup ceased approximately 10 Ma in the Middle Miocene, when a
major fall in sea leveltransformed the landscape to temperate rainforest (Brown, 1989) Erosion during this period led to a
discontinuity between the Middle Miocene sediments and the overlying Late Miocene sediments.
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The final major Tertiary sequence formed in the Late Miocene to Pliocene due to a short-lived marine transgression-regression
c. 6 Ma (Brown, 1989) Miranda et al., (2009) provide a detailed description of this sequence in SA. In the Late Miocene to Early
Pliocene (Figure 2-3c), the Bookpurnong Formation developed in the central portion of the Murray Basin, under shallow marine
conditions (Brown, 1989) The Bookpurnong Formation is up to 50 m thick and, where present, acts as a confining layer above
the Murray Supergroup limestones (Brown, 1989).During this period, the Loxton -Parilla Sands were starting to form in the
marginal marine environment while the fluvio -lacustrine Calivil Formation formed on land (Brown, 1989)

Marine regression altered the landscape during the Late Pliocene Eigure 2-3d). Thefluvio-lacustrine Shepparton Formation
was deposited in the east and north (Brown, 1989). In the west, the predaninant formation was the Loxton -Parilla Sands, a350
km wide strandplain of over 600 ridges (Miranda et al., 2009). Brown (1989) describes the deposition environment of the
Loxton-Parilla Sands asshallow marine, estuarine and fluvialfrom 4 to 2 Ma, but Miranda et al., (2009) argue that the clear
definition of the strandlines suggests there is little fluvial component, and their strontium isotope analysis indicates that most
of the strandplain was deposited between 7.2 and 4.5 Ma. The sediments aretypically 20 to 60 m thick, but may be up to 150
m thick (Miranda et al., 2009). The LoxtonParilla strandplain is separated from the Bridgewater Formation strandplain of the
neighbouring Gambier Embayment by the Kanawinka Escarpment/Padthaway High (Mirana et al., 2009).

The three major Tertiary sequences are overlain by a comparatively thin sequence of sediments which may have started to

form in the Late Pliocene but which are predominantly Quaternary (Rogers, 1995). The laterally extensive units are théluvio-
lacustrine sediments of the Riverine Plains in the east and the aeolian sands of the western Mallee region (Brown, 1989). Rogers
(1995) distinguishes between the aeolian dunes of the Woorinen Formation, Bunyip Sand and Molineaux Sand. The River
Murray formed in this period: sediments associated with the river are discussed in the next section.

2.3 Sediments associated with the lower River Murray

The River Murray has existed since at least the early Pliocene. It has repeatedly altered the landscape of thwestern Murray
Basin, eroding the regional Tertiary sediments and depositing fluvial and lacustrine sediments.

McLaren et al. (2011) postulates that the ancestral River Murray did not flow into South Australia, instead following a path
southwards through Victoria throug h the Douglas Depression, which is where the Wimmera and Glenelg Rivers now lie. A
barrier interrupted the river 8 s  p altMa and hlockad its flow to the sea (McLaren et al., 2011). A vast terminal lake,
Bungunnia, then formed. Stephenson (1986) suggests the lake was formed by a tectonic dam south of Swan Reach; McLareat
al. (2009) list additional hypotheses,i ncl udi ng wupl i ft of the Padthaway High, upl i f
mouth, or some combination thereof. Lake Bungunnia existed during a wetter climate than present (Brown, 1989) and was wide
but fairly shallow, covering >50,000 km?to a depth of 5to 10 m (McLaren & Wallace, 201Q McLaren et al., 2011). The lake
deposited the Blanchetown Clay across a region spanning from Morgan, SA to Lake Tyrrell in Victoria and into southern New
South Wales McLaren & Wallace, 2010. The Blantietown Clay is generally 1 to 10 m thick in SA but can exceed 30 m near the
border (McLaren & Wallace, 2010) The lakedrained c. 800 ka when low sea level and fluvial erosion breached the dam,
allowing flow to the sea as the climate became more arid (Rogers, 1995;McLaren & Wallace, 201Q McLaren et al., 2011). In
some locations, a thin (<3 m) layer of Bungunnia Limestone formed as the lake drained (Rogers, 1995). Much of the former
Bungunnia lakebed is now saline playa, a location for groundwater discharge. In the SA Murray Basin, the playa deposits are
referred to as the Yamba Formation (Rogers, 1995).

By 700 ka, thelower River Murray was following approximately its present path to the Southern Ocean (McLarenet al., 2011).
Erosion and deposition since then reflect climate and changes in sea level. When the sea level was low and the gradient to the
sea was steep, the river eroded Tertiary sediments to fdéoom th
areas of greater surfae elevation. In SA, subsequent fluvial infill occurred in two main phases: the LatePleistocene Rufus
Formation, now preserved only in some upper terraces of the SA floodplain, and the more extensive Pleistocene-to-Holocene
Monoman and Coonambidgal Formations. Both sequences are mainly reworked LoxtonParilla Sands formed in postglacial
periods (Rogers, 1995). Coarser sediments lie at the base, deposited when the sea level was still low, then they fine upwardss
the sea level rises and gradients become les steep. The Rufus Formation lies up to 7 m above the present floodplain elevation
and consists of clayey fine sand (Rogers, 1995). The Monoman Formation, which formed in the most recent postglacial
transgression, consists of sands and gravels (Rogers,995). The Coonambidgal Formation above theMonoman Formation
began forming from 7 ka, when the sea reached its present level, and continues to form (Rogers, 1995). In SA, the Monoman
Formation is presumed to be present throughout the Murray Trench. The Coonambidgal Formation is widely present but may
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be locally absent. Rogers (1995) states that the floodplain sediments of SA vary in thickness from 16 to 31 m; however,
considerably more data have since been collected, for example from Loxton, Bookpurnong, Pke and Murtho floodplains,
showing a wider range of approximately 10 to 40 m (AWE, 2011; AWE, 202).

The tG@onambidlgalé wiassused for all floodplain sediments, including the Monoman Formation (Rogers,1995) and
may still be used this way in Victoria and New South Wales. However, in SA the term refers solely to the recent clays and
excludes the Monoman Formation .

2.4 Murray Basin hydrogeology

The Murray Basin Hydrogeological Map Series, published by the MDBC in the early 1990s, summarises much of the\ailable
regional hydrogeological data. Updated information on a local scale is summarised in site-specific reports, such asthe AWE
Figure Atlas series(AWE, 2009; AWE, 2011; AWE, 2012a; AWE, 2012bh; AWE, 20a8) in the data reviews conducted for the
construction of the SA Salinity Register Models and the ecoMarkets models of Victoria (Yanet al., 2007; Yan& Stadter, 2008;
Aquaterra, 2010, Hocking, 2010; Yanet al., 2010; Yanet al., 2011; Yanet al., 2012; Woods et al., 2013; Woods et al., 2014).
Chapter 3 provides greater detail on the hydrogeological processes within the floodplain. Key locations in SA are included in
Figure 3-2.

24.1 Regional hydrogeology

The groundwater systems of the Murray Basin are driven bystratigraphy, the River Murray,and climate (Brown, 1989) The
Basin is contained within fold rock belts and underlain by aquitards, except for a small flow over the Padthaway Ridge in the
southwest (Brown, 1989) It is essentially a closed basin, where the only substantial flow to the sea is via the River Murray.

The Murray Basin in SA contains three main regiondaquifer systems, corresponding to the three main Tertiary sedimentary
sequences: the Renmark Group aquifer, the Murray Group aquifers, and the LoxtorParilla Sands aquifer. There are also
localised aquifers in Quaternary formations, such as (i) the Monoman aquifer within the Murray Trench and (ii) perched aquifers
within the Woorinen Formation in some irrigation areas.

Figure 2-4 provides a simplified schematic of the interaction between the regional aquifers. Recharge occurs predominantly in
the eastern portion of the Murray Basin, in the Riverine Plains, while discharge occurs in the Mallee region of the western asin.
In the Riverine Plains, groundwater flow is gererally from east to west. In Victoria and New South Wales, groundwater flow in
the upper and middle Renmark Group is blocked by the Mid - Tertiary Low Permeability Barrier of the Winnambool, Geera and
Ettrick clays, forcing some flow upwards (Evans & Kellett 1989). Flow in the lower Renmark Group is unobstructed and
continues westwards, under the Murray Group and into South Australia. Some of the Renmark aquifer flow reaches the
Padthaway Ridge, flowing into the adjacent Gambier Embayment, but the majority leaks upward through the Ettrick Formation
confining layer and into the Murray Group aquifer (Evans & Kellett, 1989)

In the Mallee region, including all of the SA Murray Basin, groundwater flow in the regional aquifer systems is generally
towards the lower River Murray, which acts as a groundwater drain. There is substantiagroundwater flow from the southern
Wimmera to the north and west towards the River and smaller flows from the northeast from summer thunderstorms and
ephemeral streams of the Barrier Range (Evans & Kellett, 1989) Leakage between the Renmark Group, Murray Group and
Loxton-Parilla Sands aquifers is generally upwards; the exception is in irrigation areas, where increased surface recharge may
drive downward leakage.

The watertable lies within the Murray Group or the Loxton-Par i | | a Sands, depending on the ele
top surface, which varies due to deposition, uplift and faulting. In the semi-arid climate, groundwater discharge may occur from
evaporation in surface depressions (Brown, 1989).
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2.4.2 SA floodplain hydrogeology

The regional watertable aquifers provide lateral flow into the Monoman Formation aquifer of the River Murray trench. Vertical
leakage between the floodplain and underlying aquifers also occurs. In some areas, such as Pike and Murtho, lateral flux
predominates (Woods et al., 2014) while in others, such as Woolpunda and Waikerie (Yaret al., 2012; Woods et al., 2013),
vertical flux is greater. The potentiometric head in the Monoman Formation aquifer responds to short -term fluctuations in river
level and its backwaters. Where the heads are higher than the river level groundwater will discharge from the Monoman
Formation to the river. Due to the shallow watertable in the floodplain, the Monoman Formation aquifer is also influenced by
ET from groundwater, which may lower heads to below river level and cause losing stream conditions insome areas.

Figure 2-5 shows a typical crosssection through the SA floodplain: th is example is from Murtho. In the highland, the aeolian

Woorinen Formation overlies Blanchetown Clay. The regional watertable aquifer is in the Loxton Sands Formation. The river

trench has eroded through the Blanchetown Clay and Loxton Sands Formations. Wihin the trench are the sediments of the
Coonambidgal Formation (a confining unit) and the Monoman Formation. The Loxton Sands and Monoman Formations are

adjacent at the highland-floodplain boundary; together they form a single continuous watertable aquife r. Underlying the
Loxton-Monoman aquifer is an aquitard consisting of the Lower Loxton Clay (LLC)Formation and the Bookpurnong Beds (BB)
referred to colloquially as the oBooxtond aquitard. hddebdisr | yi n
Pata Formation unit.

Variants of this configuration occur:

1. The Coonambidgal Formation may be absent, e.g. near Lock 2 (AWE2013).

2. The Woorinen Formation may overlie portions of the floodplain sediments (e.g. south Renmark; AWE2012 Pike)

3. TheLower Loxton Sand may be present under the Monoman Formation, as shown inFigure 2-6, in which case they
act as vertical units in a single aquifer above the LLGBBaquitard (e.g. at Renmark and Pike floodplains; AWE2012
Pike).

4. The Lower Loxton Clay may be absent, in which case the Bookpurnong Beds are the sole underlying aquifer unit.

5. TheLLGBBaquitard is absent below the Monoman Formation (Figure 2-7).west of Loxton, where the Monoman
directly overlies the Pata Formation unit of the Murray Group aquifer (AWE, 2011, 5.3)

6. The river trench has eroded into the deeper sediments of the Murray Group Aquifer (Figure 2-8) west of the Hamley
Fault, e.g.at Waikerie and Woolpunda. In these locations the Loxton Sands Formation is unsaturated and theregional
watertable lies within the Murray Group, where it may be confined or semi-confined by the Cadell Formation.

7. Near Lock 3, there is a transition zone at the Hamley Fault where the watertable is in the Loxton Sands Formation to
the east and in the Murray Group to the west (Figure 2-9)

8. At one location near Waikerie, there may be an area where the Monoman Formation is absent but the Coonambidgal
Formation exists (Figure 2-10).

The Coonambidgal Formation consists predominately of clay sediments and is known to be of low hydraulic conductivity at
many locations along the lower River Murray. However, it is also fairly variable along the river channel, ranging from tight clays
to sandy clays and clayey silts. It also has a varying thickness, from absent to up to 10 m thick. The Coonambidgal Formation
determines the unconfined to semi-confined nature of the Monoman Formation.

The Monoman Formation is considered to be a semi-confined to unconfined aquifer consisting of clean fine to coarse alluvial
sands (Anon, 1989). The thickness of this aquifer also varies across the floodplairin the order of 10 to 40 m. In some areas it is
known to be in direct connections with the river.
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Figure 2-5 Typical cross-section through an SA River Murray floodplain ( Source: AWE, 2012).
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Figure 2-6 Cross-section of Pike Floodplain

(Source: AWE, 2012).

Goyder Technical report 15/9

14







































































































































































































































