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PREFACE

The Natural History of the Riverland and Murraylands is the latest in a series of publications of
the Royal Society of South Australia that has detailed the natural history of most of the state’s regions,
beginning with the Natural History of the Adelaide Region in 1976.

This volume covers the Riverland and Murraylands of South Australia — essentially the lower
portion of the Murray Basin. It should be noted that although named the ‘River Murray* after Sir George
Murray by Captain Charles Sturt following his voyage in 1830-31, under the Geographical Names Act
1991 of South Australia, it is officially known as the _Murray River‘. The name Murray River is used
in this volume, although in Victoria and New South Wales, it is officially the River Murray.

The Natural History of the Riverland and Murraylands comprises a series of papers broadly
divided into three sections. Chapters 1 to 5 outline the geology and geomorphology, soils,groundwater,
and climate of the region. Chapter 3 is devoted to the complex issues surrounding acidsulfate soils. This
is particularly significant as recent low water levels in the Murray River have caused a number of
impacts related to acid sulfate soils to be realised for the first time.

Chapter 6 outlines the distinctiveness of Murray River Aboriginal culture in South Australia and
describes Aboriginal relationships with the land and riverine systems. In contrast with these intimate
cultural relationships, Chapter 7 provides an overview of the recent history of regulation and overuse
of the finite water resources of the Murray River system, a system which has been highly managed for
the last 70-80 years.

Chapter 8 provides an overview of the fossils of the region, while Chapters 9 to 15 detail much of
the region‘s incredible biodiversity: its plants, freshwater and terrestrial invertebrates, and vertebrates
— fish, reptiles, amphibians, birds and mammals.

The future outlook for maintaining the region‘s biodiversity remains relatively poor unless issues
such as over-clearance of native vegetation and over-extraction of water from the Murray River are not
addressed — for example, of the 52 terrestrial mammal species known to have occurred in the Riverland
and Murraylands, only 23 remain; a loss of more than 50%.

The Royal Society of South Australia hopes that this volume will engage the interest of all South
Australians, as well as those who are associated with relevant activities up-stream, given the crucial
role that the region plays in the State.

John T. Jennings
Editor
October 2009






A message from Mike Rann

The Riverland and Murraylands regions represent an integral chapter in the story of South
Australia’s natural history.

They have been a source of our State‘s earliest life forms and a cradle of our original civilisations.

In more recent times, they have hosted vital transport networks, developed as a food bowl for the
State and for the nation, and provided a lifeline for metropolitan as well as regional communities.

Through the ongoing impact of climate change and decades of over-allocation of water licences
by upstream States, the Murray River system — along with the communities and enterprises it sustains
— faces significant challenges.

For too long, the River has been treated as a distinct resource serving the interests of individual
colonies and States.

That is why the South Australian Government has taken the lead on the establishment of an
independent Murray-Darling Basin Authority, which has helped ensure — for the first time in our
nation’s history — that it will be a river without borders.

The Government is also working closely with scientific, environmental and community
organisations in order to ensure the long-term health and wellbeing of the River, its ecosystem and the
regions that it serves.

In addition, we are investing $1.8 billion in a 100-gigalitre desalination plant to further reduce our
reliance on the River system.

I extend my congratulations to the Royal Society of South Australia for the work it continues to
undertake to further the cause of, and to promote wider interest in, science in our State.

This series of Natural History publications represents an outstanding resource that examines in
great detail the diverse regions that make up South Australia‘s unique landscape.

For more than 150 years, the Society has studied and documented the world around us, and helped
to further develop our States reputation for excellence in scientific research and innovation.

Our enhanced understanding of South Australia‘s natural history can only help our combined
efforts to ensure its sustainability and prosperity.

—)

P e S Lo
Mike Rann
Premier of South Australia

Minister for Sustainability and Climate Change
i



A message from Minister for the River Murray Karlene Maywald.

The River Murray is significant for many South Australians — from an economic driver for their
community to a regular holiday and recreation destination.

South Australians have a unique connection to the River Murray, unlike any other state in Australia.

It is this connection that contributes to our awareness of the factors impacting the health of our river
— continued extreme drought, record low inflows and years of over-allocation upstream. We all want to
see the river, its floodplains and wetlands, and communities relying on its supply flourishing well into
the future.

The River Murray‘s natural values that we have come to know and love are recorded in the Royal
Society of South Australia‘s new publication, The Natural History of the Riverland and Murraylands.

As we enter a new era for the river‘s management, this publication will be an important resource for
managers, scientists, students and the wider community. It is the eighth publication in a series of
regional natural histories of South Australia and is a timely addition to the growing body of scientific
knowledge of the region.

Previous editions have been widely used as an information source in schools and academic circles
around South Australia.

The Natural History of the Riverland and Murraylands provides an inventory of the region‘s
biological and ecological assets, and links closely to current plans for the management of the region‘s
environment by the SA Murray-Darling Basin Natural Resource Management Board.

This link will be invaluable in increasing community participation in natural resources management.

As a resident of the river region, and one that is passionate about the health of the river and the
region‘s prosperity, I congratulate the Royal Society of South Australia on the production of this

publication.

v
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CHAPTER 1. GEOLOGY and GEOMORPHOLOGY

Yvonne Bone
School of Earth & Environmental Sciences, The University of Adelaide, South Australia, 5005.
The Murray Drainage Basin (Fig. 1) is currently the fifth largest drainage basin in the world, yet it has
a minimal outflow of fresh water to the sea. This low flow is a recent phenomenon, resulting from a
combination of ongoing natural geomorphic changes in the landscape and the use of water from the
Murray River for agriculture throughout the drainage basin and as the major water source for human
consumption and industrial use in South Australia. The South Australian Riverland and Murraylands
(Fig. 1) area consists of the Murray Valley, the belt on either side of the Murray River, and the adjacent
agricultural area that lies within the same low-lying area. These two areas combined are referred to

geologically as the Murray Basin (Fig. 2).

! |

14000€ :

SOUTH !

AUSTRALIA !%
 |*

— 14005 Chaivilia_ |

Morgan g.cadel vt s :
omer Renmark i

; Pike bk
MURRAY Waxl.(ene s yrup |
BASI Blanchetown oA we |

Aamle
VoS ‘ Faultv :
Swan Reach Loxton |
Gul Black Hil o — :
St Pal .

Vincent (U HMET* Murray? River !
ADELAIDE |

Mannum ;5

~35'00S !0

15

Murray Bndge ¢ * Karoonda 'S
*Tallem Bend 5 l

nnarco
e |
X xandrind

""4"’;:‘ : « Coonalpyn l
Victor A |
Harbor \’ Meningwe I
> : Southern Ocean : \ ¢ " * I
0 25 50 Km W\ Lagoon N i
——d \ oKeith !

Figure 1. General map of the Riverland and Murraylands region in South Australia. The inset in Figure
2 shows the extent of the Murray Drainage Basin in Australia.

The rocks that constitute the Murray Basin consist of relatively undeformed Cenozoic limestones
and siliciclastic sands that were deposited over the last 45 Ma. These contain numerous aquifer systems,
but unfortunately the groundwaters also contain >10 billion tonnes of salt! Most of this salt is of marine
origin (Dogramacci 1998). The basin also contains minerals and rocks of economic importance.
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Figure 2. General map of the South Australian portion of the Murray Basin. Many of the locations mentioned in

the text are shown, as well as many bores that have been used to determine the subsurface stratigraphy. Also
shown are the main structural features. Inset shows the extent of the Basin
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A. GEOLOGY

GEOLOGICAL FRAMEWORK

The history of the geology and geomorphology of the area provides the information that explains why
the Riverland and Murraylands are what they are today. The geological Murray Basin (Fig. 3), the name
used by geoscientists — and which is used from here onwards, is a roughly circular intracratonic
depression filled by almost 600 m of relatively flat-lying Cenozoic sediments. These strata overly
several older and smaller disconnected basins containing Devonian, Permian and Cretaceous rocks
(Fenner 1934; Bouef 1975; Stephenson 1986; Brown & Stephenson 1991): and older Cambrian and
Neoproterozoic rocks in the western part of the basin in South Australia (Rogers et al. 1995). It has
anareal extent of about 450,000 kmz, of which approx. 300,000 kmzare in South Australia. The South
Australian section of the Murray Basin is the only part discussed in this chapter. There are major
differences throughout the Cenozoic of the Victorian and New South Wales sections of the MurrayBasin
(Brown & Stephenson 1991).

PRE-CENOZOIC HISTORY

The oldest rocks beneath the Murray Basin are metamorphosed sediments of Neoproterozoic and
Cambrian age and igneous rocks associated with the Delamerian Orogeny (Foden et al. 2005). These
are rarely exposed at the surface, but are similar to the Kanmantoo Formation rocks that crop out along
the eastern margin of the Mt Lofty Ranges. Some excellent exposures of these rocks occur in the Reedy
Creek area (Fig. 4a).

Tectonics

Tectonic activity, particularly the Delamerian Orogeny, around 500 Mya, involved the metamorphism
of the country rocks and the emplacement of the granitoids (Foden et al. 2005). These events were part
of the complex geological history prior to the development of the Murray Basin. Reconstruction of
events during this time is limited, but drilling into the comparable sequence of rocks in western Victoria
by mineral explorationists is providing information that may be translatable to the Murray Basin.

Later, this folded and partly metamorphosed Neoproterozoic and Lower Paleozoic basement was
block-faulted to form poorly-defined infrabasins in graben-like troughs (Fig. 2, Brown &Stephenson
1991). These basins also contain sequences of Late Paleozoic sedimentary rock (e.g. Permian glacigene
sediments) and discontinuous, erosional remnants of younger Mesozoic sediments(e.g. the Early
Cretaceous Monash Formation in the Berri Basin — Brown & Stephenson 1991; Rogers et al. 1995).
None of these sediments are seen at the surface but are well documented by extensive drilling
throughout the basin.

Bordered by the Eastern Highlands and the Great Dividing Range to the east and the Mount Lofty
Ranges to the west, the shallow intracratonic Murray Basin did not develop until the rifting of Australia
from Antarctica in the early Cretaceous. Normal faulting of Paleozoic basement during the early stages
of this separation produced a series of NE trending grabens (Fig. 2), which remained intermittently
active until the Late Miocene (Firman 1972). This tectonism also caused the uplift of the Mount Lofty
Ranges to the west (Figs 4a,b) and further uplift of the Great Dividing Range to the east, so that the
developing basin became flanked by higher ground on both sides. It is unclear what constituted the
northern boundary, but it was probably the Olary arc area (Fig. 3). The southern boundary was open to
the developing Southern Ocean, but partially isolated by the gradual emergence of an archipelago of
granitoid islands and accumulating shoals of calcarenite sediments along the area now known as the
Padthaway Ridge (Fig. 2). This situation mimics the case of the concurrent development of the St
Vincent Basin to the west, where Kangaroo Island played the role of the Padthaway Ridge (James &
Bone 2002). Later Cenozoic tectonism, culminating in mid-Miocene reverse faulting (Jenkins &
Sandiford 1992) caused uplift of the Pinaroo Block, but did not cause significant deformation of the
earlier Cenozoic sediments, other than minor tilting.
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Figure 4. a (top) Looking westwards from the eastern side of the river in the vicinity of Mannum to the distant
Palmer Fault scarp along the eastern margin of the Mt Lofty Ranges, with the younger and more subdued Florieton
and Morgan scarps at a closer and topographically lower position. b (bottom) Looking westwards from the look-
out at Reedy Ck to the fault scarp of the Mt Lofty Ranges. The rocks are dominated bymetamorphosed granitoids,
e.g. granite, granodiorite, syenite, etc. The tectonism that caused the intrusion of the suite of igneous rocks also
metamorphosed both these and the pre-existing country rock. This metamorphic effect was relatively localised.

Igneous Intrusives

Granites and other igneous intrusive rocks were emplaced into the Neoproterozoic and Cambrian rocks
concomitant with the Delamerian Orogenic event, crystallising at a depth of ~10 km (Turner et al. 1992;
Foden et al. 2006). Later tectonism and erosion have exposed remnants of these intrusives at Murray
Bridge (granite — Figs 5-6), Tailem Bend (gabbro), Mannum (granite, dolerite, Figs 7a,b), Black Hill
(hypersthene norite) and along the southern boundary of the Murray Basin, where a suite of igneous
rocks form the NE-trending linear Padthaway Ridge (Fig. 3).
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Figure 5. Outcrop of undeformed Murray Bridge granite on the northern side of the freeway, Murray Bridge. The
Murray River is adjacent to the central clump of large Eucalyptus. The polished upper surface of the granite
indicates extensive erosion, probably by the sea during Cenozoic marine transgressions. The flared slope on the
RHS indicates sub-surface erosion close to the surface (Twidale and Campbell 2005).

Figure 6. Murray Bridge granite showing its mineralogical composition of greyish quartz, buff K-feldspar, minor
white plagioclase and black biotite.

Granite was quarried from the Mannum Quarry until the latter half of the 20th century. The
porphyritic granite is intruded by a fine-grained basaltic dyke (Figs 7a,b), which has a sharp contact
with the granite, indicating that the granite had crystallised before the dyke intruded through the granite
(Figs 7a,b). There is no evidence to say whether this later igneous material was extruded on to the land
surface.

The surface of the granite is pitted and partially polished, indicating it was water-worn prior to the
next geological event recorded. The once deep-seated granite, therefore, was at the surface at the time
of the deposition of the next preserved sediments, the nonconformable Oligocene marine



calcareous sediments. This implies that 10 km of rock covering the magma chamber at the time of its
emplacement was eroded away, along with any other material deposited during the 400+ My that
elapsed before the deposition of the Oligocene marine sediments. There is no record of the geological
history of this area during the hiatus. This erosive degradation would have been akin to that seen at
Granite Island today.

Figure 7. a (top), The Mannum Quarry on the eastern side of the Murray River, approx. 5 km north of Mannum.
The undeformed granite is similar in composition to the Murray Bridge granite, although the feldspar crystals
show excellent Rapakivi texture (sequential layers of K-feldspar and plagioclase). The granite was intruded by a
finer-grained mafic dyke prior to uplift. The upper surface of the granite was water-worn prior to the deposition
of the Mannum Fm. Soil and calcrete overlies the Mannum Fm; b (bottom), Close-up of the Mannum Quarry.



Paleoclimate and Paleooceanography

There are no outcropping Paleocene rocks in the basin, but the nature of the siliciclastic sediments and
their biota encountered in boreholes suggest a warm, moist climate. This reached a maximum during
the Eocene (McGowran 1989), with major marine flooding of the Murray Basin. Global glaciation,
initiated during the early Oligocene, produced a sea level fall that was followed by a warming event
and sea level rise in the early Miocene. A further warming event began in the late Miocene (the global
Monterey Event — Rahimpour-Bonab 1997), promoting yet another marine incursion, but this one was
of a more moderate nature than the previous incursion, so that the resultant sea was more of the nature
of an enormous estuary. Sea-level remained low during the late Miocene and early Pliocene, which is
recorded by the nature of the oyster-rich rocks preserved in the northern part of the basin.

The climate started to deteriorate during the late Pliocene to early Pleistocene. The widespread,
cross-bedded calcarenite dunes in the southern part of the basin were initiated during this waning stage
of the marine inundation of the basin. This deterioration continued, so that aridity was undeniably
established as the prevailing climate by the mid-Pleistocene, with the complete retreat of the sea from
the Murray Basin. (See section on aridification.)

These climatic and oceanographic events are recorded in the rocks and their preserved biota. These
data can be acquired by using a number of different analytical techniques, e.g. stable isotopes, and are
then compared with the accepted global data bases so that interpretations, e.g. in this case, for the
Murray Basin, are confidently made (Fig. 8).
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Figure 8. Composite chart showing the position of the Murray Basin in relation to other Australian Cenozoic
basins and to established global parameters. (From Lukasik et al. 2000)

GENERAL STRATIGRAPHIC SUCCESSION

CENOZOIC ROCKS

The Murray Basin was initiated by the separation of Australia and Antarctica in the Cretaceous (Cande
1982). The separation, the collision of the Australian and Indonesian plates, volcanism in the east
Australian highlands and local tectonic activity from the earliest Miocene (23 Ma) produced a number
of faults throughout the basin (Fig. 2). These may have caused the depositional environments(especially
depth) of Murray Group sediments to episodically change (Giles 1972). These basin-wide changes
would have caused differences in (1) topography, (2) accommodation space, (3) compaction rates and
(4) rates of erosion, all of which have resulted in different local depositional environments,



thicknesses and sedimentation patterns (Fig. 9). Ludbrook (1961), Brown & Stephenson (1991) and
Lukasik & James (1998) discuss widespread variation of the Murray Supergroup.
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Figure 9. a (top), The Murray Basin Tertiary stratigraphy in South Australia and Victoria, showing the lateral
facies variation, using the older nomenclature; b (bottom), Composite cross-section from Mannum to Overland
Corner, using the new nomenclature, showing the variability in the Murray Supergroup rocks, caused by different
environments resulting due to differences in topography, accommodation space, compaction and erosion rates.
Facies description can be found in Lukasik and James (1998) from which this diagram has been sourced.



The extensive cover of thinly-bedded, flat-lying, marine, coastal and freshwater continental
sediments, have an average thickness of < 200 — 300 m, with a maximum thickness of 600 m in the
deeper central-western part of the basin, the Renmark Trough (Brown 1991; Navidad 1997). The sea
inundated the Murray Basin several times during the Tertiary, with these transgressions correlating with
global sea-level rises (Fig. 8, Shackleton & Kennett 1975). Where these sediments accumulated,
package upon package, they eventually became limestones, calcareous sands and marls of varying
degrees of lithification, dependent upon the mineralogy of their primary constituents (Fig. 10). These
almost always included remains of marine biota that had hard parts, e.g. exoskeletons of bivalves,
gastropods, echinoids, bryozoans, sharks® teeth, with the marine benthic invertebrates the dominant
group volumetrically, along with calcareous microorganisms, e.g. the foraminifers. These remarkably
well-preserved rocks provide an almost continuous record of the geology of the Murray Basin over a
period of almost 50 Myrs (Fig. 8).

Figure 10. A thick sequence of thin beds of Mannum Fm., overlain by the Finnis Clay. The packaging of the
coarse and fine layers in the Mannum Fm. can be readily seen in this section at the Mannum Pumping Station.

The Murray Basin appears to have always been a relatively shallow inland sea, i.e. with inner- to
a maximum of mid-shelf water depths, in its South Australian portion, so that the resulting stratigraphic
units are thin with interfingering lithologies (Ludbrook 1961). This inland sea measured 450,000 kmz
throughout the early Neogene (Ludbrook 1957, 1958, 1961). Depositional history within the Murray
Basin is characterised by low rates of sedimentation, minimal compaction, and slow tectonic subsidence
(Davies 1995), with thin (<150 m) sequences of Early to Middle Miocene fossiliferous silty limestones
and calcareous clays representing generally low-energy deposition on a vast epeiric ramp: a very low-
angle to flat-topped platform of several 100s of kilometers extent (Lukasik et al. 2000).

The best exposures of these calcareous rocks are in the cliffs of the Murray River for nearly 180
km, allowing the recording of detailed lithostratigraphic correlation of units (Lukasik & James 1998).
This record can be subdivided into two major time intervals: the Paleocene to Early Neogene and the
Late Neogene.

Paleogene to Early Neogene

Source of information: The rocks formed during this time have been studied by so many researchers
that only a few can be mentioned here. Early studies included those of Sturt (1833), Tate (1878, 1885),
Ludbrook (1957, 1958, 1961), Lindsay (1965), Brown & Radke (1989). Some of the notable
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ones published from 1990 onwards are those of Brown & Stephenson (1991), Rogers et al. (1995),
McGowran et al. (1997), and Lukasik & James (1998, 2000).

Outcrop locations:

The majority of outcrops occur immediately adjacent to the Murray River. Figure 1 shows the location
of some of the excellent outcrops, but there are many more. Precise co-ordinates or directions for many
interesting and informative locations are given in Lukasik & James (1998).

Elsewhere, cuttings from drillholes have supplied information about the extent and thickness of
the stratigraphic units, but these are not discussed further, as they cannot be viewed in the field. Access
to the cuttings and the information is available from PESA (“Mines Dept. Section”) and also in Brown
& Radke (1989), Brown & Stephenson (1991) and Rogers et al. (1998).

Overview

Deposition of fluvial sediments, sourced from the east, occurred in the late Paleocene and continued
into the Eocene. The onset of the first major marine transgression of the Cenozoic (McGowran 1989)
gradually led to marginal marine sediments appearing in the western part of the basin towards the end
of the Middle Eocene. The epeiric sea phase of the Eocene to mid-Miocene was then established, with
the influence of the high-energy Southern Ocean modified by the linear archipelago of the islands of
the Padthaway Ridge granitoids. These were probably similar to, but more extensive than, today‘s
Recherche Archipelago at Esperance, WA (Collins et al. 2005).

The Pliocene was a period when the lower half of the area was predominantly estuarine (Pufhal et
al. 2000), with the onset of aridity producing a gradual shallowing of the formerly marine environment,
culminating in the coastal and lacustrine environments of the Pleistocene now preserved predominantly
as sands and evaporates. The increasingly arid Pleistocene merged into the Recent, with total cessation
of any marine influence about 5 Ka ago (Fig. 8).

Nevertheless, most of the western Murray Basin sediments were marine or marginal marine, due
to the ingress of Southern Ocean waters from the south, whereas those in the north-eastern portion of
the Murray Basin were predominantly fluvial in origin and were sourced from the east.

STRATIGRAPHY
The stratigraphy used here is that of Rogers et al. (1995) for the Renmark Supergroup and the Pliocene
to Recent (Fig. 8), and of Lukasik & James (1998) for the Murray Supergroup (Fig. 9).

RENMARK SUPERGROUP: - Paleocene to Eocene
The rocks of these formations, the Warina Sands, Olney Fm., Buccleugh Fm. and Moorlands Lignite
Member, are not exposed at the surface, so they are not described in detail (see above for refs.).

There is, however, a poorly fossiliferous marl exposed at Freds Landing (Fig. 11), south of Tailem
Bend, which Lablack (1991) suggests may belong to the Early Oligocene part of the Buccleugh
Formation. Sr isotope dating supports this age. It contains sparse small fossils dominated by non-
attached brachiopods and free-living bryozoans (Fig. 12) and rare infaunal echinoids. This assemblage
suggests a marine environment that was episodically subjected to high energy so that the colonizing
fauna needed to be able to re-position themselves on the surface following burial by sediment.

MURRAY SUPERGROUP: - mid-Oligocene to mid-Miocene
The members of this Supergroup outcrop along the banks of the Murray River from Overland Corner
in the north to just south of Tailem Bend.

Ettrick Formation
Not seen, although it does occur northwards from the Padthaway Ridge.

Mannum Formation

The Mannum Formation is divided into a lower and an upper member, although these names are
informal. It also contains the Swan Reach Dolostone Member.

11



LN
P
et

B wors: . 3 R
Figures 11-12. 11 (top). The best outcrop of a loosely-consolidated, greenish-coloured marl (Buccleugh Fm?)
just above pool level at Freds Landing. The outcrop is the fine-grained sediment surrounding the scale, which is
20 cm long. The rubbly overlying material is the remains of an aboriginal midden. 12 (bottom). Close-up of the
poorly-fossiliferous marl at Freds Landing. The dominant fossils are unattached brachiopods (B), similar to the

modern Magadinella cumingii and free-living cheilostomes bryozoans (flb). The scale bar is in 10 cm increments.

Lower member - Mannum Formation (Late Oligocene to mid-Lower Miocene

General composition of lithologies:
The highly fossiliferous lower member is an orange/buff coloured, medium-grained calcarenite. The
basal section contains common siliciclastic grains to clasts that have been shed off the adjacent old
rocks, particularly in the area of Murray Bridge (Fig. 13). It is the dominant regional saline-water aquifer
in the area.

It ranges from 8 — 65 m in thickness (in the Monash 1 borehole, Ludbrook 1965). A minimum age
of Upper Oligocene to a maximum age of Lower Miocene is based on biostratigraphic analysis.

Major and conspicuous fossils:

This unit is renowned for its conspicuous heart-shaped echinoid, Lovenia forbesi, but the dominant
fossil fauna are the bryozoans, which are dominated by genera that construct colonies that break into
very fine to medium sized fragments once dead (Fig. 14). Aragonitic gastropods are also common, e.g.
the turritellid Maoricolpus murrayensis (Fig. 15).
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Figure 13. Face of old —Murray Bridge Limestonel quarry at Murray Bridge. The fine-grained, blocky nature of
the basal section is a result of the high quartz content and lack of macrofossils. The upper section develops into a
typical fossiliferous calcarenite, rich in echinoids, and bryozoans and molluscs to a lesser extent.

Figure 14. Individual bryozoan colonies can be quite large, such as this one seen here, but most of the colonies
disaggregate after death producing numerous skeletal fragments of varying size. Specimen from the highly
fossiliferous Mannum Fm. at Mannum. Photograph: N.P. James.

Figure 15. Fossils as moulds. The gastropods, dominated by Maoricolpus murrayensis (T), were originally
aragonite, but this has dissolved during diagenesis, leaving behind internal (IM) and external moulds (EM). A
solitary coral mould is at the lower RHS. The aragonite that dissolved was later precipitated as calcite cement,
thus making the limestone hard. Blanchetown. Photograph: N.P. James.

Sedimentary structures (including bedding) and trace fossils

The unit occurs, in most areas, as a series of beds (on a 30 — 90 cm scale), which fine upwards, with the
tops of the beds quite hard (Lukasik & James 1998). This is a consequence of an increase in aragonitic
molluscs which later have been diagentically altered so that they are preserved as moulds
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(Fig. 15), with the aragonite going into solution in the groundwater/marine water in the immediate
environment (James & Bone 2005). This then precipitates in the pore spaces in the surrounding
sediment grains, thus cementing them together to varying degrees, hence giving the hard layers seen.
In contrast, the soft layers, although fine-grained bioclastics, have few molluscs and so do not become
cemented. Thus they are a suitable substrate for burrowers to inhabit, e.g. various worms and burrows
of shrimps and crabs, e.g. Ditrupa, Thalassinoides and Chondrites. The soft layers are frequently cross-
bedded at the base of the layers.

Paleoenvironment of deposition

The layering of the beds suggests an episodically shallowing of the marine environment, as do the fossil
assemblages. Most bed tops show erosion and/or the impregnation by terrestrially-sourced Ferich
waters, but not necessarily aolian exposure (Fig. 16). Marine transgression followed, with crossbedding
at the base and gradual fining upwards into fine-grained calcarenite, without any siliciclastic grains.
This facies then reverses and rapidly becomes grainier, culminating in a high-energy, richlyfossiliferous
top unit of a few cm (Fig. 17)
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Figure 16. Eroded top of a hard layer within the limestone. Percolating Fe-rich water has caused both removal
and/or dissolution of the finer grains and concomitantly precipitated Fe-oxides. The overlying bed commences
with a thin cross-bedded layer.
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Figure 17. Prominent layered unit overlying the Mannum Fm. south of the Reedy Ck inlet. The thin beds vary
from almost 100% rounded quartz grains, usually coated with Fe-oxide, to highly fossiliferous layers, dominated
by small bivalves. They are invariably cross-bedded, and are mainly only poorly cemented. They are similar to
strandlines found in modern coastal environments.

s

Good Locations: Murray Bridge to Greenbanks — base of section, eastern side of river; Mannum —
layered beds, fossiliferous layers (Klose Rd); Walkers Flat.
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Upper member - Mannum Formation

The boundary between the two Mannum units was until recently considered to be the position where
the large foraminifer Operculina victoriensis first appears (McGowran et al. 1997; Q. Li pers.comm.
2005). Hard bands in the upper member, which give strong peaks in the neutron log (Wall 2001), are
probably the cause of its poor regional saline-water aquifer character.

General composition of lithologies:

Similar to the lower member, so that it is only distinguishable by its fossil assemblage, which suggest
a minimum age of Lower Miocene to a maximum age of the base of the Middle Miocene. Thickness
ranges from 10 to 30 m.

Major and conspicuous fossils:

Contains the same biota as the lower member, but additionally has large foraminifers, e.g. Operculina
victoriensis and Ampbhistigena lessoni, an increase in bryozoans that construct large colonies,
particularly Celleporaria sp. (Fig. 18) and fenestrate forms, a greater diversity of echinoids and oysters
throughout.

Figure 18. Large colony of the undescribed cheilostome bryozoan, Celleporaria sp. This bryozoan was called
Cellepora gambierensis for over 100 years, but it does not belong to the Cellepora genus, but to Celleporaria. It
is one of the most conspicuous bryozoans in the southern Australian Cenozoic limestones and still flourishes in
the temperate environment of the continental shelf. Photograph: N.P. James.

Sedimentary structures (including bedding) and trace fossils:

There are no major differences between the two Mannum units, other than at the top of the upper
member. The upper surface is a disconformity (Fig. 19) and easily seen in most locations, even to the
preservation of traces from biota inhabitating the overlying soft sediments in some instances (Fig. 20),
which at some sites appears to have weathered away and been replaced recently by soil and scree (Fig.
21). The overlying material varies in age from site to site, and in some cases, its allocation to the
stratigraphy is enigmatic.

Paleoenvironment of deposition:

Similar to the lower member.

Good locations: Blanchetown: - both sides of the road on the western side before the bridge; Big Bend:
- eastern side of river.

Swan Reach Dolomite Member:

Selective dolomitisation of the calcarenite has occurred within the Mannum Limestone (Lukasik &
James 2000). This was a much later diagenetic event, caused by the highly porous nature of the
calcarenite allowing the ingress of groundwater containing a high concentration of magnesium (Mg).
The timing of this alteration is unknown. The unit itself is constrained to the Lower Miocene, due to its
position within the upper member. It occurs as a 5 m thick, granular, dark brown layer, with irregular
pockets of quartz sand (brought in by the groundwater?) and no longer contains any visible fossils. It
can be seen at the Kura Wira pumping station.
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Figure 19. (top left). The eroded top of the Mannum Fm. has
a deeply-set recess, the back of which consists of soft fine
sand. The Loxton Sands are seen at the skyline.

Figure 20. (bottom left). Trace fossils in the soft sediments
(?Loxton Sands) overlying the top of the Upper Member of
the Mannum Fm. Scale bar is in 10 cm increments.

Figure 21. (above). The eroded top of the Mannum Fm. is
blocked out in black. The stratigraphic sequence immediately
above the disconformity is perplexing as it differs from one
location to another. It may have been the Finnis Clay or a
sandy facies of the Glenforslan or Pata Fms, whereas the
overlying cross-bedded calcareous sandy units belong to the
Loxton Sands. Calcrete veneers the present-day surface.

Finniss Formation

The clay-rich Lower Miocene Finniss Formation is a fine-grained marl containing sparse aragonitic
fossils. The precise nature of the boundary between it and the underlying Mannum Formation is not
clearly shown anywhere (Fig. 10). There is no evidence of subaerial exposure, so it may have been a
short hiatus between the start of its deposition and the cessation of Mannum Formation deposition.
Lukasik & James (2002) subdivide the Finniss Formation into three Members — Woolpunda Marl,
Portee Carbonate and Cowirra in decreasing order of age, but as these are also considered lateral
equivalents, they are not discussed individually here.

The white, chalky aragonitic fossils can be used to identify the Finniss Clay. Abundant aragonitic
fossils within a formation indicate a lack of water flow, i.e. no diagenesis has occurred. Nevertheless,
even though the aragonitic fossils are not common, the Finniss Formation is still a good aquitard, but is
not an aquiclude.

The upper boundary is conformable with the overlying Glenforslan Formation.

Good Locations: Mannum Pumping Station (Cowirra Clay Member); Blanchetown, River Road
(Portee Carbonate Member); Goodhope Landing (Woolpunda Marl Member).
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MORGAN GROUP

This package of Middle Miocene units was previously incorrectly referred to as the —Morgan
Limestonel. It has now been redefined as the Morgan Group, and subdivided into the Glenforslan,
Cadell and the Bryant Creek Formations. It outcrops continuously between just north of Blanchetown
to east of Waikerie. It is overlain by the Pata Formation, which is, therefore, not part of the Morgan
Group.

Glenforslan Formation

The Glenforslan Fm was previously informally known as the lower Morgan Limestone. Biostratigraphic
data suggests a Middle Miocene age. It is intercalated between two marls, so it is easily recognizable in
the field. It has recently (N. James pers. comm.) been recognized in small isolated locations south of
Mannum to Murray Bridge, where it is overlain by the Loxton Sands (Figs 19, 21).

General composition of lithologies:

The unit consists of whitish to buff, poorly lithified, bryozoan-rich limestones, ranging from marls to
calcarenites to rudstones. The LMC/IMC mineralogy of bryozoans explains its poor lithification (see
Section on diagenesis), i.e. its mainly porous nature, thus making it a good aquifer. It is around 15 m
thick.

Major and conspicuous fossils:

The large bryozoan Celleporaria sp. (often incorrectly referred to as Cellepora gambierensis) is one of
the most conspicuous fossils present (Fig. 18), along with a high diversity of other bryozoans throughout
the unit. The large foraminifers Marginopora, Operculina and Amphistegina are common throughout
whereas Lepidocyclina is only present 2 to 4 m above the base (Lukasik & James 2002). Mollusc
moulds, brachiopods, echinoids and coralline algae are rare to common, but in sufficient numbers to
have supplied carbonate for the precipitation of some cement, albeit not to the stage of occluding
porosity except on a scale not much more than a few centimeters.

Sedimentary structures (including bedding) and trace fossils:

Beds are variable in thickness and lack the consistent fining upwards until topped by rubbly hardgrounds
similar to those so common in the Mannum members. The calcarenite beds are often cross-bedded
whereas the beds at the top of the Glenforslan Formation become more and more marly. These can be
interbedded with the overlying Cadell Formation, making it difficult to definitively locate the boundary
between the two (Fig. 22). It can be placed at the top of the last bryozoan-rich layer that contains
Marginopora that underlies the clay-to-marl Cadell Formation.

Paleoenvironment of deposition:

The Glenforslan Formation represents an offshore to nearshore gradation of facies deposited under
progressively higher trophic resources and turbidity, mainly of low energy and cool to warm waters
(Lukasik et al. 2000).

Good Locations: Morgan: from river level; Overland Corner: quarry floor.

Cadell Formation

This Middle Miocene unit was previously known as the Cadell Marl. Lukasik and James (2000) have
subdivided it into two units — the Murbko Marl Member and the Overland Corner Clay Member, but
for simplicity it will be considered as one unit herein.

General composition of lithologies:

Consists of brownish- dark gray marl and thin beds of greenish clay, all of which rapidly oxidize once
exposed, to variably light buff, with greenish and grayish tints. Fossils are not abundant throughout,
although unaltered aragonitic molluscs are locally common. Consequently it is a good aquitard. Indeed,
it is even better than the Finniss Formation, due to its higher clay content, so that it acts as an aquaclude.
It varies in thickness, but is usually around 3 to 5 m.
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Figure 22. The top of the Glenforslan Fm. is difficult to pinpoint, but can be sited at the last of the rubbly surfaces
of the sequence. Shown here on the eastern side of the river, between Morgan and Blanchetown, is the upper
portion of the unit, which continues down to the water. It is highly fossiliferous, with a large diversity of
bryozoans. It is whitish in colour, in contrast to the yellowish colour of the Mannum Fm. The middle unit is the
Cadell Fm, showing its low fossil distribution. The highly-fossiliferous Bryant Ck Fm. overlies the Cadell Fm.

Major and conspicuous fossils:

The fossils present are conspicuous because of their chalky white appearance, which contrasts with the
matrix colour (Fig. 23). They are dominated by the abundant turritellid gastropod, M. murrayensis.
Bivalves are common, e.g. Corbula, Cuculllea, Nucula. The large bryozoan, Celleporaria, is

conspicuous in the layer that marks the top of the unit.
o e Tt

Figure 23. Conspicuous white turritellid gastropod fossils (Maoricolpus murrayensis) contrast with the
greyishgreen colour of the matrix in fresh exposures of the Cadell Fm. The white colour is indicative of the original
mineralogy (aragonite) of the gastropods. The fine-grained matrix has acted as an aquaclude, thus limiting the
passage of diagentically-altering meteoric water through the Cadell Fm. Photograph: N.P. James.

18



Sedimentary structures (including bedding) and trace fossils
Almost the entire Cadell Formation is bioturbated. This bioturbation has destroyed any previously
existing sharp layering.

Paleoenvironment of deposition:

The fossil assemblage suggests a shallow water grass meadow, apart from the large Celleporaria
colonies. Small fragments are quite common in tidal litter in the modern environment, but never
colonies like those seen here. However, they are not found throughout the unit (see Fig. 41), so they
probably represent minor times of higher sea-level and high trophic levels. All biota suggests low
energy and low photic levels.

Good Locations: Morgan — east side of river, approx. 6 km downstream; Overland Corner — quarry.

Bryant Creek Formation
This Middle Miocene unit was informally known, previously, as the upper Morgan Limestone. It is not
widespread in outcrop, occurring from Murbko to Waikerie.

General composition of lithologies:

The Bryant Creek Fm is a yellow-dull yellow-white silty limestone to well-cemented quartzose
calcarenite. It has an average thickness of 8 m. It is a perched aquifer unit, allowing the throughflow of
groundwater, so the fossils are mainly moulds. The Bryant Creek Fm can be termed a gypsiferous
limestone in many places, e.g. Broken Cliffs. It is dominated by calcite, but with minor-traces of quartz,
gypsum, dolomite, aragonite and halite, which are concentrated locally (Thomas 1999). This
mineralogy reflects increasing aridity in the region at the time of deposition and later. It is most likely
that gypsum has precipitated from pore water within the rock matrix. In arid and semi-arid
environments, such as the Murray Basin, surface, soil and rock pore waters become increasingly saline
due to concentration by evaporation. Previously dissolved gypsum (CaSO4.2H20) is transported to the
surface in rising groundwater, where it is precipitated as crusts as the groundwater evaporates. Watson
(1983) states that fluctuations in the NaCl content of groundwaters are critical to the crystallisation of
gypsum at the water table, owing to the influence of Na salts on gypsum solubility. Thomas (1999) and
Klingner (2000) suggest that gypsum found within the upper Murray Group could be related to the
demise of Lake Bungunnia, i.e. it is a later process and is not related to any Miocene process: that the
gypsum is present in the Bryant Creek Fm because it is a suitable site (see Geomorphology section).

Major and conspicuous fossils:
The lower portion is dominated by the worm, Ditrupa (Fig. 24), molluscs and the large foraminifer,

Figure 24. The base of the Bryant Ck Fm. is also rich in fossils of the worm Ditrupa. The orientation of the tubes
and the paucity of fine material suggest an active current at the time of their deposition, in contrast with the quiet
environment indicated in the underlying Cadell Fm. Photograph: N.P. James.

Sedimentary structures (including bedding) and trace fossils:
The unit consists of very fine sand to silt beds (10-15 m thick) alternating with clay beds in the lower
portion and skeletal calcarenites (30-60 cm thick) in the upper portion (Lukasik & James 2000).
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Bioturbation is common as are cut and fill structures. Minor cross-bedding is seen in the less
fossiliferous beds.

Paleoenvironment of deposition:
The overall environment was shallow, with a mid- to high nutrient level. The upper portion was a
slightly higher energy regime. The lack of coralline algae suggests a low photic level.

Good locations: Sunlands Pumping Station.

A Celleporaria dominated sea-floor resulting from terrestrially derived nutrients

It is appropriate to discuss here in more detail, the Celleporaria beds (Hageman et al. 2002), as they
provide information about specific aspects of the paleoenvironment not provided so elegantly by any
other assemblage. The Celleporaria grew as thickets with a three-dimensional box-work structure (Fig.
18). Later, they formed bafflestones, which are correlatable across an outcrop distance of 70 km. The
fauna of the Miocene Murray Basin sediments were surveyed from dozens of measured sections
outlined in Lukasik & James (1998).

The majority and best-developed Celleporaria-rich strata are contained within the Miocene
Glenforslan Formation, although less well-developed celleporarid-bearing units occur within the
overlying Cadell and Bryant Creek Formations. These Celleporaria-rich limestones become less
common as they become intercalated with the muddy, molluscan floatstones of the Cadell Formation,
where maximum low-stand occurred. These molluscan floatstones are, in turn, overlain by the
transgressive, interbedded clays and molluscan-Marginopora rudstones of the Bryant Creek Formation.

The Celleporaria beds occur ~300 km inland from the shelf edge, in a basin partially barred by a
series of granitic islands/shoals ~120 km in from the shelf edge form bafflestones created by. Water
depth of this setting is estimated to have been ~50 m. Thus, it is unlikely that the higher nutrient levels
needed for such rich beds to flourish were sourced from upwelling ocean waters, such as the scenario
for the Quaternary bryozoan mud mounds of the Great Australian Bight (James et al. 2003). Instead, it
is likely that the increase in nutrients was derived from terrestrial sources. Stable isotope work by
Rahimpour-Bonab (1997) confirms this hypothesis. An analogous environment is not present across
southern Australia today. The closest analogy would be the modern bryozoan-serpulid mounds of the
Coorong (Bone & Wass 1987).

Pata Formation

The Pata Fm is the last member of the Murray Supergroup. Its surface distribution is limited to Morgan
to Overland Corner. It is often difficult to differentiate between the underlying Bryant Creek Fm and
the Pata Fm, particularly as, even when they are both present, the precise location of the boundary is
problematic. However, if the unit is > 2 m in thickness, then it is not the Pata Fm!

General composition of lithologies:

The Pata Fm is similar in most aspects to the Bryant Creek Fm (Lukasik & James 1998). The lower
boundary is the first bed that contains the foraminifers Heterolepa victoriensis and Orbulina suturalis.
It is usually only about 2 m thick.

Major and conspicuous fossils:
The dominant fossil is the turritellid gastropod, Maoriocolpus murrayensa. The large foraminifer,
Marginopora, is also common, as is the worm, Ditrupa.

Sedimentary structures (including bedding) and trace fossils:
Same as Bryant Creek Formation. The top of the Pata Fm is an unconformity surface.

Paleoenvironment of deposition:
The faunal assemblage suggests shallow, mesotrophic conditions in a shallow, grass-bed environment.

Good Location: Good Hope Landing.
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Late Neogene: - Pliocene to Present

The Pliocene to Present estuarine to continental stage followed the uplift of the Pinaroo Block, which
occurred during the Late Miocene (McGowran et al. 1997; Sandiford 2003). The last marine
transgression occurred during the Pliocene, after which the uplift of the Pinnaroo Block formed a
shallow (average depth 30 m), freshwater megalake, Lake Bungunnia (Klingner 2000; White 2000).
Ongoing tectonism, e.g. re-activation along the Hamley Fault (Fig. 2), began to alter the drainage
pattern, so that the resultant drying of Lake Bungunnia heralded the onset of aridity in southern Australia
during the late Quaternary (Stephenson 1986). Aeolian dunes and calcrete now veneer much of the
Murray Basin, with occasional areas of silicification or ferricrete. A combination of minor uplift,
denudation and incision by the Murray River since the Middle Pleistocene (Brown & Stephenson 1991)
has resulted in excellent exposures of these Plio-Pleistocene strata along the Murray River cliffs in
South Australia.

Bookpurnong Formation

The Bookpurnong Formation is the oldest unit in this last series of marine deposits in the Murray Basin.
It only outcrops near Loxton, albeit poorly, but is apparently widespread in the subsurface (Ludbrook
1961c). It apparently straddles the Miocene — Pliocene boundary. It consists of marine fine clastics,
marls and silts, containing a predominantly molluscan fauna. This fauna suggest it was deposited in a
shallow, low-energy, warm, sea-grass environment.

Northwest Bend Formation (NW Bend Fm)
The NW Bend Fm conformably overlies the Bookpurnong Fm, but this contact is not seen at the surface.
The top is an unconformity, and is the equivalent of the Karoonda Surface to the east. The unit is
confined to the western half of the basin, extending from Tailem Bend to Overland Corner. It is a
comparatively thin unit (<15 m thick) containing ubiquitous oysters (the soft bottom oyster Ostrea
angasi — Ludbrook 1984 — Fig. 25), and common molluscs, particularly bivalves. The mineralogy of
the oysters is mainly LMC, so that it is poorly lithified and hence easily eroded. This has led to almost
complete removal in some places, so that it is not laterally continuous, although the environment would
have been that of a large embayment/estuary during deposition. It was never deep, with the deepest
period being during its early stages, when it was deep enough for bryozoans to colonise the substrate
and for common large brachiopods to flourish locally.
This Pliocene limestone has been extensively studied by Pufhal (Pufhal et al. 2004, 2005), who divided
it into a lower and an upper member, with the division a disconformity. Lithologic changes across this
surface are difficult to detect because unlithified sediments from the lower member are typically
reworked and incorporated into the basal part of the upper member. This friable nature has led to it
becoming a minor perched aquifer unit. These separate members are not yet officially recognized, but
are discussed individually here. Ongoing research by Wallace et al. suggest the divisions are more
compicated and disparate (pers. comm. 2007).
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Figure 25. The surface of the NW Bend Fm. Where it is
exposed is a mass of fossil oyster shells (Ostrea angasi).
These indicate that the environment was an estuarine one.
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Lower member

The lower member is a well-lithified but permeable, yellow calcareous limestone, with some quartzose
sand. The ancestral Murray River sourced these terrigenous clastics from both the products of the deep
lateritic weathering that was occurring due to the wet and warm climate, and from the eroded material
carried from the Eastern Highlands. Thus the margins of the sub-tropical embayment were non-
evaporitic, intertidal mud flats and beach deposits.

It is fossiliferous, containing worm tubes, vagrant and other bryozoans and abundant oyster shells
plus a highly diverse molluscan assemblage. The vagrant bryozoans are indicative of shifting sands
(Bone & James 1994), and correspondingly, high sediment deposition rates, typical of a subtropical
environment.

Upper member
In contrast, the upper member fossil assemblage indicates that the climate was progressively becoming

cooler, drier and more temperate. Aeolian sediments, indicating hot, semi-arid climatic conditions,
appear in the top portion of the upper member. These do not contain any fossils, are planar cross-
stratified and include root traces.

Extensive and thick oyster beds of Ostrea angasi, which are indicative of a water depth of <20 m
(Ludbrook 1984), accumulated in a range of strandline and shallow subtidal environments as terrestrial
input via the Murray River decreased and concomitantly the carbonate content of the embayment
increased. Most of the oysters in the lower parts are in growth position and form bioherms and
biostromes with few other macrofossils. As time progressed, sediments contained more oyster
fragments and molds of the surf-zone bivalve, Neotrigonia. They show trough cross-bedding, and are
interpreted as subaqueous dunes or channel-filling deposits. Bryozoans were locally diverse in the lower
part of the unit, becoming restricted to encrusting forms on exposed inner surfaces of oyster valves up
sequence, along with other molluscs becoming rare. Rhodoliths became common, indicating an
increasing energy level. The general lack of bioturbation implies low salinities and high sedimentation
rates.

The changes in sedimentary style between these two members record a progressive shift from
wetter climatic conditions in the Early Pliocene to the seasonally dry climate that typifies Australia
today. These deposits were incised into, and partly to completely eroded by river channels, as relative
sea level fell with the onset of the Quaternary glaciations.

Good locations: Cadell Ferry, Shell Hill, Goodhope Landing.

Loxton Sands

The classic Pliocene Loxton Sands both overlie the NW Bend Formation in the west and are the lateral
equivalent of the NW Bend Formation from Overland Corner eastwards to the South Australian border.
In some places, e.g. south-east of Loxton, they are the lateral equivalent of the Bookpurnong Formation.
Thus it would appear that they represent the blanketing of the land surface as the climate became more
arid and the sea started its final total regression. This regression was probably a result of falling sea-
level because of an increasing, but fluctuating, Antarctic ice volume (Kotsonis 1999). They are also
widespread south of Mannum, as thin layers of a variety of shallow coastal-type sediments, with a high
quartz content. Thus, the Loxton Sands can primarily be considered a fluvial system, but with significant
marine influence in the south.

In the northern part of the basin, the Loxton Sands are mainly orange-yellow quartz rich medium
sand (Brown & Stephenson 1991), which in places become quite coarse-grained, even to gravel size
grains, which are rounded and polished, reflecting their fluvial transport. These sands weather to dark
reddish brown, i.e. the iron content oxidizes, when exposed. In other environments, namely in low pH
reducing anoxic waters, they alter to greenish clay-rich sands (Fig. 26). In yet other locations they
become mottled, indicating the rapid alternation of the throughflow of oxidizing and reducing
groundwaters.
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Figure 26. Photograph of the Loxton Sands, showing the mottled green and red clay-rich sands. There
are many quarries located along the front of the cliffs, particularly around the Barmera area.

In the southern part of the basin, the Loxton Sands also contains small molluscan fossils, making
the sands quite calcite-rich locally. It is only loosely cemented and so is a perched aquifer unit, with an
average thickness of 2 m. Margins of the shallow depositional basin form sands comprise subdued
NNW-SSE trending curvilinear shoreline ridges of sand that record the marine retreat (Miranda &
Wallace 2000; Wallace et al. 2005).

The extensive quartz sand and sandstone system underneath the Murray Mallee contains heavy
mineral sands, including ilmenite, rutile, zircon and tourmaline (Belperio & Bluck 1990), which would
have been sourced from the Eastern Uplands. The energy level required to concentrate these would have
been quite high, which is also reflected by the gravel-size, mollusc-rich, crossbedded dunes to the south.
The southern exposures will be discussed further in the Geomorphology section on paleostrandlines.

Good locations: Fluvial type: quarries in the vicinity of Barmera, e.g. adjacent to Lake Bonney, Loch
Luna. Marine type: top cliff unit south of Big Bend, south of Reedy Ck. outlet.

Parilla Sands (and Moora Formation)
The Parilla Sands conformably overlies the Loxton Sands, filling in any topographic lows. It does not
show any marine influence, i.e. it does not contain any marine fossils. It is finer grained than the Loxton
Sands, and was probably derived from this by aolian and fluvial reworking.

Dolomite up to 5 m thick is found within the Loxton-Parilla Sands. The environment of formation
is currently unknown.

Karoonda Surface

The Karoonda Surface is a dominant, easily recognized, complex weathering surface present throughout
the Murray Basin (Fig. 27). It formed by the weathering of the Loxton-Parilla Sands. The underlying
indurated layer can be up to 15 m thick in places (Kotsonis 1999) but it is usually of the order of 1 to 5
m thick. Nowadays it would be referred to as —the regolithl, but earlier workers understandably referred
to it as “a well developed Late Pliocene paleosol” (Firman 1966; Rogers et al. 1995).

It lies directly under the Blanchetown Clay in many places and is a useful chronostratigraphic
marker, marking the boundary between the Loxton-Parilla Sands and the Blanchetown Clay.
Ferruginous, calcareous and siliceous induration is variably present. It formed under wetter climates
than the present and is characteristic of Late Miocene to Plio-Pleistocene weathering (Kotsonis 1999).
Similar weathering surfaces occur on Kangaroo Island and on the peneplain surface of the Mt Lofty
Ranges and west of Victor Harbor.

Good locations: Lyrup; Pike Ck; Bunyip Reach.
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Figure 27. The Karoonda Surface at Bunyip Reach. The figures are on the surface, which is well-indurated and
~30 cm thick at this location. The Loxton-Parilla Sands underlie the weathered surface, with the Blanchetown
Clay above. The sands erode more readily than the Blanchetown Clay as the latter is a calcareous clay and so is
slightly cemented in part.

PLEISTOCENE
An event of major geological significance occurred at this time, which must be briefly mentioned before
describing the stratigraphy. This was the formation of the mega-lake, Lake Bungunnia (Fig. 28). It
covered a huge part of the Murray Basin, but like all lakes, it was only a temporary feature in the
landscape, in geological time terms. Perhaps it is its demise that is even more significant inasmuch as
the sedimentary processes that were operative throughout its lifespan, were then revealed. The
explanation of its formation and demise are covered in the section on Geomorphology.

The floor of the lake was the locus of the deposition of two widespread lithologies in the Murray
Basin: the Bungunnia Limestone and the Blanchetown Clay. They are both lacustrine throughout.

1|Ib‘ 1h° Figure 28. Map showing the extent of
Lake Bungunnia during its active stage.
The precise location of the outlet is
unknown but was probably in the vicinity
of Swan Reach.

vic 36
after Kiingner 2000
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Bungunnia Limestone

The Bungunnia Limestone is dolomitic rather than calcitic, although Stephenson and Brown (1991)
described it as a well-cemented flaggy dolomitic limestone. It would have consisted of calcareous
sediments at the time of its deposition, but was later diagenetically altered to dolomite, almost entirely
throughout the various facies that occurred around the western shores of Lake Bungunnia. These
included laminated muds and very fine sands, oolitic and pisolithic calcarenites, extensive stromatolitic
and thrombolitic structures (Fig. 29) — which were often associated with ooids. Charophytes and rootlets
are also found in the muds. The ostracodes and rare small gastropods found within the very fine sands
indicate that the environment was not hypersaline, even as the demise of Lake Bungunnia was
occurring.
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ne showing sedimentary structures to the top of the hammer, and
soil with calcrete nodules above the hammer. Stromatolitic (layered and thrombolitic (clotted) structures result
from the cohesion and calcification of populations of calcareous algae, bacteria and micro-fauna, e.g. ostracods et

al. Layering vs clotting is dependent on variations in water level, salinity and energy conditions.

The areas of calcareous sediment deposition were almost continuous around the western shores of
Lake Bungunnia in the earlier part of the lake’s existence, but these depocentres gradually became more
isolated and more diverse in nature over time as the lake started drying up and fragmented into smaller
and more shallow lakes (Klingner 2000). This variability in isolated but relatively closely spaced lakes
in a semi- to arid environment is common today, e.g. the coastal lakes of the Robe-Beachport region
(Henderson 1999). It varies in composition between locations within the lake itself. Thus, in the earliest
stage of deposition, the Bungunnia Limestone is a laminated dolomicrite, seen near Morgan and north
just past Bungunnia Homestead. However, at other nearby locations, such as Waikerie, it is thin, flaggy
and extensively burrowed with rootlets. South of Morgan, the unit becomes thicker and consists of thin
alternating dolomicritic and peloidal layers whereas at Pike Creek and Overland Corner it becomes
stromatolitic and contains peloidal layers with micrite bases (Klingner 2000). It is invariably free of any
clastic input (Rogers 1995).

It is not clear whether the dolomite was precipitated directly from the lake waters or whether it
resulted from the diagenetic alteration of the pre-existing calcareous sediments (see Diagenetic
Alteration, below). The precipitation of primary dolomite used to be considered chemically impossible
— and then, in South Australia in 1956 the chain of lakes adjacent to the Coorong Lagoon near Salt
Creek was discovered to be doing the impossible (von der Borch 1955). Since then, many other lakes
within South Australia have been found to precipitate a variety of evaporite minerals on an annual basis,
with some even changing on a monthly basis (Henderson 1999).
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Figure 30. Diagram of the favoured scenario for the seasonal formation of dolomite in Lake Bungunnia. Gypsum
would have precipitated around the perimeter of the lake. From Klingner (2000).

The environment in these smaller lakes within the overall Lake Bungunnia environment would
have become evaporitic as the demise of the mega Lake Bungunnia continued, probably over a period
of hundreds to thousands of years. This would have led to higher Mg/Ca ratios in the water, thus
inducing the formation of nearly stoichiometric dolomites because the abundance of Mg ions would
have compensated for the usual difficulty in precipitating dolomite from solution (Morrow, 1990).
However, this climatically-induced increase in concentration of the brine would not have been
continuously linear. This waxing and waning of the concentration of the lake waters is reflected in the
layers of some of the stromatolites within the Bungunnia Limestone, with some layers calcite, (Low
Mg-calcite {<4 mol% MgCOs} and Intermediate Mg-calcite {4-12 mol% MgCOs}), other layers are
dolomitic and yet others are aragonitic (Fig. 30). The dolomite may have precipitated as the lake
evaporated and formed a brine. Alternatively, calcite or aragonite layers may have been dolomitised
soon after formation. Further cyanobacteria layers then grew over the dolomicrite and produced calcite
and aragonitic layers. This would indicate the changing water chemistry on a relatively small scale.
Variations in the depth of the lake would also have changed both the volume of dolomite produced and
the rate of cyanobacterial activity (Fig. 30).

Peloids & Ooids

Ooids and peloids are seen in various parts of the Bungunnia Limestone. The ooids at Lyrup have the
distinctive concentric growth rings formed during chemical precipitation on to a pre-existing nucleus.
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Agitation of these in shallow water led to the formation of thin concentric layers, whereas the peloids
do not show any structure, suggesting that they are fecal in origin. The prolific algal mats and
stromatolitic structures that were common in the lakes would have been the feeding ground for various
organisms, e.g., gastropods, as shown by rare fossils, and by traces. The layering in the muds could
reflect seasonality, with the gastropods (= peloid formation) more active during the wetter part of the
year, followed by ooid formation as summer evaporation progressed (Fig. 30). There is a large
difference in the isotopic values 613C and 5180 between the peloids and their matrix (dolomicrite). This
would result from the high organic matter within faecal pellets, leading to depleted 813C and 8180 values.

Good locations: Morgan to Waikerie road — north side of river.

Blanchetown Clay

The Blanchetown Clay, volumetrically, is more of a very fine- to fine sand rather then a clay. The lake
experienced major fluctuations in depth and surface area during its life, and these are shown by the
variation between clays and sands indicating deep and shallow water facies (White 2000). The
abundance of deep-water clays and slow rates of deposition indicate long periods when the lake was
full (An et al. 1986). However, in the easily accessible surface locations it tends to be dominated by the
clay fraction: hence the name. The sand to clay ratio varies due to irregularities in the water currents of
the lake during deposition. These would represent a localised increase in the terrigenous load into the
lake. Another influencing factor was that floodwaters during the wet seasons transported the clay and
sand further, but in the dry season the sand distribution diminished. Clay minerals (layer silicates) were
held in suspension for long periods due to their size (small) and shape (very thin laminae) and the actual
weight of the grains. So, perhaps the best colloquial name is —a sandy clayl.

This mineralogy produced a unit that is a widespread major aquitard. The sand lenses within it,
however, are good perched aquifers, so it is important that their positions are determined. The
understanding of the water flow in the subsurface is vitally important, not only because of groundwater
management, but because it may be suitable material to use as the floor for evaporative basins to dispose
of saline waters in the saline interceptions schemes now being implemented throughout the irrigation
areas of the Murray Basin.

The mineralogy of the unit is dominated by quartz and the clays of the layer silicate group i.e.
kaolinite, illite and montmorillonite. Although the sands and clays are often calcareous, there are only
rare distinct carbonate grains. The illite and montmorrillonite were the primary minerals of the
layersilicates, along with minor muscovite, with these chemically altering to kaolinite over time. The
roughly-defined cyclicity is probably a reflection of the changing climate to the east of the Murray
Basin (Klingner 2000; White 2000) and the transport of eroded material from two different source areas
(Hill et al. 2005):-

(1) the igneous and metamorphic rocks of the Eastern Highlands to the ENE, with their mixed
mineralogy, and
(2) rocks the old sedimentary rocks, containing a high proportion of quartz and lesser amounts of
clays, of the NNE Darling River area.
These would have reached Lake Bungunnia at different times, and at different rates and volumes.
However, the local climate change must not be ignored as this would also have been changing and
thereby influencing the resultant sediments. Brown and Stevenson (1987) reported layers of quartz sand
and thin calcareous silts that are commonly gypsiferous in the upper part of the unit. It also contains
septarian nodules (e.g. celestite), which would have formed as the lake was drying up.

The Blanchetown Clay ranges in colour from red-brown to grayish-green, once again reflecting
the oxidizing-reducing environment of the floor of Lake Bungunnia at the time of its deposition. Once
exposed at the surface, it rapidly oxidises to become light buff to light brown. It has lenses that are
totally sandy where the quartz is fine to medium grain size. The whole package consists of poorly
defined layers of varying thickness. It has an average thickness of 7 m (White 2000), with a maximum
thickness of ~12 m in outcrop at Bunyip Reach and Pike River but is up to 20 m in some boreholes.
Palaeomagnetic evidence indicates that deposition of the Blanchetown Clay started between 3.5 and 2.5
Ma and ended at 0.7 Ma (An et al. 1986).

Large and small-scale features such as minor cross-bedding, thin sand lenses and fining upward
cycles are seen within the Blanchetown Clay layers. There are a higher proportion of the
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smaller grain sizes in the clays of the western part of the basin, as this area was furthest from the main
entry point of sediment into the lake and was also the lowest energy section of the lake. The western
area also has fewer sand lenses or other depositional features, for the same reasons.

The eastern basal section has biogenetically-produced sedimentary features, e.g. bioturbation by
gastropods, aquatic worms and possibly ostracods. Fossils, all non-marine, are rare. Freshwater
gastropods are common at some locations, e.g. Lyrup. Gill (1973) reported the presence of a diverse
fauna, i.e. ostracods, molluscs, fish spines and terrestrial vertebrae. Brown and Stephenson (1987)
comment on the presence of freshwater ostracods, fish spines and the bones of a large marsupial.

Good Locations: Lyrup — roadside to Sturt Highway; Bunyip Reach/Chowilla Dam site — cliffs.

Woorinen Sands

The Recent surficial, red-brown Woorinen Sands are aeolian and form the Mallee sand dunes in the
region. Their mixed mineralogy of quartz and carbonate grains suggests they have formed from the
weathering of Murray Supergroup members from the river cliffs, particularly during the Quaternary
glacial events, when sea-level was lower. The average thickness is 4 m.

HOLOCENE

Thin Quaternary units overlie these sediments. These consist of aeolian sediments, saline lacustrine
deposits and several calcrete horizons, e.g. the Rippon and the Bakara calcretes (Firman 1963,
1967a&b), overlie the freshwater sediments of Lake Bungunnia. However, many of these surficial
deposits are essentially morphostratigraphic rather than lithostratigraphic (Brown & Stephenson 1999)
(see next section for calcrete formation).

B. GEOMORPHOLOGY

Geomorphology covers the identification, description of and explanation for the landforms that
constitute the land‘s surface at any given time. In other words, these landforms are a later reflection of
the underlying geology. Thus, they can be ancient and stable, e.g. the granite quarry at Mannum (Fig.
7); old and stable, e.g. the Karoonda Surface (Fig. 27); or recent and stable, e.g. the relatively Recent
Bokara Calcrete. Other features may be either in a state of continual change or ephemeral, e.g. the width
of the Murray River channel (Fig. 31); inland sand dunes on the plains (Fig. 32); old coastal sand dunes
(Fig. 33); drainage patterns running into the Murray Basin such as the Marne River and Reedy Creek
(Fig. 34); saline lakes such as Stockyard Creek, which has now been utilized as a drainage basin for
enhanced-salinity groundwater as part of the Salinity Interception Scheme (Wipf 2002).

The Murray Basin is flanked to the west (Mt Lofty Ranges) and to the east (in Victoria) by low-
lying mountains of Paleozoic and older rocks, to the north by the Olary Arc and to south by the
Padthaway Ridge, which separates it from the coeval Gambier Embayment of the Otway Basin. This
former is well exemplified by the major scarp and ancillary minor scarps along the eastern front of the
Mt Lofty Ranges (Fig. 4). Subsequent drainage from the west, where the annual rainfall is considerably
higher than in the basin, has influenced the geomorphology of the central basin, along with the ongoing
Cenozoic tectonism, especially that of the Mid- to Late Miocene.

Figure 31. The width of the river near
Tailem Bend is significantly narrower
than it was in the past. This photo shows
how broad, flat swamp areas gradually
infill so that the position that was once
the river bank is now far from the
water‘s edge.

FAR LVOII BANK FAR LOW;ANK




Figure 32. Sand dunes are ephemeral until they become fixed by vegetation. This dune, on the eastern side of the
Murray Bridge to Tailem Bend road, consists of Fe-coated quartz grains and so looks orange. The source of the
sand was from the west, and the volume was low. Dune form depends on parameters such as sand volume
available, wind velocity and direction, nature of the land surface and duration of strong winds. Mallee has
colonised this dune. Mallee and Callitris colonises quartz dunes (pH of ~6 — 7 whereas calcareous dunes are
colonised by Casuarina (pH 7).

Figure 33. Old coastal sand dunes ina rarlway cuttrng on the eastern side of Murray Bridge. The cross-bedded
sands are lightly cemented and contain solution pipes, some of which are infilled with mud and soil from above.
Calcrete has formed in the soil, indicating a change in climate from karst conditions to calcrete-forming
aridification. Springer spaniel for scale.

Frgure 34 The |nIet of Reedy Ck |nto the Murray Rrver between Murray Brrdge and Mannum is at the position
between the two arrowheads. Uplift of an eastward-facing arm of the granitoids and high-grade metamorphics of
the Mt Lofty Ranges during the middle Miocene tectonism has produced an elevated and bisected area that drains
eastwards, forming large swamps before reaching the Murray River via a narrow inlet. Figure 4 shows the
westwards view from the same lookout at Reedy Ck and Figure 35 shows the inlet view from the Murray River.
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Drainage Patterns

The major drainage feature in the Murray Basin is obviously the Murray River, discussed later. There
is little surface water movement today into the Murray Basin, apart from on the western side of the
river. Even here, the flow is seasonal or ephemeral, except for the River Marne and Reedy Creek outlets
(Figs 34, 35). The incised gorge of the River Marne indicates that its flow was much greater in the past,

probably prior to the onset of aridification.
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Figure 35. Main exit of Reedy Ck into the main Murray River channel. Other outlets have become partially or

totally blocked with snags and vegetation.

Rivers

Murray River— Old (Tertiary)
The location of the channel for the ancientl Murray River is somewhat controversial. Indeed, whether

there was a proto-Murray River as such is not clear. Various sites have been suggested such as an
ancestral Glenelg River in Victoria and a river east of the Broughton River in South Australia, both
being diverted by tectonism and associated faulting (Kannawinka and Morgan). Certainly the Paleocene
— Eocene terrigenous siliciclastics that have their thickest beds in the ENE part of the Basin were
sourced from the highlands in the east, but their widespread and homogeneous nature is more indicative
of flash flooding or braided fluvial flow rather than of channelised flow with episodic overbank
deposition. Yet logic demands that there was an ancient Murray River, as any gradient, even in a flood
plain, will enable the development of a focalised pathway for excess water, which with time, incises
itself into the soft sediments, to eventually become a fluvial system. The Pliocene NorthWest Bend
Formation, an indisputably estuarine environment, provides additional evidence, as estuarine
environments by their very nature are fed by a fluvial system at their apex.

Changing sea-level throughout the Cenozoic, however, has had the greatest influence on the
geological history, which is so well recorded in the rock record (Figs 9, 10). The inundation of the
western part of the area by the sea during the late Oligocene was concomitant with further uplift in the
east. Once again, there is no precise indication of a river channel at this time within the South Australian
part of the basin, yet it must have been present.

Murray River — Young (Quaternary)
The modern Murray River Gorge was cut into up-faulted Miocene limestones of the Pinnaroo Block in

the Late Quaternary (Twidale, in Brown & Stephenson 1991). It is likely that the gorge dates from the
demise of Lake Bungunnia around 600,000 years ago. It was then successively deepened during low
sea-level stands and backfilled during high stands (Brown & Stephenson 1991).

Variation in paleocurrent directions in the NW Bend Formation (Pufhal 2004) indicates that the
ancestral Murray River in the Early Pliocene was a series of high sinuosity meanders, with associated
point-bars, flood plains and levee banks, just as it is today (Figs 36-40). The coarse nature of the
sediments and the paucity of associated estuarine facies (Dalrymple et al. 1992) suggest that deposition
at its mouth was dominated by lateral accretion of distributary mouth bar complexes on a prograding
sandy delta front (Wright and Coleman 1974).

The major development of the river as we see it today, however, stems from the time of the
demise of Lake Bungunnia, some 620,000 years ago. The fluvial flood plain that is seen from Morgan
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downstream had a much larger areal extent in the past, but just how recent this recession of the
immediate channel and overbank areas occurred is not clear (Fig. 41). Certainly, there is much anecdotal
evidence of the variability of the flooding of this floodplain prior to the implementation of the locks
and barrages. Now, in the 21st century, there is major human influence on the flow.

Another source of evidence for the changing magnitude of the output of both sediment and water
from the Murray River is the position on the Modern sea-floor of the mouth of the river and its seawards
channel. There are a number of significant paleochannels on the Lacepede Shelf, with many of them
extending to the present-day shelf break, and indeed, with some of them becoming major submarine
canyons (Hill et al. 2005). There is, however, evidence for Murray River paleo-channels in the modern
marine environment (James et al. 1992; Hill et al. 2005). Seismic imagery on the Lacepede Shelf (the
modern continental shelf, including the area where the Murray River flows in to the Southern Ocean),
shows widely-spaced channels of differing depths and edges cut across the shelf to the shelf edge and
down the continental slope in many cases, depending on when they were cut.

Similarly, today the sediments veneering the Lacepede Shelf to a depth of around 40 m were
sourced from the Murray River (James et al. 1992). However, these are dominated by relict sediments,
and were discharged at times when the strength and the flow were dramatically episodic rather than the
continuous low-level currently operating today (i.e. last two millennia). The sediment now carried by
the river rarely reaches the sea-floor; instead it is silting up the mouth of the river, thereby inhibiting
exchange of fresh sea-water with the Coorong Lagoon.

' 4 ; A )
AN -~y J {15 !
£ TR .
Iﬂ'" 7 el o o
1%

Figure 36. A high sinuosity meander near Geenbanks, a few km north of Murray Bridge. The eastern bank shows
the eroded outside of the curve whilst the western side of the channel is a shallow, vegetated point-bar.
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Figure 37. Relatively rapid changes often occur in geomorphic features, such as the width and position of the
channel of a meandering the river. This meander near Walkers Flat, shows the eastern shift of the meander, leaving
the old river bed as the new flood plain on the western side, complete with a mix of oxbows, swamps and salt-

pans and the deposition of a new point bar on the eastern bank.
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Figure 38. Photograph taken from same site as Figure 35, showing an ox-bow lake formed by the cut-off of the
old river channel and a salt-pan/swamp on the new flood plain.

Figure 39. Old flood plain, western side of river, north of Murray Bridge. The area is rarely flooded even though
the bank is almost non-existent. It now has to rely on irrigation for agricultural use, e.g. see dairy cows in paddock.
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Figure 40. A levee bnk on the eastern side of the rivr at Murray Bridge. The bank, although natural, has been

artificially enhanced to protect the flood-plain, which is valued for its dairying use.
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Figure 41. Dead biota densely-packed on the strandline at Pt. Germein, Northern Spencer Gulf. The sea-floor is

<2 mdeep for over 1 km here and is indicative of the environment during the Plio-Pleistocene at the beach adjacent

to the Murray River outlet at the time.
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Creeks

Creeks are those water channels resulting from the coalescence of a volume of water that produces a
flow of water that is maintained throughout the winter season. There are only two today in the Murray
Basin north of Tailem Bend that act as drainage channels: Marne and Reedy Creeks.

Strandlines

The interface between the land and the sea invariably leads to the formation of beaches and back-of
beach geomorphic features, e.g. dunes and strandlines, containing a mix of sand grains and the
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remains of sea-floor biota. Such features are common today on the coastlines of Spencer Gulf and Gulf
St. Vincent (Fig. 41). The Murray Basin is veneered with Plio-Pleistocene arcuate paleostrandlines
(Wallace et al. 2005). There are also many examples of coastal landforms from these earlier
transgressions, e.g. on the eastern bank of the Murray River at Murray Bridge, downstream of the old
bridge, there is a sequence of Loxton Sands that has the attributes of beach flat deposits, shell banks
and various types of dunes and strandlines. Recent field work has revealed that these are fairly
widespread, extending as far north as Mannum.

Lakes

Lake Bungunnia

Lake Bungunnia (Fig. 28) was one of the most important geomorphic features of the entire Murray
Basin history. Like all lakes, its life was relatively short, in geological terms. The sediments associated
with it were widespread, with remnants of these visible along much of the upper reaches of the Murray
River. It does not, however, exist today.

The Formation of Lake Bungunnia

The most accepted theory of lake formation is that a dam wall formed as a consequence of the uplift of
the Pinnaroo Block (during the Miocene) (Fig. 2) This tectonically-produced barrier formed in the
vicinity of Swan Reach (Stephenson 1986), with the down-thrown side to the north-east. Subsequently,
a barrier of sediment accumulated against the south-western scarp. The dam wall could have also
formed with the build-up of sediment at the river mouth, but there is no evidence for such a river. Other
theories have the tectonism later in the Late Pliocene, with the Pinnaro Block uplift occurring along the
Murrayville Fault. This theory is based on evidence in Victoria, where strandlines in the Late Pliocene
sediments, now elevated 120 m, appear to be caused by similarly oriented faults (Kotsonis 1996). The
Murrayville Fault is thought to form the northern margin of the Pinnaroo Block whilst the southern
margin is seen as the Marmon Jabuk Range. The reality is probably that both events were involved,
which is the norm for geological processes. The uplift of this block created the Renmark Trough. The
ridge in the centre of the study area was caused by reactivation of the Late Carboniferous Hamley Fault
and the Encounter Bay Fault. This uplift, which caused minor warping, but not fracturing, of the Tertiary
limestones, formed troughs on either side of the Hamley Fault, thereby providing an explanation for the
disparate nature of the following lacustrine sediments that accumulated in Lake Bungunnia (the
Blanchetown Clay and the Bungunnia Limestone: see above). Uplift along the Morgan Fault inhibited
Lake Bungunnia‘s expansion to the west and northwest whilst in the north the topography of the land
at that time constrained Lake Bungunnia to remain confined to the south.

Evidence against this method of lake formation includes the absence of any indication of the
Pinnaroo Block on either magnetic or gravity surveys (was it too small?) whereas the Morgan Fault is
seen clearly in topographic, gravity and magnetic survey and the central ridge is seen on gravity data.
The anomalies in these survey methods, along with earthquake data (PIRSA 2000) show that tectonics
are still active in the area. Other formation theories are discussed in White (2000).

The absence of the Karoonda Surface in the west indicates that the central ridge formed whilst
the sea was still in a highstand period and confined the estuarine conditions to the west. The NW
Bend Fm in the west immediately underlies the Blanchetown Clay, indicating a marine influence
existed in the west immediately before the inception of lacustrine conditions. The NW Bend Fm
consists primarily of oyster shells deposited in an estuarine environment. The flow rate in the Murray
River would have been low at this time and the reduced marine influence would have led to brackish
water; an ideal environment for oyster beds.

Extent of Lake Bungunnia

Lake Bungunnia covered ~33,000 kmz of south-eastern Australia (Fig. 28) (An et al. 1986). The average
water depth was quite deep: ~30 m, with a maximum depth of 80 m (Stephenson 1986). Nevertheless,
a large proportion of its water evaporated each summer, causing fluctuations in the pH, eH, salinity and
depth of the water, although it never completely dried up. Rainfall was higher (between 500 and 940
mm/yr) over the catchment area of the Murray Darling Basin, evaporation was lower and runoff rates
were much higher (Stephenson 1986) than they are in the area today. Minor changes in the climate
would have caused large fluctuations in the shoreline of the lake. The species
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present and the geochemistry of the valves of ostracod assemblages preserved within the sediments
record these fluctuations.

Lacustrine sediments accumulated on the floor of the lake over this time: the older Blanchetown
Clay and the younger Bungunnia Limestone. The Blanchetown Clay was deposited in the deeper parts
of the lake whilst the Bungunnia Limestone formed around its edges, mainly in the west, and finally in
stranded lakes, hence the perception that the Bungunnia Limestone is younger than the Blanchetown
Clay, whereas it is more probable that they were coeval.

Other fauna and flora preserved in the sediment provide additional information regarding the
environment at the time. Stromatolites growing around the margins of the lake precipitated layers of
different carbonate minerals (aragonite and calcite (LMC, IMC)), indicating that the water chemistry
changed periodically. This cannot be seen in the field, but these layers can be seen by staining a cut
surface with Clayton Yellow stain or by viewing a thin section of the stromatolites under
cathodoluminescence, whereby different minerals emit light of a particular wavelength, the colour of
which is specific to one mineralogical composition only. Stromatolites are associated with hyper saline
water and elevated pH. The presence of well-formed ooids indicates that the water was, at times,
alkaline, shallow and warm enough for chemical precipitation of carbonate and also agitated enough to
produce the concentric rings preserved in the ooids. Various freshwater calcareous algae also indicate
elevated pH but hyposaline water. Bacteria associated with them may have played a role in the
formation of dolomite. Dolomitisation was a late-stage event, once evaporation of the lake waters
allowed the concentration of Mg to reach the appropriate level, i.e. the Mg:Ca ratio became elevated.
This may have been accelerated by the precipitation of gypsum (CaS0a4.2H20), which effectively
removes Ca from the system, thereby indirectly increasing the Mg:Ca ratio. Gypsum is invariably
associated with lacustrine dolomite. Other algae formed mats in some locations. These were grazed by
small gastropods. Land plants colonized these when water level were exceptionally low.

It is undoubtedly likely that different diatom assemblages flourished within Lake Bungunnia,
although exhaustive microscopy has failed to find any. One can only conjecture that they were present
but that their siliceous tests dissolved in the alkaline waters of the lake as it dried up, and that those
already buried in the sediment also dissolved in the percolating, alkaline groundwater (Fig. 30).

The Demise of Lake Bungunnia
Lake Bungunnia may not have had an outlet for most of its existence. However at approximately 0.7
Ma the dam was broken and the lake slowly emptied. There are four possible causes for the formation
of an outlet (Stephenson 1986; White 2000):
1. Tectonic down-faulting.
2. Breach of the dam during an unusually wet time, leading to the formation of an outlet, which
eroded the dam wall. This is unlikely as evidence suggests a gradual decline in water level.
3. Groundwater seepage undermining dam sediments, leading to its collapse.
4. Headward and other erosion processes. Headward erosion by a stream on the southern side of the
barrier emptied the lake waters into the sea. A shallow outlet formed allowing water to flow out.
Alternatively, the barrier may have been broken due to wind erosion, which accompanied the onset
of aridity in Australia. There is no evidence to support either cause, although they may have been
contributing factor(s).
A simpler explanation is that the lake reached the top of the dam, i.e. it filled to capacity. Once this
occurs, erosion of the dam structure is initiated, and if water input continues to be greater than the
reservoir (lake) capacity, erosion of the wall continues. Spillover is relatively rapid once the dam is
broached. Even this seems unlikely, as field evidence shows that there was a gradual retreat of the lake
to the east, with the stranding of isolated lakes in the west, with the gradual increase in the salinity of
the water in these lakes. There is no reason why the demise of the lake cannot be construed to be
anything other than a combination of a number of factors, not just one over-riding factor alone.

The timing of outlet formation correlates to a sea level low-stand approximately 620,000 years ago
(Brown & Stephenson 1991). The drying of Lake Bungunnia heralded the onset of aridity in southern
Australia (Stephenson 1986). The change in periodicity and height of sea level change caused by
Milankovitch cycles occurred around the time of the end of the lake (Adamson et al. 1987).
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A deep channel that was cut into the uplifted ridge by the Murray River, near Waikerie, suggests
that the Hamley Fault began moving after the river began flowing, otherwise it would have followed a
more southerly course and then crossed directly to Mannum or flowed out to sea via another path. If the
Hamley Fault and Encounter Bay Fault/Lineament predated the Murray River, then another lake would
have formed to the east of Barmera. If a dam/barrier did exist, then the junction of the three faults was
the optimal place for the river to cross the uplifted horst, as the rocks at this location would be weakened.
As the lake filled with sediment, water would have flowed over the dam in the south, thus broaching
the barrier and producing a channel that would rapidly develop into an effective outlet. This is the most
likely cause of the demise of the lake (White 2000).

Sand Dunes

There are numerous sand dunes throughout the Murray Basin. Some are fixed dunes whereas others are
mobile. These states, however, can change quite rapidly as climate and/or sea-level change.
Notwithstanding their reaction to such changes, they do provide information about conditions at the
time of their original formation and also their reactivation stages.

Dunes are not “fixed” in time and space. Their ages are influenced by their origin, which is
indirectly controlled by sea-level. There are those that are associated with strandlines and thus relate
directly to sea-level, i.e. transgressions, and then there are those that are entirely aeolian in genesis, and
thus are more loosely linked, and are formed during regressional times.

Red sand dunes, typical of the predominantly linear W-E forms on the eastern side of the Murray
River and similar to those on upper Yorke and Fleurieu Peninsulas are aeolian. The quartz sand grains
have clear cores and are coated with Fe-oxide, giving them the orange colour seen (Fig. 42), whereas
the cores remain colourless. Dating of the dunes is currently underway by Prescott et al. Adjacent to the
River itself, the source of the sand appears to have been old river channels and the floodplain, and
indeed, the manner in which the sand was swept up the eastern bank of the floodplain, even up quite
steep cliff banks, can be seen at a number of locations (Fig. 6). Once dunes are established on the cliff
top, calcrete infiltrates the surfaces, imparting a mottled whitish appearance (Fig. 43). The shape of the
dunes changes from one area to another, so that further south, they become arcuate (Fig. 32), but south
of Tailem Bend, they again become more linear.

Figure 42. Climbing dunes on the eastern bank of the Murray River at Pompoota have covered the cliff. The
sand on the flank of the cliff is darker red than the sand above, and also tends to be more mobile.
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Figure 43. The dunes on the cliffs and plains above the river channel become lighter upwards, and even mottled.
This is because white calcareous grains derived from the ubiquitous calcrete contaminate the dune. They are in
the process of becoming fixed dunes.

The south-western section of the basin has white quartz sands veneering the top of the scarp and
downslope areas, overlying the ubiquitous calcrete, in particularly in the Murray Bridge area (Fig. 44).
This is similar to the white sands that veneer much of the near coastal regions of southern Australia,
particularly Western Australia, and are believed to be late Pleistocene in age.
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Figure 44. Ant holes excavated into the white quartz sand veneer are circumscribed by orange sand grains from
the lower levels of the hole, indicating the shallow nature of the veneer.

The dunes associated with paleostrandlines are discussed above, as there are no coastal dunes
forming today.

Swamps and Small Lakes

There are few lakes or swamps in the Murray Basin that are far-distant from the river plain itself.
However, they abound within the flood-plain, as is expected in a meandering river system (Fig. 45a).
They are known by a plethora of names — lakes, lagoons, swamps, back-waters, ox-bows and of course,
the most famous name of all to Australians — billabongs. They wax and wane and are climatically
controlled. Ones such as Lake Bonney are modified by human intervention to maintain them whilst
others become stagnant or destroyed, e.g. Chowilla. Climate vagaries and increased human intervention,
especially in the states adjoining South Australia since the beginning of the 21st century, are leading to
the rapid demise of many swamps (Fig. 45b).
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Figure 45. a. (left) Photo taken in 2005 of a typical flourishing swamp with reeds, water plants and wading bird;
b. (right) Photo taken in May 2008, of a typical dried-up swamp. These two photos indicate how rapidly
geomorphic change can occur within the landscape, especially when ill-considered anthropomorphic activity is
rampant.

Karst

Karst results from the dissolution of carbonate minerals in low pH water (Fig. 46a). These two necessary
components are no longer available in the Murray Basin, i.e. rainfall is low and any groundwater has a
neutral to high pH. Nor is there much evidence of earlier karstification apart from sporadic, small
examples, e.g. Roonka, area, Greenbanks (Fig. 46a) and Murray Bridge (Fig. 46b).
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Figure 46. a (left), Dissolution of poorly cemented calcareous sands within the Loxton Sands at Greenbanks has
resulted in grotto-like features. Once initiated, animals often further excavate these overhanging areas. Water pipe
is ~8 cm in diameter. b (right), A solution cavity in the Loxton Sands, in the upper part of the cliff face on the
eastern bank at Murray Bridge, has been infiltrated by the overlying soil. The shape of the solution cavity is typical
of karst dissolution (see also the Fig. 46a). Fence post on LHS skyline is ~1.5 m high.

Tors

Large, rounded granite and granodiorite boulders (tors) are dotted throughout the landscape in the
Reedy Ck area. These tors occur in groups or as isolated examples. They represent the eroded remnants
of the local granite batholith that was uplifted during the Miocene tectonism. This granite was then
buried under the accumulating sediments (as at the Mannum Quarry) where it was eroded by chemical
dissolution (see Diagenesis, below), with the corners of the jointed rectangular blocks becoming the
sites of the greatest attack. Physical erosion of the soft sediments and soils causes the re-exhumation of
the granite blocks, but they are now rounded. The boulders show spalling, the shedding of curvilinear
sheets of the rock, where they are exposed in the cliffs, due to enhanced weathering by the increased
flow of water down the steep slope (Fig. 47).
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Figure 47. Spalling of exposed granite just north of Mannum Quarry. The hard crystalline igneous rocks have not
weathered as rapidly as the enclosing sediments. Their exposure on the steep cliff has enhanced the exfoliation of
thin curvilinear sheets of granite, which are gravitationally moving downslope.

DIAGENESIS
Diagenesis is of such major importance in Geomorphology that its processes demand a short
explanation:-

Sediment particles, of any mineralogy, do not become lithified unless in situ alteration to the
deposit occurs that results in either a chemical change to some or all of the particles or there is the
presence of a fluid containing ions that have the potential to precipitate a mineral that behaves as
cement, bonding the sediment particles together, either loosely or firmly. Otherwise, the sediment
particles remain as discrete grains, i.e. as sand, which means there would be no rocks! This alteration
in the surficial environment is known by the general term —diagenesisl. It can occur as a result of one
of, or a combination of any of, processes that are chemical, biological or physical in character. However,
some diagenetic processes can alter loose sediments, such as sands, without them becoming lithified,
e.g. the Blanchetown Clay where the clays may have changed from one mineralogy to another, such as
montmorrillonite to kaolinite, yet no cement has been made available in the process. Chemical processes
play the major role in diagenesis, especially when a solvent, e.g. water, is present.

Formation of Limestones

Limestones are the most common result of diagenesis, and as the Murray Basin is dominated by
limestones it is probably best to dwell a little more on the actual process involved in their formation.
Calcareous sediments often consist entirely of the hard parts of various benthic invertebrates, calcareous
algae and foraminfers, which are composed of different CaCOs minerals (Bone & James 1993) —
aragonite, high-Mg calcite (HMC), intermediate-Mg calcite (IMC) and low-Mg calcite (LMC). The first
two are mestastable. Aragonite readily dissolves, with the corrosive ground-water becoming saturated
with CaCOs, which can then precipitate out as cement, even within the same sediments. The HMC
present neomorphoses into LMC, releasing Mg into the ground-water, which then becomes saturated
with Mg and consequently also precipitates out as cement, or in extreme cases, as dolomite. Thus, the
calcareous sediments become a limestone, with external and internal moulds (Fig. 15) of the biota that
precipitate aragonite for their skeletal elements (e.g. most bivalves and all gastropods) and unaltered
and apparently unaltered fossils of the biota that precipitated HMC, IMC or LMC. The HMC (e.g.
echinoids, coralline algae), and the IMC (most cheilostomes bryozoans) to a much lesser degree,
however, have been altered and can be analysed by XRD to show that they are now LMC or can be
viewed under cathodoluminescence, where they luminesce a light orange colour, also supporting their
LMC composition. Those few invertebrates that use LMC (e.g.
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brachiopods, cyclostome bryozoans, some foraminifers) remain pristine, and so can be used for analyses
of their skeletons to provide geochemical data that can be used to interpret many different aspects of
the time during which they lived, e.g. stable isotopes for climate and diet, Sr for age, etc. (Rahimpour-
Bonab 1997; Deer 2001).

The permeability and porosity of the sediments/limestones strongly influences the rate at which
diagenesis proceeds. Permeability concerns the passage of a fluid right through the rock, i.e. via open
inter-connected pore spaces, Porosity concerns whether the fluid can infiltrate into the rock, even if it
is only a short distance, and can remain there. Those that are good aquifers have rapidly had their
unstable minerals dissolve and the solute-containing groundwater transferred elsewhere, before any
cement is precipitated, e.g. the Lower Mannum Fm, whereas those that are aquitards become partially
cemented and those that are aquicludes remain uncemented, with their fossils still remaining pristine in
a well-packed, low porosity matrix, e.g. Cadell (Fig. 23) and Finniss Members (Fig. 10) or becoming
so tightly cemented that they are no longer permeable. The physical attributes of the original sediments
also affect the rate of diagenesis as these also influence porosity, so that a fine-grained limestone is less
porous than a coarse grained one, even though chemically they may be identical.

Formation of Sandstones

Quartz is only chemically reactive in extreme pH conditions (<2 or >9) and so quartz sand grains usually
remain as loose aggregates. If, however, they are closely associated with calcareous grains that contain
aragonite or HMC components, then they may be loosely cemented together by an IMC cement. This
is usually localized, and is rare in the Murray Basin. Where the SiOzgrains are in the amorphous form
as biogenic opal-A or Opal-C (e.g. diatoms, sponge spicules), a different reaction may occur, resulting
in the formation of chalcedony or chert (see below), but this is usually not abundant.

Post Lake Bungunnia Precipitates

The groundwater hydrochemistry changed quite dramatically in the final stages of the demise of Lake
Bungunnia. This resulted in the precipitation of a number of cements and evaporites additional to the
carbonates discussed above, during the latter part of the Quaternary, so that there are deposits of
dolomite, chert, gypsum and, increasingly familiar, halite in the basin. The deposits are often small and
localised, with one exception — dolomite.

Dolomite (Ca.MgCQs) occurs in two distinctly different styles:-

There is the pervasive dolomitisation of the Bungunnia Limestone, so that it is difficult to find samples
of this —limestonel that are limestone, i.e. almost the entire unit has been dolomitised. Other examples
of this type of dolomitisation are seen in some of the marginal lacustrine deposits, e.g. selective
dolomitisation of stromatolites and muds (dolomicrite) at Pike Ck. These dolomites have a Mg content
that exceeds that of stoichiometric dolomite, which is usually the case in dolomite associated with
evaporates. In all of these, the dolomite is microcrystalline and usually whitish in colour.

Dolomitic sands (Fig. 48) occur as orange, sucrosic rhombs in lenses, 1 to 3 m in thickness, at
Sugarloaf Hill (near Barmera) and Schlein‘s Quarry (near Loxton) and at Goldmine cliffs (Klingner
2000). This dolomite always underlies the Blanchetown Clay, although it is often now found akin to
“outliers”. These dolomites are close to stoichiometric dolomite.
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Figure 48. Dolomitic sands occur as sucrosic orange rhombs. It is unclear where they occur in the stratigraphy.
This photo was taken at Sugarloaf Hill, near Barmera. Photo: N.P. James.

Chert is another groundwater precipitate (amorphous SiO2) below and within the Blanchetown Clay.
The chert occurs in the cliffs on both sides of the river at Lyrup. It is nodular, and variably coloured
between dark brown and black, containing red/brown spots due to impurities. It is apparently associated
with varying levels of the water table, as it occurs within the basal section of the Blanchetown Clay on
the southern side of the river whereas it occurs well below the Karoonda Surface on the northern bank.
The method of chert formation is due to the precipitation of silica from silica-rich water from the
aquifers at the top of the water table. It is analogous to silcrete.

Ferricrete is a bio-chemical precipitate (hydrous Fe-oxides) that occurs at or near the surface when
conditions are favourable. The process proceeds rapidly when there is a warm and humid environment,
a supply of Fe and the presence of Fe-oxidising bacteria. Only isolated sites are currently suitable for
the formation of ferricrete, e.g. springs debouching into a locally warm environment or freshwater run-
off into a saline area. There were times during the early Pleistocene (also during the late Miocene and
early Pliocene), however, whn conditions were ideal for ferricrete formation (Fig. 49).
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Figure 49. A boulder of regolith that contains pisoids of erricrete, Pike Ck. The pisoids coalesce in some places
to become sheet-like or massive conglomeratic boulders.
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Calcrete (CaCQs) is another chemical precipitate. It forms in Mediterranean climates where
evaporation exceeds infiltration of meteoric water. Dissolution of carbonate particles in the groundwater
occurs, mainly in the winter, due to the undersaturated state of the infiltrating meteoric water with
respect to CaCOs. This groundwater is carried upwards in the summer, into the soil profile, by
capillarity. The solvent (pure water) evaporates, leaving behind the solute (CaCQs) as microcrystalline
particles in the upper A-horizon of soil profile (Tucker 1989). These particles coalesce over time to
form nodules (Figs 50a,b), which may coalesce to form layers (Fig. 51). It is an ongoing process in
South Australia today where low rainfall is such that evaporation exceeds infiltration, i.e. almost the

entire state except for the South East.
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Figure 50 a. (Ieft) Nodular calcrete showrng the spherlcal nature of the precrpltates The nodules elther remain
intact or eventually cement together during another aridification event. In some cases, the calcrete nodules can
move down a geomorphic incline so that older nodules may be re-positioned on top of younger calcrete; b. (right),
A cross-section through a layer of calcrete nodules, showing their concentric nature. The nodules have been
loosely cemented together by calcrete. The nodule above the scale shows the coalescence of a number of smaller
nodules into a single large nodule.

Figure 51. Calcrete |§ uquUItOUS throughout the Murray Basrn ranglng “from thin crusts to nodules to blocky to
laminar, but not necessarily in any order. Seen here at Pike Ck is a hardpan of sheet calcrete, which can act as an
aquiclude. Photo is ~2 m wide.

ARIDIFICATION

The Early Pliocene was warm, wet (Martin 1989) and a time of high global sea level (Wardlaw & Quinn
1991). It was a hiatus in the overall cooling and drying trend that had begun in the Middle Miocene
(Bowler 1982). The warmest time was between 4.5 and 4.0 Ma, when the West Antarctic ice sheet may
have disappeared completely, resulting in a eustatic sea level that was significantly higher
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than today (White 1994). Palynology indicates that Early Pliocene vegetation in the Murray Basin was
dominated by a Nothofagus (southern beech) rainforest, such as is seen in SW Tasmania today. The
abundance of saltbush and daisy pollen in the western Murray Basin reflects the proliferation of these
plants in coastal environments surrounding the gulf (White 1984). This —warm wet phasel (Truswell
1990) was typified by high, non-seasonal rainfall that reached more than 500 mm/year (Martin 1989).
This progressive shift from a warm, wet climate to the seasonally dry climate of today is particularly
well-recorded in the Northwest Bend Formation. The lower member is enriched in quartzose terrigenous
clastics derived from prolonged, deep lateritic-producing weathering. High discharge from the ancestral
Murray River during the Early Pliocene resulted in the deposition of coarse channel sands that
prograded into the gulf as a sandy delta front. The benthic macrofauna was dominated by open-marine
molluscs that were capable of thriving in areas of high sedimentation.

The upper member has a warm-temperate marine skeletal assemblage suggesting heating of coastal
waters and increased evaporation (James et al. 2001). This process likely produced the normal marine
salinities recorded in nearshore environments of an otherwise brackish system. Most importantly,
decreased rainfall caused a concomitant reduction in riverine outflow, thus allowing marine water to
migrate up the ancestral Murray River, promoting prolific oyster growth in these estuarine settings.
The formation of well developed ferricrete and silcrete horizons throughout the Murray Basin at the
end of this time signal the onset of truly semi-arid climatic conditions. However, the climate today in
South Australia is exemplified by the ubiquitous appearance of calcrete, which is well exemplified in
the Murray, with some cases of 2 to 3 m thick calcrete bands, e.g. at the base of the Woorinen Sands
(Fig. 51) and others of sporadic outcrops (Fig. 52).
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Figure 52. Photograph taken from the top of the scarp on the eastern flank of the Mt Lofty Ranges, looking to
the north-east. The distance to the Murray River is ~8 km. The age of the calcrete on top of the scarp is

unknown.

ECONOMIC MINERALS
Most geologists bridle or cringe when a member of the public calls a rock “a stone”. Yet there are cases
where “stone” is the correct word. So, when is a rock a stone? Answer — when it is used in its natural
state in the commercial world, i.e. in the construction and building industries, in monumental masonry
and in sculpture and jewelry.
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Limestones: marine and calcrete

These are used extensively as aggregate for road construction. Their widespread occurrence throughout
the basin enables their ready harvest from borrow pits immediately adjacent to the site where they are
needed. These have minor use as components in the production of agricultural chemicals.

Dimension Stone (Building Stone)
Early settlers invariably took advantage of the local stone that was already available in suitable sizes,
e.g. marine limestones and calcrete, when they needed to build their homes (Fig. 53), particularly in the
19th and early 20th Centuries. This practice often also had the advantage that it cleared land prior to its
use for agriculture. The trees occurring in the basin were those that had evolved to suit the prevailing
arid climate, which made them unsuitable for houses of wooden construction, such as were
concomitantly being built in Victoria and rural NSW. The use of calcrete later decreased, although it
was still used occasionally, as being representative of the area.
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Figure 53. A Murray Bridge house built from calcrete boulders. Many houses throughout much of South Australia
were built of calcrete in the late 1800s and the early part of the 20mC. Calcrete is no longer part of the commercial
building trade, although the high number of calcrete houses throughout the state attests to its suitability as a
building stone in this climate. The interior of these houses, during summer hot periods, is usually significantly
cooler than that of houses built using more modern products!

Figure 54. The Art Gallery of South Australia was built from Mannum Limestone, quarried from Murray Bridge.
Inset at lower right shows close-up of echinoid fossil in building stone.

Later, large quarries were established to exploit limestones that were diagenetically recrystallised,

thereby making them more durable and suitable to be used as quite large blocks. Many public buildings
in Adelaide were built from Mannum Limestone, e.g. the Art Gallery (Fig. 54),
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Bonython Hall. Use of this material has waned over the last 50 years as cheaper manufactured products
have become available.

Igneous rocks are also exploited, mainly for the building industry, although they are also used for the
sculpting of headstones, e.g. the Murray Bridge Granite and the hypersthene norite (gabbro) from Black
Hill. This latter stone is incorrectly called —Black Granitel. Igneous rocks from the southern margin of
the basin are also used for road metal and railway line ballast, e.g. the porphyritic rhyolite from Mount
Monster.

Heavy Mineral Sands

The search for heavy mineral sands has become intensive, with mining companies using different
models in an attempt to find economic deposits (Roy et al. 2000). Heavy minerals can accumulate in
economic concentrations in the littoral zone due to different rates of long shore drift, wave shoaling,
selective transport and other factors (Mason et al. 1998). The sands must have a source that has a
relatively high heavy minerals content. Various sources of heavy minerals are postulated including the
Kanmantoo Group metasediments, Cambro-Ordivician granites from Naracoorte to Tailem Bend, the
widespread Permian glacial and fluvial deposits and the proto-Murray River (Belperio & Bluck 1990).
The heavy mineral source rocks were reworked into Tertiary sands and deposited in a marginal marine
environment.

Lake Bungunnia deposits have important implications for heavy mineral exploration because it
would have been large enough to sustain high-energy shorelines (Rogers 1999). There would have been
the potential for heavy mineral sand deposits to form where the underlying Loxton-Parilla Sands were
reworked in the younger lacustrine environment (Rogers 1999).

Aggregates and Sands

There are numerous quarries producing sands for commercial use. These are predominantly quartzose
sands sourced from Late Neogene deposits, e.g. the Loxton and Parilla Sands. Sands that contain
particles with a range of sizes are roughly sieved, thereby producing a range of aggregates as well as
unsorted sands.

Coal

Low-rank coal occurs in the Eocene units, e.g. the Moorlands Lignite Member, but it is of poor quality
(aside: Victorian geologists refer to it as —carbonaceous dirtl!). It is high in moisture, salt and sulfur,
has low heating values and produces a high volume of ash (Johns 1975b). It is covered by 30 — 50 m of
overburden. The production of commercial quality coal from the Murray Basin is unlikely.

Groundwater

There are many excellent aquifers in the Cenozoic units of the Murray Basin, so that groundwater is an
extraordinarily valuable asset to the area and to the state of South Australia. This important economic
geological commodity is discussed in detail in Chapter 4.

Gypsum

Shallow deposits of gypsum occur throughout much of the western half of the SA Murray Basin. This
can occur as replacement gypsum, i.e. the infilling of voids in a porous lithology during the throughflow
of groundwater rich in CaS0s2H20 The gypsum precipitates out due to a lowering of pressure when
the groundwater flows into a —cavityl, akin to the formation of stalactites in caves. This process is
well-illustrated at Broken Cliffs, near Waikerie.

The other process is a simple evaporative one, where a shallow surface depression (lake) is filled
with brine, which gradually evaporates during a hot summer. Examples of this type of gypsum
formation occur throughout South Australia, e.g. Overland Corner, Thevenard, Marion Lake. They all
have the bull‘s eye pattern of mineralogy, with carbonate precipitating first in the sediment around the
periphery of the lake, then gypsum precipitates in the largest portion of the lake, but with the very
central, deepest part containing the last of the now highly saline brine, which may dry up completely,
to precipitate salt (halite).

This process occurs on an annual cycle, with fresh winter meteoric surface and infiltrating groundwater
scavenging (dissolving) the minerals from the near-surface sediments, and then evaporation occurring
the next summer.
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details are mine. Future students and their mentors will remedy these as studies of this precious area of
South Australia continues.
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CHAPTER 2. SOILS

David Maschmedt
Soil and Land Program, Dept of Water, Land and Biodiversity Conservation, GPO Box 2834, Adelaide SA 5001.
e-mail: david.maschmedt@sa.gov.au

GEOMORPHIC SETTING

Geologically speaking, South Australia’s Riverland and Murraylands region is relatively young, in that
most of the geomorphic processes that shaped its surface and played a role in soil formation occurred
during the last million years or so. The influence of basement rocks, so prominent in our highland
regions, is virtually non existent as far as soil formation is concerned. Apart from the western margin,
which is defined by the eastern escarpment of the Mount Lofty Ranges, the occasional outcrop of
intrusive granite is the only sign of ‘hard’ rock. As described in Chapter 1, subaqueous sediments of the
Murray Basin and more recent near-coastal plains underlie the vast majority of soils. However, these
sediments are generally not the ‘parent materials’ of today*s soils, because they have been largely buried
by even younger windblown materials. This is not to say that the older late Tertiary and Pleistocene
sediments including Parilla and Loxton Sands, Blanchetown Clay, Bungunnia Limestone, Padthaway
Formation limestone and marl, and so on (refer to Chapter 1) do not play a role in the use and
management of modern soils. In fact, the nature of these materials is commonly the primary determinant
of land suitability for some uses, notably irrigation.

Aeolian accessions of calcareous loess and sand, and the contemporaneous cycles of calcrete
formation, dissolution, erosion and re-deposition are largely responsible for the nature and distribution
of present-day soils. Potter et al. (1973) and McCord (1995) provide excellent summaries of the linkages
between geology and soils in the Northern and Southern Mallee districts respectively. Given the nature
of the aeolian sediments, it is hardly surprising that most soils are sandy and / or calcareous. However,
in those areas where the aeolian deposits have been eroded to re-expose the older Tertiary and
Pleistocene sediments, more clayey or weakly to non calcareous soils predominate.

Whilst the great majority of the regional landscape comprises dunefields, vast sheets of calcrete,
gently undulating plains of highly calcareous deposits, and clay plains, some of the areally minor
features are of most significance, both economically and environmentally. These include the Murray
Plains, Murray River valley and the discharge basins.

The Murray Plains, the strip of land between the highland escarpment and the River Murray,
includes significant alluvial fans with deep fertile soils and relatively high rainfall, a combination
resulting in its having some of the most productive dryland cropping soils in the region.

The River Murray Valley is in many ways a defining feature of the region, although it accounts for
only about 5% of its area. Pedologically it has little in common with the mallee landscapes which it has
dissected, although the sequence of sediments which underlie the Region are nowhere better displayed
than in the cliffs and slopes of the valley sides. Of the range of environmental, economic and social
issues associated with the River and its catchment none has attracted more attention than irrigation. The
application of saline irrigation water, and the accompanying mobilization of subsoil salts by drainage
waters, inevitably impacts on the soils of both the valley and the adjacent mallee country, on
groundwater, and ultimately on the river itself. Some of these issues are discussed later in this chapter.

The saline discharge basins at Noora, Cooke Plains and the fringes of Lakes Alexandrina and
Albert provide an insight into the deep-seated hydrological processes at work below the surface of the
Region. Although extensive soil salinization due to rising saline groundwater tables is not a feature of
the Region, the consequences of widespread land clearance for annual cropping, and the compounding
impact of inappropriate irrigation systems are all too evident in the river channel itself. Better
understanding of soils in relation to recharge control and irrigation management is crucial to the
sustainability of the Region.

The soils of the mallee landscapes, the bulk of the region, occur in a small number of distinctive
‘land types’. These have been mapped by the SA Department of Water, Land and Biodiversity
Conservation (DWLBC 2007) and are displayed in Figure 1. The predominant land types, together with
their characteristic soils, are described in Table 1.
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Figure 1. Land types of the Riverland and Murraylands region (DWLBC 2007).
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Table 1. Distribution of soils within land types in Riverland and Murraylands.

Land Type Percentage of Typical soils* as percent of area
Riverland &
Murraylands >30% 10-30% 10%
Plains and rises with mainly calcareous soils 15.4% C F.D AB.E
Plains anq rises with mainly non calcareous 77% = EG.C D
loamy soils
Plains and rises with mainly sandy soils 1.9% E D,G F.B,C
Plains and rises dominated by calcrete 24.1% A C B,D,F.E
Dgne—swale systems with mainly bleached 15.8% D E G.CEA
acidneutral sands
Dune-swale systems with mainly alkaline-neutral 29.0% D CF EAB
sands
Outwash fans 2.2% C F E,I.D
Basement rock rises and outcrop 0.2% C,R F A
Rises (dune rem_nants) & plains (lagoon floors) 4.6% AB i D.C.E
of former coastlines
Modern alluvial and riverine flats 4.1% H W,G 1,J,D
Lake fringe plains 0.6% - H,I.C,.B J,D,E,G,F
Saline flats and depressions 1.4% J C (é,\l/—IV,D,A,

* Soil codes as follows:
Soil Category Brief description

A Shallow calcareous sandy loam to clay loam over calcrete
B Shallow non calcareous soil over calcrete

C Deep calcareous sandy loam to clay loam

D Deep sand

E Sand over sandy clay loam to clay

F Red loamy soil with more clayey subsoil

G Sandy loam to clay loam over brown clay

H Cracking clay

| Deep gradational sandy loam to clay loam

J Wet soil, usually moderately to highly saline

R Shallow soil on basement rock
W Water

Examples of the soils A — J are discussed on the following pages.
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OVERVIEW OF THE SOILS OF THE MURRAYLANDS REGION

As noted previously, most soils of the Region are sandy and / or calcareous, reflecting the significant
influence of aeolian deposition during relatively recent times. With the exception of the deep siliceous
sands of the higher rainfall parts of the Region, and very young alluvial soils of the Murray Valley and
Murray Plains, the accumulation of carbonates and more soluble salts at variable depths within the soil
profile is a striking feature of virtually all soils. Even deep siliceous sands in the lower rainfall (less
than about 300 mm annual average) districts are generally calcareous within 50 — 100 cm of the surface,
and some are calcareous throughout. The principal reason for this is that rainfall, both present day and
historical, has not been sufficient to leach these materials to any great depth. The degree of leaching is
also influenced by the length of time that soils have been exposed to rainfall. Thus, in areas where
localized reworking by wind has deposited fresh supplies of calcareous materials, soils appear to have
been less affected by leaching.

Soils with layers containing more than about 5% clay have a more restricted leaching regime than
deep sands, due to their greater water holding capacity and lower permeability, and as a result they
usually have more pronounced accumulations of carbonates and other salts originating from the aeolian
deposits. One of the most dramatic examples is calcrete. Calcrete is cemented or indurated carbonate-
rich material. It is thought to have formed through seasonal wetting and drying of near surface carbonate
deposits. Partial solution during winter of fine, soft carbonate, and re-crystallization during summer,
over a long period causes a gradual increase in hard material. The calcrete can occur as massive sheets,
sometimes several metres thick, or as discrete nodules, concretions, veins or tubules. Most calcretes
seem to be associated with carbonates of aeolian origin, but some are at least partly derived from
underlying sub-agqueous sediments. Notable examples of such sediments are the Bungunnia Limestone
(refer to Chapter 1) and the marls and limestones of the Padthaway Formation (refer to Chapter 1) laid
down in back lagoons of the old coastal plains of the south west. Calcretes of the ancient coastal dunes
of the same area are formed directly from the underlying dunal calcarenite. Soil categories A and B
have calcrete at depths shallower than 50 cm. Category A soils are calcareous throughout, and are
presumed to have undergone less leaching than the soils of Category
B.

Where substantial accumulations of carbonate occur near the surface, soils are commonly
calcareous throughout, with very highly calcareous subsoils comprising a mixture of sand, clay and
carbonate, some of which is commonly calcreted. These are Category C soils. It is not unusual for the
calcareous material to continue to depths exceeding 200 cm, without any sign of the older underlying
sediments. In other Category C soils, where the volume of calcareous materials is less, Pleistocene clays
or Tertiary clayey sands to sandy clays may occur within 100 cm. This variation in thickness of
calcareous material is attributed to the extensive reworking of the wind-blown deposits over long
periods.

Winnowing of fine grained carbonate particles from the silica sand grains, and leaching of the

partially soluble carbonates from the silica, has resulted in vast accumulations of non calcareous sands,
Soil Category D. In the higher rainfall southern districts, reworking of these sands has formed
characteristic white dunes. Decreasing rainfall is accompanied by less leaching, so residual carbonates
are detectable in most Category D soils of the northern areas.
The smaller the volume of wind-deposited material leached into the soil, the greater the influence of
underlying material on soil formation and properties. Thus Category E soils (sand over sandy clay
loam or clay) are commonly formed over coarse grained sediments, notably Tertiary Loxton and Parilla
Sands. This relationship doesn’t always hold, as sandy surfaces can also result from deposition of re-
worked silica grains. Category F (red loamy soil with more clayey subsoil) and Category G soils
(sandy loam to clay loam over brown clay) are mostly formed over sediments which are more clayey
than those underlying Category E soils. Profiles with loamy to clay loamy surfaces and medium to
heavy clay subsoils are invariably underlain by Pleistocene clays. Soils in Categories E, F and G all
show an increase in clay content with depth, at least partly attributable to the process of clay
translocation, the preferential downward movement of clay particles relative to sand particles. The
increase in clay content is often abrupt, a feature known as *duplex’ or ‘texture contrast’.

In places there is almost no evidence of wind deposited materials. Either they were never present,

or were laid down and subsequently eroded away. In these areas, soils are formed directly in
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the underlying sediment. Where this is sandy, some clay translocation has occurred, and a sand over
clay profile is most likely. However, where the sediment is finer grained, clay translocation is less
evident, and soils are clayey to the surface. The reactive nature of the predominant clay minerals of
Murray Basin sediments confers shrink-swell characteristics, and the soils crack open at the surface in
summer. These are Category H soils, or cracking clays.

Coarse grained alluvial sediments give rise to soils with minimal clay translocation and little if
any carbonate accumulation. These soils, Category I, typically have textures of sandy loam to clayey
sand throughout, and are generally too young to have been influenced by significant aeolian carbonate
accessions. They usually occur in modern alluvial environments, but there are patchy occurrences in
highland areas of the north east, on reworked sandy loams.

Soils in which at least part of the profile is saturated for at least three months of the year (on average),
are significant as they have very limited commercial use unless drained. Because these soils are the
exception in a dry region, they have special biological characteristics, and consequently high
ecological value. These are Category J soils and they occur primarily in two environments, viz.
groundwater discharge areas where they are invariably saline, and wetter parts of the Murray River
Valley where they vary from relatively fresh to saline.
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Soil A — Shallow calcareous sandy loam on calcrete

Key features
Moderate natural fertility, but high pH and carbonate
content reduce availability of phosphorus,
manganese and zinc.

Relatively erosion resistant due to loamy surface and
stone cover.

Well drained in root zone, but substrate clay
prevents deep drainage

Low water holding capacity, particularly where the
calcrete is unfractured. Variations cause patchy
plant growth.

High sodicity, pH, salinity and boron levels common

Soil profile notes

Less than 30 cm (occasionally up to 50 cm)
calcareous sandy loam to sandy clay loam with
variable calcrete fragments, over a massive to
fragmented calcrete pan. Hard carbonate decreases
with depth, giving way to a very pale coloured
highly calcareous sandy clay loam to light clay. Ata
depth of between 100 and 200 cm is a clear to
gradual change to substrate material — in the
illustrated profile the substrate is Pleistocene clay,
but Tertiary sand to sandy clay, calcarenite or marl
may also underlie the calcareous material.

The thickness and continuity of the carbonate pan is
critical for plant growth. In the illustrated profile,
there is some potential for roots to penetrate the
calcrete to access subsoil moisture. In other profiles,
large slabs of unfractured massive calcrete prevent
plant root growth.

These soils occur on stony plains and rises. Their
occurrence is commonly indicated by stone heaps in
paddocks.

Proporton B More then 30% 1-10%

of Sot A

. 10 - 30% Less than 1%
between calcrete and substrate.
Picking or rolling of surface stone may be required.
Laboratory data for illustrated profile
Depth | Texture pH ECe CO3% | Org.C B Exchangeable cations cmol(+)/kg
cm H20 dS/m % mg/kg | CEC Ca Mg Na K
0-10 SCL 8.5 2.5 8 2.1 4 17.0 14.2 3.1 0.5 1.0
10-65 SCL 9.6 4.6 76 0.5 7 5.3 2.0 2.9 1.9 0.7
65-100 | Calcrete - - - - - - - - - -
100-155 SCL 9.6 11.2 87 0.2 7 6.7 2.3 3.7 1.6 0.8
155-175 HC 8.7 5.5 2 0.1 58 43.3 0.6 16.7 21.2 3.7
155-200 HC 5.5 7.5 0 0.2 20 32.2 0.4 8.8 18.1 2.1
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Soil B — Shallow sandy loam over calcrete

Soil profile notes

Non calcareous loamy sand to sandy loam grading
to a light sandy clay loam overlying nodular to
massive sheet calcrete within 50 cm. This group of
soils also includes profiles with well developed
subsoil clay layers, as well as uniform coarse
textured materials directly overlying the calcrete.
However, the defining features of B group soils are
shallow depth to calcrete, and absence of carbonate
above the calcrete.

The proportion of hard carbonate decreases with
depth and is replaced by softer highly calcareous
sandy clay loam, which in turn grades to substrate
sediments below 100 cm. These vary from Tertiary
or Pleistocene clayey sand to clay to lagoonal marl,
or (as in the illustrated profile) calcarenite of a
consolidated ancient coastal dune.

The thickness and continuity of the carbonate pan
is critical for plant growth. In the illustrated profile,
the calcrete cap is more or less continuous, severely
restricting the growth of annual plant roots.
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Key features P " = |
Low to moderate natural fertility, depending on clay " FUn - Py ]
content of surface. : f ' : e
Loamier forms relatively erosion resistant, but sandy -
types prone to wind erosion. Stone cover lowers risk. R
Well drained in root zone, but deep drainage is : P e Karconda
variable — permeability of limestones and sandy
sediments is high, marls are intermediate and clays
are low.
Low water holding capacity, particularly where the
calcrete is unfractured. Variations cause patchy 3 —

Proporton B vore than 30% 1-10%

plant grovvth. ol Sod B 1030 Less than 1%
Chemical constraints to root growth are
generallylow (as in this example).
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Laboratory data for illustrated profile

Depth Texture pH ECe COs% | Org.C B Exchangeable cations cmol(+)/kg
cm H20 dS/m % mg/kg | CEC Ca Mg Na K
0-10 SL 7.7 0.7 0 1.1 0.9 7.9 7.0 0.7 0.1 0.6
10-250 SCL- 8.2 0.6 0 0.4 0.6 7.2 6.2 0.7 0.1 0.5
25-35 SCL 8.2 0.7 0 0.3 0.8 11.1 8.8 1.8 0.2 0.5
35-100 | Calcrete - - - - - - - - - -
100-130 SCL 9.5 15 71 0.2 3.9 6.2 3.7 2.5 1.4 0.8
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Soil C — Deep calcareous sandy loam over clay

_ Soil profile notes

HES O ) Calcareous sandy loam to sandy clay loam with

{ A ' =" clay and carbonate content increasing with depth.

A band of carbonate nodules is common in the
upper subsoil, but soft finely divided carbonate
predominates at lower levels in the subsoil.

Some soils in this category are underlain within 120
cm by Tertiary or Pleistocene sediments (as in the
illustrated profile), while in others, highly
calcareous medium textured material continues
below 200 cm. On the ancient coastal plain in the
south west of the region, these soils are commonly
underlain by marl.

Clayey substrates, such as the so-called
Blanchetown Clay shown here, significantly restrict
drainage. Deep sampling has determined that these
clays are strongly acidic and low in boron,
suggesting that sodium and boron salts have been
leached into the soil and have accumulated in the
upper sections of the substrate. Consequently,
alkalinity, sodicity, salinity and boron toxicity are
characteristic of these soils.

Key features
Moderate natural fertility as surface textures are
generally loamy. However free carbonate and high
pH tend to reduce availability of phosphorus,
manganese and zinc.

Erosion potential is low due to moderate clay
content and generally flat terrain.

Well drained in root zone, but deep drainage is 2pv
variable. Clayey substrates (as in the illustrated
example) have low permeability. This restricts deep
drainage, making the soil unsuitable for irrigation.
Moderate to high water holding capacity — root zone

vVicronmn:a

capacity determined by depth to toxic oo vl ——betegll i
materials.
Laboratory data for illustrated profile
Depth Texture pH ECe COs% | Org.C B Exchangeable cations cmol(+)/kg
cm H20 dS/m % mg/kg | CEC Ca Mg Na K
0-10 SL 8.3 15 2 1.7 3 12.1 104 2.2 0.1 2.0
10-20 SCL- 8.6 0.9 5 0.9 5 10.8 10.2 2.4 0.1 2.2
20-45 SCL 8.9 1.0 250 0.6 5 11.9 7.2 4.0 0.2 14
45-70 LC 9.2 9.8 47 0.3 5 10.4 3.2 4.4 2.9 15
70-100 MC 9.1 10.1 36 0.1 20 12.5 3.0 5.3 4.0 1.8
100-180 MHC 9.3 8.8 5 0.1 92 17.0 15 7.9 114 2.4
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Soil D — Deep sand

Key features

Very low natural fertility.

Prone to water repellence and wind erosion.
Rapidly drained.

High water holding capacity in potential root zone,
but low in actual root zone which is limited by low
nutrient levels. Lamellae improve water retention.
Difficult to manage with low productivity for
dryland cropping, although high water release
efficiency of sands is an advantage in low rainfall
situations.

High irrigation potential due to absence of impeding

Soil profile notes

More than 80 cm medium to coarse sand, often
extending below 200 cm. The original surface is
organically darkened, but post-development erosion
may have removed this layer; or recent windblown
sand may have buried it (as in the illustrated profile).
In higher rainfall areas, the subsurface is usually
bleached and grades to a yellow or brown sandy
subsoil. Lamellae of slightly more clayey material
are common features in this layer and are well
developed between 60 and 140 cm in the type
profile. Colouring of subsoils is probably due to iron
oxides, sometimes with small amounts of
translocated clay.

In lower rainfall districts, leaching is insufficient for
bleaching, and the soil is typically red.

Carbonate accumulations are usual in the subsoil.
Some profiles are calcareous throughout.

Deep sands generally occur on dunes, and less
commonly on gently undulating sand plains.

vicgtrtona

B Mo than 30% 1-10%

Iayers. ol Sod D T 10 - 30 Less than 1%
Deep sands generally occur on dunes, and less
commonly on gently undulating sand plains.
Laboratory data for illustrated profile
Depth Texture pH ECe CO3% | Org.C B Exchangeable cations cmol(+)/kg
cm H20 dS/m mg/kg | CEC Ca Mg Na K
0-7 S 7.3 0.02 0 0.1 3.0 1.0 0.86 0.36 0.14 0.11
7-20 S 6.6 0.02 0 0.3 <05 | 0.9 0.97 0.26 0.09 0.06
20-60 S 6.9 0.02 0 0.1 1.2 0.7 0.77 0.23 0.12 0.04
60-120 LS 7.0 0.01 0 <0.1 0.5 12 0.84 0.51 0.12 0.07
120-200 LS 7.3 0.01 1 <0.1 <05 |25 1.19 1.45 0.16 0.08




Soil E — Sand over sandy clay

Soil profile notes

Variable thickness (usually between 20 and 50 cm)
sand with a pale coloured or bleached subsurface,
abruptly overlying a sandy clay loam to clay, often
with  coarse columnar structure. Soft or
sometimesnodular calcareous segregations are
common with depth. Substrate material is most
commonly Tertiary sand, but more clayey sediments
can occur. Limestone and marl substrates are rare.
The thickness of the topsoil varies according to
erosional history. This extends much further back
than European settlement; sparse vegetative cover
during arid climatic periods predisposed these soils
to extensive wind erosion and re-deposition.
Columnar structure in subsoils can be quite
spectacular, although it is not always indicative of
high sodicity - the illustrated profile is non sodic.
The typically massive nature of the Tertiary clayey
sand substrate is well displayed in this profile.

W‘F"{ % .:

Key features

Low natural fertility due to minimal clay content of
the surface soil. As well as phosphorus and nitrogen,
deficiencies of copper, zinc and manganese are
likely.

Highly susceptible to wind erosion when exposed,
and prone to water repellence.

Non sodic subsoils are well drained, but sodic forms
disperse and cause water to perch on the clay.

Sandier substrates allow deep percolation, but =
permeability is reduced by even small quantities of Propoton I Mo than 30% 1-10%
clay. ol Sl E N 10 - 30% Less than 1%

Water holding capacity is low to moderate
depending on thickness of topsoil and degree to
which subsoil structure restricts root zone depth.

Laboratory data for illustrated profile

Depth | Texture pH ECe CO3% Org. B Exchangeable cations cmol(+)/kg
cm H20 dS/m C% mg/kg | CEC Ca Mg Na K

0-12 LS 7.2 0.46 0 0.9 0.7 3.0 2.1 0.6 <0.1 0.5

12-35 LS 8.7 0.28 0 0.3 0.3 1.4 0.7 0.4 <0.1 0.4

35-55 SLC 8.8 0.31 0 0.2 2.4 7.8 4.3 3.6 0.1 0.6

55-70 SLC 8.9 0.27 2 0.2 3.4 10.0 5.5 4.7 0.2 0.6
70-110 SCL 9.2 0.30 3 0.1 2.5 6.9 1.1 5.6 0.4 0.5
110-200 CS 9.6 0.43 2 <0.1 2.3 2.2 0.2 2.2 0.3 0.3
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Soil F — Red loamy soil with more clayey subsoil

Soil profile notes

Up to 30 cm red brown sandy loam grading to a red
friable sandy clay loam to light clayey subsoil,
highly calcareous with depth. The change from the
topsoil to the subsoil may be abrupt, but is more
usually gradual (as in the illustrated profile).

The carbonate may be soft, but is more commonly
rubbly, and in highland areas grades to very highly
calcareous windblown deposits, in turn overlying
Tertiary sand, Pleistocene clay or calcarenite.

In alluvial environments, mostly on the western edge
of the region adjacent to the ranges and on flats in
the Riverland, texture contrast forms of the soil are
more common. They are more clayey throughout,
have less subsoil carbonate and are underlain by
medium to coarse grained alluvium.

—
N
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) Peraifie
R

Key features

Moderate to high natural fertility, depending on clay
content of surface soil. These are some of the most
fertile soils of the Region.

The sandier forms are susceptible to wind erosion,
and on the long slopes in the west, water erosion is
sometimes a problem.

Drainage is moderate; sodic clay subsoils in some
profiles cause perched water tables to form on top of

vicTon A

the clay. Deep drainage is determined by the clay " Proporson | 1-10%
content and sodicity of the substrate. I oGAF EEEt0-2% Less then 1%
Water holding capacity is high to moderate due to
optimum clay content and relatively deep potential
root zone.
Laboratory data for illustrated profile
Depth | Texture pH ECe CO3% | Org. C% B Exchangeable cations cmol(+)/kg
cm H20 dS/m mg/kg | CEC Ca Mg Na K
0-18 SL- 8.2 1.30 0 0.9 1.2 9.1 6.63 1.10 0.10 1.31
18-30 SL 8.5 0.69 1 0.4 1.0 10.1 7.96 1.11 0.24 0.81
30-50 SCL- 8.7 0.74 4 0.4 1.5 134 111 1.36 0.34 0.60
50-68 SCL 8.9 1.29 8 0.3 2.1 17.4 12.7 3.64 0.51 0.59
68-90 SCL 8.9 1.47 6 0.2 3.0 18.6 9.01 7.59 0.88 1.10
90-100 - 8.9 0.99 39 0.2 3.3 14.3 8.99 3.66 0.69 0.97
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Soil G — Sandy clay loam over brown clay

Key features

High natural fertility, due to high clay content of
surface soil.

Drainage is moderate to imperfect, as the sodic,
dispersive clay subsoil at shallow depth perches
water which reaches the surface in wet seasons or
after heavy rain.

Soil profile notes

Up to 20 cm hard brown sandy loam to clay loam
abruptly overlying a brown clayey subsoil with
coarse prismatic structure. This grades to substrate
clay within 100 cm, and commonly within 50 cm.
Carbonate accumulations are generally weak, as
these soils commonly occur in deflated landscapes
where most of the wind-deposited calcareous
materials have been eroded out of the system.

This is one of the minority of regional soils which is
clearly formed directly from Tertiary / early
Pleistocene sediments. Nevertheless, the influence
of the aeolian deposits is evident from the trends
shown in the table below. Alkalinity, carbonate and
boron concentrations peak at shallow depth, and fall
away — the classic ‘bulge’ which reflects limited
leaching. However, more soluble salts (indicated by
electrical conductivity analyses) continue to
increase to the bottom of the sampled profile.

These soils occur on plains and lower lying swales.
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The heavy clay substrate is even less permeable, e O
rendering these soils unsuitable for irrigation. o o - ]
Root zone depths for crop and pasture species are ) e S
often restricted by alkalinity and high concentrations ' : - = !
of boron and salt. Effective water holding capacity P2 J o !
is consequently lower than might be expected. o - "': £ron ¥ ey A
Erosion potential is low. —
Laboratory data for illustrated profile
Depth | Texture pH ECe CO3% | Org. C% B Exchangeable cations cmol(+)/kg
cm H20 dS/m mg/kg | CEC Ca Mg Na K
0-10 FSCL 8.3 1.3 4 1.3 5.8 14.0 | 13.1 4.0 0.7 14
10-20 MHC 9.2 0.3 8 0.3 36 27.5 8.3 10.6 6.1 15
20-45 MHC 9.3 8.6 2 0.2 66 28.2 3.6 125 10.1 1.9
45-75 HC 8.7 10.0 1 0.2 69 295 1.7 11.6 124 1.8
75-110 HC 5.7 11.5 0 0.2 21 29.8 | 0.97 11.9 12.9 1.7
110-190 HC 4.9 13.3 0 0.2 21 28.6 | 043 12.7 15.6 1.9
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Soil H - Cracking clay

Soil profile notes

Up to 20 cm hard brown sandy loam to clay loam
abruptly overlying a brown clayey subsoil with
coarse prismatic structure. This grades to substrate
clay within 100 cm, and commonly within 50 cm.
Carbonate accumulations are generally weak, as
these soils commonly occur in deflated landscapes
where most of the wind-deposited calcareous
materials have been eroded out of the system.

This is one of the minority of regional soils which is
clearly formed directly from Tertiary / early
Pleistocene sediments. Nevertheless, the influence
of the aeolian deposits is evident from the trends
shown in the table below. Alkalinity, carbonate and
boron concentrations peak at shallow depth, and fall
away — the classic ‘bulge’ which reflects limited
leaching. However, more soluble salts (indicated by
electrical conductivity analyses) continue to
increase to the bottom of the sampled. These soils
occur on plains and lower lying swales.

Mergan
|
|
Key features i
High natural fertility, due to high clay content of |
surface soil. ; } i
Drainage is moderate to imperfect, as the sodic, i =
dispersive clay subsoil at shallow depth perches 2 | ©
water which reaches the surface in wet seasons or /.*-QA { &
after heavy rain. } =
The heavy clay substrate is even less permeable, ey S0 « Karconds I
rendering these soils unsuitable for irrigation. r> I
. Pinvaroe o
Root zone depths for crop and pasture species are .. Lavmivas I
often restricted by alkalinity and high concentrations . .1’,.* A i
of boron and salt. Effective water holding capacity L2 ™S i
is consequently lower than might be expected. : M;:n — p—— —_—
Erosion potential is low. ol Sod H I 10 - 3% Less than 1%
Laboratory data for illustrated profile
Depth | Textu | pH H20 ECe CO3% Org. B Exchangeable cations cmol(+)/kg
cm re dS/m C% mag/kg
0-10 FSCL 8.3 13 4 13 5.8 14.0 13.1 4.0 0.7 14
10-20 MHC 9.2 0.3 8 0.3 36 27.5 8.3 10.6 6.1 15
20-45 MHC 9.3 8.6 2 0.2 66 28.2 3.6 12.5 10.1 1.9
45-75 HC 8.7 10.0 1 0.2 69 29.5 1.7 11.6 124 1.8
75-110 HC 5.7 115 0 0.2 21 29.8 0.97 11.9 12.9 1.7
110-190 HC 4.9 13.3 0 0.2 21 28.6 0.43 12.7 15.6 1.9
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Soil I — Deep sandy loam

Soil profile notes

At least 50 cm soft to firm reddish or brownish non
calcareous sandy loam, overlying deep subsoil
material of variable texture. On alluvial or riverine
flats deep subsoils are coarse textured water borne
sediments, with minor carbonate accumulations. In
highland areas, these soils overlie much more highly
calcareous materials, and sometimes calcrete. The
low carbonate content of the surface can be
attributed to a combination of carbonate leaching
with some aeolian deposition of reworked non
calcareous sands.

Physically restrictive features are generally absent
(except for calcrete below some profiles), so
significant accumulations of salts are rare.
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Key features a i o
Moderate natural fertility, due to relatively low clay : i @
content of surface. ks, P>
Profiles are well drained, having no physically ‘,_anam? + Karconds i
impeding layers. The permeability of the deep sevarsas |
subsoil is generally high, so the risk of water table ) Lamwroae i
development and salt accumulation under irrigation i
is low. :
Potential root_zone dep_th is |n_var|ably over a metre, T —— TR —— e
so water holding capacity is high. of Soa | . 10- %% Less than 1%
Erosion potential is moderately low, although
excessive cultivation or over-grazing can predispose
the surface to wind erosion.
Laboratory data for illustrated profile
Depth | Texture pH ECe CO3% | Org. C% B Exchangeable cations cmol(+)/kg
cm H20 dS/m mg/kg CEC Ca Mg Na K
0-15 SL 7.9 0.4 0 1.0 1.1 12.6 7.8 2.9 0.3 15
15-35 SL 8.2 0.5 0 0.3 0.4 8.3 5.2 1.9 0.3 0.9
35-70 SL 8.7 0.4 1 0.2 0.2 8.6 6.2 1.6 0.3 0.5
70-100 CS 8.9 2.1 7 0.1 0.2 10.8 8.9 1.4 0.2 0.3
100-135 CS 9.0 1.9 3 0.1 0.2 8.8 7.6 1.0 <0.1 0.2
135-175 CS 8.8 2.6 2 0.1 0.3 8.5 6.7 1.4 0.2 0.2
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Soil J — Wet saline soil

Key features

High salt concentrations and permanent or at least
seasonal waterlogging are the over-riding features of
these soils.

Although most saline discharge basins pre-date
European settlement, most have expanded in area
and/or have become more saline. The value of these
sites for both conservation and productivity is
enhanced by maintaining vegetative cover. This
minimizes evaporation and controls surface salt
levels, thereby increasing germination percentages.
Samphire and nitre bush typify natural vegetation,

Soil profile notes

These soils are morphologically variable, as their
defining feature is a shallow water table. Except for
some wet soils adjacent to the River Murray, water
tables are highly saline — salt concentrations of two
to three times sea water are not unusual.

The illustrated profile is essentially a deep
calcareous loam, similar to a Category 3 soil, but
with a water table sufficiently shallow that salts
precipitated by the water table rise to the surface.
The tabulated data clearly demonstrate the degree to
which soluble salts (indicated by the ECe value, and
boron in particular), accumulate at the surface due to
evaporative concentration.

Carbonates also concentrate in response to
fluctuations of the water table. In this profile there
are abundant nodules in the 10-30 cm layer. In some
soils a calcrete pan may form at the surface of the
water table.

These soils are typical of seasonally wet flats or
swamps with halophytic vegetation or bare
surfaces.
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but productive pastures of Puccinellia, tall wheat of Sai J 10 3% Leas than 1%

grass and saltbush species can be established on

disturbed sites.

Laboratory data for illustrated profile
Depth Texture pH ECe CO3% Org. B Exchangeable cations cmol(+)/kg
cm H20 dS/m C% mg/kg | CEC Ca Mg Na K
0-5 FSCL 9.3 136.0 12 2.2 620 11.7 2.7 9.7 0.5 15
5-10 FSCL 9.5 77.7 15 11 170 12.0 2.3 3.6 2.0 2.7
10-30 SCL 9.4 47.8 49 0.7 93 12.0 2.4 2.8 2.9 2.1
30-80 SLC 9.0 44.6 60 0.3 42 11.0 5.3 2.2 2.5 1.2
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CHAPTER 3. ACID SULFATE SOILS
Robert W. Fitzpatricki,2, Paul Shandi and Richard H. Merry

1CSIRO Land and Water/2The University of Adelaide, Private Bag No. 2, Glen Osmond, South Australia, 5064.
Emails: rob.fitzpatrick@csiro.au, paul.shand@csiro.au, richard.merry@csiro.au

INTRODUCTION

The diversity of acid sulfate soil (ASS) types in the Riverland and Murraylands of South Australia
(RMS) is attributable to the wide variety of soil forming factors and landscape types in the region. These
varied soil forming factors are expressed over a wide range of: (i) natural environments (geology,
climate, vegetation, fresh and saline water conditions), (ii) anthropogenic modified environments
(modifications from barrages, locks, blocking banks, weirs and abandoned pyrite mines) and (iii)
changing climatic environments that exist now (drought triggered and winter rainfall events).

Sulfide minerals, predominantly pyrite (FeS2), form soil sulfidic materials, and accumulate in ASS:
(i) in marine environments, (ii) under fresh water conditions naturally, and where permanent ponding
of wetlands, lakes and disposal ponds has occurred following construction of barrages and locks and
(iii) in areas where contemporary clearing of native vegetation has caused the rising of the water table
and discharge of saline groundwater. Changes to the hydrology in regulated sections of the Murray-
Darling Basin (MDB) system (due to higher weir pool levels) has allowed significant accumulation of
sulfidic material in subaqueous and marginal soils. If left undisturbed and covered with water, sulfidic
materials pose little or no risk of acidification. However, when exposed to the air, the sulfides present
react with oxygen to form sulfuric acid and often form sulfuric materials (i.e. soil materials with pH <
4 caused by sulfide oxidation). When these sulfuric materials are subsequently covered with water,
significant amounts of acidity can be released into the water.

Record low inflows and river levels over recent years (since 2006) have led to the drying of many
wetlands, rivers and lakes in the MDB, resulting in the exposure of sulfidic material and consequent
soil acidification. The extent of the threat posed by ASS has required urgent assessment by CSIRO and
others from June 2007 to the present. Despite decades of scientific investigation of the ecological (e.g.
Living Murray Icon Site Environmental Management Plan: MDBC, 2006a,b), hydrological (salinity),
water quality and geological features of wetlands in the MDB, we have only recently begun to
appreciate the wide spectrum of inland ASS subtypes and processes that are operating in these
contemporary environmental settings, especially from rising saline groundwater in discharge areas (e.g.
Fitzpatrick 1991; Fitzpatrick et al. 1993, 1996) and lowering of water levels (e.g. Lamontagne et al.
2004, 2006; Hall et al. 2006; Baldwin et al. 2007; Fitzpatrick et al. 2008a,b,e,f,g,h, 2009; Fitzpatrick &
Shand 2008; Shand et al. 2008b,c; Simpson et al. 2008).

The purpose of this chapter is to summarise available information on the diversity of ASS in the
RMS. Across much of the RMS region, there have been wide-ranging and fundamental shifts in the
—environmental equilibriuml brought about by the impact of European settlement. These changes
include large scale clearing of native vegetation, building of locks and barrages to contain water flow,
and over-allocation of irrigation water. These changes have been exacerbated by extreme drought
conditions since 2006, which have lowered water levels in rivers, lakes and wetlands. The effects of
these changes have provided the unique opportunity to study the various transformations of materials
in inland ASS that arise from this disequilibrium (e.g. Fitzpatrick & Shand 2008). It is only over the
past few years or so that the existence, extent and significance of inland ASS has been fully realised.
The nature, type and distribution of inland ASS, the environments in which they occur (e.g. upland
saline seepages, wetlands, rivers/ stream channels and lakes), and the potential impacts on surrounding
ecosystems make them more complex than their coastal equivalents. A wide range of case studies is
summarised in this chapter to illustrate the distribution, processes, environmental hazards and
remediation options of coastal and inland ASS environments in this region, which includes: river
channels (Murray and Finniss), creeks (Currency), lakes (Alexandrina, Albert and Bonney), wetlands,
evaporation basins, billabongs, seepages overlying mineralized zones and ground water systems.
Simplified coloured cross-sectional diagrams and photographs are used to illustrate the major soil—
regolith-water processes involved and how specific types of ASS susceptible to land
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degradation may be recognised. These diagrams have also been used to help community groups to
understand complicated scientific processes and terminology, and how this information can be used to
underpin best management practices for ASS.

NATURE AND PROPERTIES OF ACID SULFATE SOILS

Acid sulfate soils (ASS) is the name given to all those soils containing soil materials with sulfide
minerals or affected by transformations of iron sulfide minerals. These soils may either contain sulfuric
acid or have the potential to form sulfuric acid in amounts that have an effect on the main soil
characteristics (Pons 1973; Dent 1986; Dent & Pons 1995). Other potential hazards include
deoxygenation of soil or surface waters or the release of contaminants when the sulfide minerals are
exposed to oxygen. In general, the following three broad genetic soil materials in ASS are recognized
(e.g. Fanning 2002):

o Sulfuric material (pH < 4) containing sulfuric acid (may also contain iron sulfide minerals) at
shallow depths (Fig. 1; see glossary for definition). These materials were previously referred
to as actual, active or raw ASS materials.

o Sulfidic, hypersulfidic (Fig. 1) or hyposulfidic materials containing mainly iron sulfide
minerals (FeS2) (see glossary for definitions), previously called potential or unripe ASS
materials.

¢ Monosulfidic materials (Fig. 2), which contain dominantly monosulfide minerals (FeS) that
are still waterlogged (see glossary for definitions). A previous term used was monosulfide
black ooze (MBO).

Figure 1. Photograph of a
typical acid sulfate soil in an
exposed dry river bed of the
: : Finniss River, showing: (a)
| B e S sulfuric material on the surface
VM (@) pH 3.4-4.0 - bright orange with the orange-yellowish
coloured mineral, schwertmannite  precipitate schwertmannite
S : [FesOs(OH)sS04]; (b) sulfuric

material in the subsurface soil
where pale yellow patches or
mottles occur with the mineral
natrojarosite

Lt [NaFes(SO4)2(OH)e]; and (c)
(b) pH 3.0-3.6 - pale yellow black hypersulfidic material in

- s patches (natrojarosite mineral) . . .
Hypersulﬁdnc surrounding cld Phragmites root the subsoil (From Fitzpatrick et

mate_rial channels in a dark grey clay al. 2009)-

Sulfuric
material

e — B .

b0 ey
ISl W (c) pH 5.0-8.0 black hypersulfidic
matertal (iron sulfide minerals)

Iron sulfide minerals are one of the end products that form as part of the process of sulfate
reduction (i.e. the use of SO4% during microbial respiration, Fig 3). Sulfate reduction is a natural process
that occurs in virtually all lakes, rivers, wetlands and oceans.

However, the quantities of sulfide minerals that will accumulate in a given environment are a
function of many factors. The requirements for high rates of sulfate reduction and sulphide
accumulation are:

o High concentrations of dissolved sulfate.

o Saturation of soils and sediments for periods long enough to favour reducing conditions (i.e.
subaqueous and waterlogged soils — see glossary).

o Availability of labile carbon to fuel microbial activity.

o Availability of dissolved Fe or Fe containing minerals.
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Figure 2. Monosulfidic material (or monosulfidic
black ooze: MBO), in acid sulfate soil exposed in
a shallow back swamp/wetland (Paiwalla wetland
adjacent to the Murray River; Site E4 in Fig. 5;
Fitzpatrick et al. 2008f). Monosulfidic material, if
mobilized in water bodies, is able to rapidly
remove dissolved oxygen from that water.

Bacteria

Bactery

b
> Figure 3. Schematic diagram for formation of pyrite (FeS2) in
& anoxic environments (after Berner 1984)
S Fe5

Fas,
Pyritn

Soil materials that contain sulfides and are capable of acidifying to sulfuric materials are called
hypersulfidic materials (see glossary), which can be environmentally damaging if exposed to air by
disturbance. Exposure results in the oxidation of pyrite, with each mole of pyrite yielding 4 moles of
acidity (i.e. 2 moles of sulfuric acid). This process transforms hypersulfidic material to sulfuric material
when, on oxidation, the material develops a pH of 4 or less (Isbell 1996); note that a sulfuric horizon
has a pH of 3.5 or less according to the US definition in Soil Survey Staff (1999, 2003).

The weathering of pyrite starts with exposure of pyrite to oxygen (in air). Pyrite is usually stable
if submerged in water under reducing conditions. In general, it is the exposure of fine grained pyritic
framboids (from the French framboise meaning raspberry) (Fig. 4) to repeated wetting/drying cycles
and the action of bacteria present near the soil surface that generates sulfuric acid. The complex details
of the oxidation process and formation of sulfuric materials are described by several workers (e.g.
Fanning & Fanning 1989; Nordstrom & Alpers 1999; Bigham et al. 1990, 1996, 2000, 2002; Fanning
2002). When hypersulfidic materials containing sulfides and low contents of acid neutralizing minerals
(e.g. calcite) are exposed to air by drainage or excavation, they become strongly acidic sulfuric
materials, and a serious acid-drainage problem may develop. Acidification occurs if the amount of
acidity produced exceeds the buffering capacity of soil. In sulfuric materials, the products of the
chemical reactions can: (i) remain as dissolved constituents of pore waters, (ii) form a range of
secondary minerals in the form of salt efflorescences comprising sulfate-rich salts due to evaporation
(e.g. epsomite and hexahydrite), (iii) undergo a series of hydrolysis reactions and precipitate new
minerals such as iron oxyhydroxides and iron oxyhydroxysulfates (e.g. jarosite, natrojarosite,
schwertmannite and sideronatrite) and (iv) propagate pedogenic weathering cycles. Hence, the various
products or minerals may or may not be present at a given site on a given day depending on weather
conditions. These minerals are important to recognize because they store acidity and metals that can
subsequently generate poor water quality. Several studies have shown that dissolution of salt
accumulations along stream banks during a rainstorm temporarily lowers pH and increases metal loads
in streams (e.g. Bigham et al. 1996). Such water quality impacts can have damaging effects on
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aquatic ecosystems e.g. causing fish kills, and can complicate efforts to remediate acid drainage.
Rainfall events can also flush salts, leading to pulses of contaminated water flowing into streams.

Figure 4. Scanning electron micrographs of: (i) rounded
pyrite —framboidsl (up to 20 um diameter) and (ii) large
platelets of sideronatrite [NazFe(SO4)2.0H.3H20]
derived from the oxidation and dissolution of pyrite
crystals in an acid sulfate soil from the upper Dairy Creek
catchment in the Mt. Lofty Ranges (Site G3 in Fig. 5).
Imaging was performed using Secondary Electron mode.
From Fitzpatrick et al. (2000).

Evidence that low pH is caused by oxidation of sulfides within a soil profile is provided by one of the
following:

o Pale yellow (straw coloured) mottles and coatings of jarosite or natrojarosite [see (a) in Fig. 1];
orange-yellowish coatings of schwertmannite [see (b) in Fig. 1], bright yellowish-green coatings of
sideronatrite [see (c) and (d) in Fig. 8 and Fig. 4] and the distinct golden yellowish or greenish
crystals of metavoltine [KzNasFe2+Fes+ 6(S04)1202.18H20]) (e.g. see Fig. 30) indicating the presence
of sulfuric material (pH <4). Schwertmannite was first sampled and identified in inland ASS in the
Mount Lofty Ranges, South Australia in 1990 (Fitzpatrick et al. 1992; 1993; 1996; Fitzpatrick &
Self 1997; see page 53 in Fitzpatrick & Shand 2008, which shows a photograph of the original field
site near Mt Torrens with Professor Schwertmann after whom the mineral schwertmannite is named).

¢ Underlying grey to black hypersulfidic material [see (¢) in Fig. 1] that during the slow drying
process will react with oxygen from the air to form sulfuric material.

When ASS materials become strongly acidic, acid drainage water can be produced. This acid
together with associated bioavailable toxic elements (inter alia heavy metals, aluminium and other
contaminants e.g. gases) contribute to environmental (soil, water, air), infrastructure (corrode concrete
and steel) and mining issues. These impacts can be measured in terms of:

¢ Poor water quality with loss of amenity, damage to estuarine environments and reduction in
wetland biodiversity.

¢ The need for rehabilitation of disturbed areas to improve water quality and minimise impacts.

o Loss of fisheries and agricultural production.

¢ Additional maintenance of community infrastructure affected by acidic corrosion.

In summary, ASS materials may occur in subagueous, waterlogged and drained conditions in
coastal, inland, mine spoil and wetland environments (see glossary). In Australia, ASS occupy an
estimated 215,000 kmz of which 58,000 kmzis coastal ASS and 157,000 kmzis inland ASS (Fitzpatrick
et al. 2008a). In the coastal zone, 41,000 kmz are exposed at some point during the tidal cycle, with the
remaining 17,000 kmz being permanently subaqueous. More than 126 km: of coastal ASS with sulfuric
material have been mapped. The financial costs to infrastructure development and primary industries
around Australia, due to ASS impacts and management are significant ($10 billion in 2000: National
Working Party on Acid Sulfate Soils, 2000). In the current agency structure in Australia, these issues
often fall between jurisdictions (e.g. agriculture, environment, fisheries/oceans, water, atmosphere,
mineral exploration and mining; see Fitzpatrick et al. 1998). However, public recognition of this serious
problem has been reflected in government legislation in South Australia (Fitzpatrick et al. 2008), NSW,
QId and. In addition, there is much support from local government and industries to develop statutory
requirements for rehabilitation.

Geographical Areas of Acid Sulfate Soils in the Riverland and Murraylands Region
Most of the Riverland and Murraylands region in SA (RMS) is underlain by limestone and stranded
coastal dunes, which are also often calcareous (see Chapters 1 and 2 above). Nevertheless, a wide
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distribution of ASS with sulfuric materials (pH < 4) has been identified in several areas throughout the
RMS due to the oxidation of exposed sulfides in drying wetlands, rivers and lake systems caused by
either drought conditions (2006 to 2009; e.g. Fitzpatrick & Shand 2008) and rising saline sulfaterich

groundwaters.
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Figure 5. Map showing Geographical Areas and selected case study sites of Acid Sulfate Soils in the Riverland
and Murraylands of South Australia (RMS).

The RMS region contains a remarkably wide range of types of ASS in different landscape settings or
geographical areas (Fig. 5), which occur because of the diversity of geology and geomorphology,
together with changing hydrological and biogeochemical conditions. As shown in Figure 5, the RMS
has been subdivided into the following Geographical Areas of ASS, each with unique biogeochemical
environments such as parent material, geomorphology, hydrology and soil materials (e.g. sands, clays
and peats): (i) Estuaries and River Mouth comprising Coorong and Murray Mouth (Area A in Fig. 5)
with dominant marine influence; (ii) Lakes and adjacent wetlands comprising Lake Alexandrina (B)
and Lake Albert (C); (iii) Tributaries including those from the Mount Lofty Ranges (D); (iv) Main river
channels and adjacent wetlands comprising the Murray River section below Blanchetown (E) and the
Murray River section above Blanchetown (F) — with numerous billabongs, swamps, disposal
evaporation basins, drains and lakes (e.g. Lake Bonney); (v)
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Seepages overlying mineralized zones comprising the Eastern Mount Lofty Ranges (G); and (vi)
Abandoned mines comprising waste rock stockpiles and tailing impoundments from pyrite, copper and
zinc mines (H).

HISTORICAL BACKGROUND OF ACID SULFATE SOILS

This brief, but necessarily selective historical background provides a synopsis of inland ASS in the
RMS, but makes no claim to be comprehensive or to have recorded all useful individual contributions,
but rather presents a broad overview.

Aboriginal peoples

Aboriginal peoples of Australia record creation stories (see Chapter 6 below) about the remarkable
changes that occurred both when the sea level began rising 18,000 years ago and when the current sea
level stabilised about 5,000 years ago. The creation stories and oral traditions of indigenous people have
been passed down from generation to generation, especially about the detailed knowledge of the
nurseries (i.e. wetlands — reed beds were much more extensive in the past), many of which contain
inland Acid Sulfate Soils. For example, the Ngarrindjeri people believe the land and water is a living
body and that they are a part of its existence (Ngarrindjeri Tendi et al. 2007). In the Ngarrindjeri Nation
Yarluwar-Ruwe plan (Ngarrindjeri Tendi et al. 2007) it is stated: —The land and waters must be healthy
for the Ngarrindjeri people to be healthy. We say that if wetlands/nurseries die, our Ngartji [totem or
special friend] die, then Ngarrindjeri will surely die.|

Early explorers

The first European explorers to sight and even settle in Australia possessed great skills of observation.
It is important to realise that the early explorers were usually not trained scientists and that their primary
concerns were to delineate the major terrain features of the interior and to survive. Moreover, many of
the early explorers originated or worked in environments quite different from Australia. Early explorers'
observations and reports on soils had mainly to do with pastoral or agricultural production rather than
with the natural history of wetlands or back swamps. Nevertheless, the following observations remain
of interest with regard to past and current known occurrences of inland Acid Sulfate Soils:

Captain Charles Sturt was one of the earliest recorders of soil information in South Australia.
Following his previous experience along the Murrumbidgee, Murray and Darling rivers from 1828 to
1829, Sturt explored from Cawndilla near the Menindee Lakes westward into the north-east deserts of
South Australia in 1844-46. His journals (Sturt 1849) reveal him to be an observant and inquisitive
explorer. The following quotations from his published journals reveal a few of his perceptions about
the possible natural occurrences of inland Acid Sulfate Soils in wetlands: Sturt was the first known
European to have travelled down the Murray River to its mouth in 1930 when he noted the following
in his journal that “the shores of the lakes were densely covered with fresh water reeds in one
continuous belt as far as the eye could see” (suitable conditions for the formation of hypersulfidic
material because of the considerable build-up of organic matter in the dense reeds in waterlogged soils).
As he passed across the region of the South Australian border he records "... we travelled over firm and
open plains of clay and sand, similar to the soil of the plains of the Murrayl. Sunday, August 17th 1845
(Page 156): —For the last six miles the country has fallen off greatly, the flats are broader and of a
white clay with but little grass upon them. The sand hills are very high and the sand as red as brick, and
from their summits the view to the NW is as dreary as can be imagined.... Surface water is becoming
very scarce, and what we are obliged to use is as thick as a puddle and looks like a mixture of Magnesia
and Rhubarb. The pools in truth are not more than two inches deep, and as it blows more or less
violently every day the mud gets so mixed that it will not settle. | may say that we have not had a drop
of wholesome water since November......". Sunday September 7th 1845 (Page 180): "Its channel was
white as the driven snow and it was flanked by sand banks on which the marks of flood were 12 feet
high. There was no water in the bed where we struck it, but the bed was too soft for us to cross with
the horses so that we turned up it northerly, passing a long sheet of water on which the salt was coated
like ice. Tracing it upwards at a mile we crossed a high sand ridge, and beneath us saw the dry basin of
this creek surrounded by samphire. Crossing it we took up our old course, and traversed flats of salt
formation between sandy ridges dark with samphire bushes excepting where there were white patches
thinly coated with salt, the shallow receptacles for water.
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The bottoms of these were spongy and soft. —The mineral salts in the waterholes such as this cause
the clay sediments to settle, and also produce foul-smelling mud under the white crustl.

Edward John Eye, the explorer, —The Founder of the First Irrigation Settlementl in South
Australia (1841) and Government Official at Moorundie near Blanchetown, noted the possibilities of
—rich alluvial soilsl in wetlands adjacent to the Murray River during his overland journey of 1838
when he passed through Moorundie (Mack 1958-2003). Many of these soils were subsequently
inundated with water with the installation of locks and weirs in 1930s — 1940s (Fig. 7), which enabled
considerable build-up of sulfidic and monosulfide material in these soils.

Ernestine Hill (1969; first published 1937) from —Water Into Goldl noted (page 12) —In the
late 1830s Lake Bonney was described as a fine lake of fresh water about 30 miles in diameter (e.g. Fig.
6). Thousands of ducks were on the waterl and (page 15): —In marked contrast, in 1841 a sulphurous
silence lay over Lake Bonney. The bed of the lake was as dry as a bonel.

-, < 5 r—

Figure 6. Changes in water level at Lake Bonney caused
by isolating it from the Murray River using a temporary
embankment to generate water savings in order to help
mitigate drought-related problems in the MDB. Clockwise
from above: July 2007 (showing mobilising of black
monosulfides with water disturbance) to drying in April
2008, which shows white salt efflorescences comprising
thenardite (Na2S0s) and minor amounts of eugsterite (Na-
Ca-sulfate mineral) along the beach at Barmera (Site F5 in
Fig. 5). (from Fitzpatrick et al. 2008g)

The early scientists

Field survey investigations of Australian soils were first commenced by Taylor and England (1929) in
the Renmark Irrigation District on the Murray River (Wells & Prescott 1983). By 1940, all then existing
irrigation areas in SA had been investigated and/or mapped, including the irrigated, drained Phragmites
swamps on the lower Murray River (Taylor and Poole 1931a) between Murray Bridge and Wellington
(Fig. 5). Significantly, these soil survey investigations also included the lake bed of Lake Albert, which
was being considered for drainage and development as an irrigated pasture/cropping area similar to the
swamps (Taylor and Poole 1931b). An occurrence of inland Acid Sulfate Soil was recognised as a
potential problem as early as 1929 by Taylor and Poole (1931b) in Lake Albert. This soil survey
required subaqueous soil inspections and novel sampling techniques. At that time, they noted the
presence of what we now call Inland Acid Sulfate Soil, one soil having a pH of 3.9, and they successfully
argued that the lake should not be drained for agriculture. Their original soil samples were retrieved
from the CSIRO Land and Water soil archive in Canberra, and analysed for pH before and after peroxide
treatment for comparison with the original measurements made 78 years previously. In this case, the
original, 1930s results can be taken as the original pH values (pH 8.5) and the low 2007 pH values (pH
2 to 4) used as a long-term incubation experiment, which confirmed the acidifying effects of exposure
of the soils to the atmosphere (Fitzpatrick et al. 2008e).
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According to Pons (1973), acid sulfate soils were recognised in Europe over 250 years ago.
However, the early soil scientists and pedologists who produced soil maps of Australia were often
unaware of, and thus did not consider, acid sulfate soils (e.g. Prescott, 1931; Stephens, 1952, 1956,
1962; Northcote et al. 1960-68). A plausible explanation for this may be found in the following
statement by Fanning and Fanning (1989): “....perhaps this was because most soil scientists lived and
worked primarily in the centres of large continents, upon the extensive soils used for agriculture and
forestry in those areas, rather than near seacoasts where ASS are more common, extensive and
important”. In general, soil scientists have only become more aware of ASS processes since 1973 when
the first international symposium on ASS was held (Dost 1973; Pons 1973) and in Australian coastal
floodplains following the comprehensive study by Walker (1972), who specifically warned of the
dangers of continuing to drain sulfidic materials.

ACCUMMULATION OF SULFIDES IN INLAND ACID SULFATE SOILS

The Murray River system is a good example of an inland system, which is not only highly stressed at
present but has been highly managed for the last 70 to 80 years (Fig. 7). The introduction of locks, weirs
and barrages (Fig. 7) in the early part of the 20th century to contain water flow has allowed extensive
agricultural development (e.g. Mack 1958-2003; see also Chapter 4 below). However, the prolonged
inundation of the river, wetland and lake systems has had a significant impact on the formation of
various types of ASS in these ecosystems due to loss of natural wetting-drying cycles, so critical for
maintaining biodiversity and wetland functioning. This change has promoted the build-up of sulfide
minerals (mostly iron pyrite) and sulfidic materials in newly formed subaqueous soils and greatly
slowed the removal of these acid-forming materials from the system (ultimately to the sea).

The concentration of pyrite in the subaqueous soils (i.e. lakebeds) in the Lower Lakes (Lake
Alexandrina and Lake Albert) varies at different inundation ranges. Prior to construction of the barrages,
which separate the freshwater in the Lower Lakes from the seawater of the Southern Ocean (Fig. 7), the
water level within the Lower Lakes did not fall below sea level (0 m AHD). The subaqueous soils below
sea level had not been exposed to oxygen for thousands of years, therefore, the concentration of sulfides
in the sediment was significantly greater than those above the marine or fresh water inundation range.
Following installation of the barrages in 1940, the water level in the Lower Lakes has, until very
recently, been maintained around a pool level of +0.75 m AHD. Hence, during periods of low flow or
high evaporation, the lake level in Lake Alexandrina has remained relatively constant in that it has only
dropped to around +0.5 m AHD and very rarely lower than +0.4 m AHD (as indicated by the graph in
Fig. 8, which shows water levels from 1974 to approximately June 2009).
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Figure 7. Locality maps showing: (i) part of the Murray and Darling River systems in the Murray Darling Basin
(MDB) along with locks on the Murray River (left map) and (ii) barrages (constructed to keep sea water out of
he Lower Lakes) and the cross section (A—A°) across Lake Alexandrina used to construct the predictive soil
regolith models in Figures 22 to 27 (right map).
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DRAINAGE AND DISTURBANCE OF ACID SULFATE SOILS
Generally speaking, drainage and disturbance of materials in ASS are caused by human action, though
some erosion and vegetation changes can result from natural processes, and periods of low recharge
(drought). Processes resulting in changed soil, surface water and groundwater levels can be summarised
as follows:
o Removal of native vegetation e.g. increasing recharge, rising of saline water tables (e.g. Coram et
al. 2001).
o Agriculture e.g. tillage, pugging by cattle, creating densipans or introducing oxygen to sulfidic
discharge areas (e.g. Fitzpatrick 2008).
o Improved farming systems using vegetation e.g. reducing recharge, lowering of water tables by
using deep-rooted plants (e.g. Barrett-Lennard et al. 2003).
e Erosion e.g. local lowering of the water table by gully formation and deepening; removal of
surface soil layers by wind or sheet erosion forming scalds and expose hardpans.
¢ Engineering works e.g. construction of weirs, blocking banks, levee banks and drains; surface
and groundwater pumping.
¢ Drought conditions causing the lowering of water levels in lakes (Fig. 8), rivers and wetlands.

As water levels declined in Lake Alexandrina, Lake Albert and the Murray River system,
especially in the section below Blanchetown (Lock 1), due to the extreme drought conditions that
commenced in about 2006 (e.g. see example for Lake Alexandrina in Fig. 8), the anaerobic sulfidic
materials that were once covered by water became exposed to oxygen at the river and lake margins (see
example in Fig. 8), and in adjacent wetlands. With continued lowering of water levels, the hypersulfidic
material became progressively oxidised to greater depths in the soil profile (Fig. 8). With drainage,
hypersulfidic material in the anaerobic soils have become oxidised and transform to sulfuric material
(pH <4), with consequent water quality, ecological and public health issues from metal/metalloid
mobilization (e.g. accumulations of surface crusts of salt efflorescences comprising sulfate-rich
evaporite minerals shown in Fig. 8), de-oxygenation, wind erosion and noxious gas release (e.g. Hicks
& Fitzpatrick 2008). These effects have been particularly severe in the Lower Murray and Lower Lakes
region (Fig. 8) where research has progressed beyond studying the occurrence and distribution of ASS
to understanding the impacts on adjacent environments through the mobilisation and transport of acidity
and solutes (e.g. Fitzpatrick et al. 2008a,b,c,d,e,f; Simpson et al. 2008). Such questions have involved
harnessing skills in aqueous geochemistry, hydrodynamic modelling and ecological risk assessment
(Stauber et al. 2008). These investigations have also stimulated investigations into the occurrence and
impacts of inland ASS across the entire MDB (Fitzpatrick & Shand 2008).

In summary, acid sulfate soil materials are much more abundant in these estuarine, riverine and
lacustrine environments (i.e. Geographical Areas A to F in Fig. 5) than previously recognised (e.g.
Fitzpatrick et al. 2008a,g,h).
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Figure 8. (a) Graph showing Lake Alexandrina water levels from 1974 to approximately June 2009 (DWLBC
2009) (in July 2009 the water levels were approaching —1.0 m AHD, which is more than 1 m below the historically
lowest water levels). (b) Aerial photograph showing of the exposed sandy dry lake-bed of Lake Alexandrina (near
Poltalloch Station, Narrung area; B4 in Fig. 5) with surface crusts comprising the following coloured salt
efflorescences: (i) bright yellowish colour on slightly elevated surfaces as seen in the close-up photographic views
[(c) and (d)] and (ii) orange patches occurring on the edges of lightly elevated surfaces [(c)]. (e) Soil pit with black
hypersulfidic material (iron sulfides) at depth overlain by sulfuric material with distinct yellow patches of the
bright yellow mineral, sideronatrite, with a pH ranging between 1.3 to 1.6 (Fitzpatrick et al. 2008e,h).

ACID SULFATE SOIL MANAGEMENT OPTIONS

Summary of principles

While increased disturbance of hypersulfidic material (promoting oxidation of sulfides) is the principal
cause of the formation of sulfuric materials, one would expect that the principal management option
would be to reverse the situation (i.e. keep anoxic or under anaerobic conditions to slow or stop the rate
and extent of pyrite oxidation). This can be achieved either by keeping sulfidic material
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anaerobic under saturated conditions or by rapid drying of sulfidic material to slow the biological
process, which are responsible for the formation of acid. However, the selection of appropriate
management options to prevent oxidation of sulfides will depend on the nature and location of the ASS
materials, and their position in the landscape (e.g. availability of sufficient amounts of water to either
maintain or generate anoxic or waterlogged conditions). Reversing the process by rewetting, once
oxidation has occurred, is not straightforward, because it is at this time that the risks from acid and
metal mobilisation are highest. This is why reliable ASS risk or hazard maps, at appropriate scales, and
characterizing ASS landscapes are so important. Understanding, the soil properties and processes as
well the water table hydrology is fundamental to selecting the best options for drainage and the most
appropriate management of the soils when they are drained. Appropriate management of ASS during
development can improve discharge water quality, and protect infrastructure and the environment. Such
improvements can generally be achieved by applying low-cost land management strategies (e.g. Dear
et al. 2002). Ranked in order of priority ASS management follows the following general of principles
(Fitzpatrick et al. 2008i):

Minimise disturbance or drainage of ASS materials

Select an alternative non-ASS site, rather than undertake remediation. If an alternative site is not
feasible, design works to minimise the need for excavation or disturbance of ASS materials, by
undertaking shallow excavations for drainage measures or foundations, and avoid lowering
groundwater depth that may result in exposure of soils. If ASS materials are close to the surface, cover
with clean soil to lessen the chance of disturbance and insulate from oxygen.

Prevent oxidation of sulfidic material

This may include staging the development project to prevent oxidation of sulfidic material by covering
it with an impermeable barrier (e.g. clay), or placing any excavated sulfidic material quickly back into
an anaerobic environment, usually below the water table.

Minimise oxidation rate and isolate higher risk materials from exposure

This may include covering ASS materials with soil or water to reduce oxygen availability and control
the movement of water, or by controlling bacteria or by applying other limiting factors (e.g. alkalinity)
through either physical or chemical means to reduce oxidation rate. The amount of ASS requiring
excavation and/or dewatering can be minimized through reconsideration of the design for the proposed
development. This consideration will relate to an understanding of where exactly, in terms of lateral
and depth occurrences, ASS is positioned on the site. Dewatering impacts can more easily be minimized
through installation of hydraulic impediments to dewatering such as engineered _curtains (e.g. shoring),
re-injection wells and galleries, infiltration basins, and wet excavations.

Contain and treat acid drainage to minimise risk of significant offsite impacts

Acidity and oxidation products that cannot be retained on-site may be managed by other techniques
such as acidity barriers or wetlands that intercept and treat contaminated water before it is finally
discharged into rivers or estuaries. Typically, this would involve installing a leachate collection and
treatment system (e.g. using limestone), a permeable reactive barrier (e.g. lime slot) to intercept and
neutralize acidic water as it moves thought the soil, or installing an impermeable barrier to locally
confine acidic groundwater.

Provide an agent to neutralise acid as it is produced

This would involve mixing the ASS material with an excess of limestone (CaCOs), or other neutralising
agent to buffer the pH in the soil. The amount of lime required depends on acidity already produced
and potential for further production of acid. One of the issues with this option is the large amount of
lime that is sometimes required and the effects it could have on biota. Liming, as a substitute for
reflooding, and application to dry soils, also poses a problem as the lime would need to be mixed in
with the soils. This would mean churning up wetland beds and further disturbance of the soils. However,
surface application could effectively neutralise acid soil formed at the surface, which is most prone to
erosion or to which animals and humans may be directly exposed. Applying mulched organic matter on
top of a wetland bed so that as it breaks down the organic matter acts as a buffer to the acid in sulfuric
materials.
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Where feasible, controlled reflooding with seawater can be used to neutralise acidity in sulfuric
materials and dilute acidity, dissolved metals, metalloids and non-metals (e.g. from sulfaterich salt
efflorescences). Seawater contains alkalinity of about 140 mg/L as bicarbonate equivalent. However,
the acids and any metals that would initially dissolve in the seawater should not be permitted to flush
out to the ocean until removed by natural processes. If flushing is not possible, salinity and sulfides are
likely to progressively accumulate in such areas (e.g. lower lakes) over time. Note that flooding with
sea water also helps the process of exclusion of oxygen, as mentioned above.

Separate sulfidic materials

This may include the use of mechanical separation, such as sluicing or hydrocyclone to separate sulfide
minerals (e.g. pyrite crystals) from the sulfidic material, followed by treatment (e.g. liming) or disposal
of the sulfide minerals in an anaerobic environment.

Hasten oxidation and collection and treatment of acidic leachate

This involves spreading the ASS materials in a thin layer on an impervious area to activate rapid
oxidation. Rainfall or irrigation leaches the acid and this leachate is collected and treated (e.g. by
liming).

Management of stockpiled ASS materials

This includes minimising the quantity and duration of storage, minimising the surface area that can be
oxidised, covering the soil to minimise rainfall infiltration, stormwater control measures, controlling
erosion and collection, and treatment of runoff (leachate).

Planning and development controls
There are numerous planning and development controls for coastal ASS, which already exist in South
Australia through the Coast Protection Board (Fitzpatrick et al. 2008i).

We emphasise that within the above management strategies there is still a degree of risk, and that
some may not be suitable to a particular site. Management strategies other than those listed may be
considered, provided sufficient information regarding their successful implementation, environmental
impacts and scientific merit is provided.

DESCRIPTIVE, EXPLANATORY AND PREDICTIVE TOPOSEQUENCE MODELS
Conceptual process models enable researchers to develop, refine and present mechanistic understanding
of complex soil-regolith environments (Fritsch & Fitzpatrick 1994). These models are cross-sectional
representations of soil-regolith-bedrock profiles that illustrate vertical and lateral changes that occur
along toposequences. They are used to explain the complex pedological, hydrological and
biogeochemical interactions that occur in the regolith environment (e.g. Fitzpatrick & Merry 2002).
Three categories of conceptual toposequence models are described, which are:

o Descriptive soil-regolith models.

e Explanatory soil-regolith models.

o Predictive soil-regolith models (generalised and specific).

The descriptive soil-regolith process model shown in Figure 9 characterises past geomorphological
processes in the development of deep weathering and erosion, and current saline, alkaline, sodic,
sulfidic or sulfuric soil forming processes. Such models help to develop practical frameworks and
solutions for managing soils. The descriptive soil-regolith model is used as the precursor or framework
for developing the explanatory soil-regolith model (3D), also shown in Figure 9, which represents
current and past water levels. These are in turn used to develop predictive soil regolith models (4D) for
a particular region (generalised models) or area (specific models). For example, the generalised
predictive model shown in Figure 10 is for the Lower Lakes and Murray River region (i.e. areas B, C,
D, E and F in Fig. 5) and illustrates the evolutionary cycles during the sequential changes in soil
properties due to decreasing water levels caused by extreme drought conditions and winter rainfall
rewetting. Specific predictive soil-regolith models have been constructed to illustrate a particular area
(e.g. area D1 in Figs. 13 to 14). Consequently, the predictive soil-regolith models (4D) consist of a
collage of figures, which illustrates several evolutionary cycles of soil-regolith events.
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Figure 9. Descriptive and Explanatory soil-regolith model constructed from field and laboratory data that
characterises the spatial variation of ASS materials. This soil-regolith or hydro-toposequence model describes the
cross-section from subaqueous soils in Lake Alexandrina to elevated land near Poltalloch Station (Site B4 in Fig.
5). Note: The water table level pattern is exaggerated because of the inflated vertical scale necessary to display all
the soil features.

Descriptive and Explanatory soil-regolith models

To understand the lateral linkages and relationships between soil and landscape indicators (soil profile
features), a systematic structural approach has been used to characterise soil-regolith features at
different points along toposequences (Fritsch & Fitzpatrick 1994; Fitzpatrick et al. 2009). Colour
photographs of typical profiles along the toposequence are used (e.g. Fig. 9), along with relevant field
soil properties including texture, structure, matrix colour and mottling. Soil chemical and mineralogical
properties were determined in the laboratory. Each cross-section mapping unit or layer delineated is
called a soil feature. A soil feature thus represents a limited range of one or more soil-regolith properties.

Fitzpatrick et al. (2009) used these descriptive soil-regolith toposequence models to construct
explanatory soil-landscape process models to explain contemporary geochemical hypersulfidic to
sulfuric transformation processes present in the lower parts of the hydro-toposequence (Fig. 9). This
model explains the formation of sulfuric materials by illustrating the pedological, geological,
biogeochemical, mineralogical and hydrological processes occurring along the soil-water interface.

These explanatory soil toposequence models can describe the vertical and horizontal changes in
ASS materials across a wide range of landscapes (e.g. Fig. 9). The combination of soil morphological
features allows similar soil layers to be matched between different sites along the toposequence (Fig.
9). A number of sites were placed in an approximate transect stretching from the water to the higher
landscape position as indicated in Figure 9.

The example shown in Figure 9 describes in detail the spatial variation of the following soil
features caused by receding water levels due to current extreme drought conditions: (i) monosulfidic
material in the subaqueous soils, (ii) the prominent bright yellow mineral, sideronatrite, with a pH
ranging between 1.3 to 1.6 on the soil surface, which overlies black hypersulfidic material in the soil
pit (see close-up views in Fig. 8) and (iii) brownish-orange coatings of the mineral schwertmannite,
which forms from sideronatrite (dissolves in rainwater and re-precipitates as schwertmannite). The
minerals schwertmannite and sideronatrite are good mineral indicators of the presence of sulfuric
material (pH <4).

The oxidation of sulfidic materials often leads to the formation of secondary sulfate minerals, the
most commonly recognised in coastal systems being jarosite, which acts as a store of acidity. In
inland systems, the combination of sulfide oxidation with high rates of evaporation has led to the
formation of an extremely wide range of surface mineral efflorescences or evaporites (Fitzpatrick et
al. 2008e,f,g,h, 2009). Many of these were thought to be extremely rare, until the recent lowering of
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water levels, but have now been documented over wide areas. A number of mineral combinations
have been identified in different local pH environments across the Murray Darling Basin:

o sideronatrite, metavoltine, alunogen, tamarugite, copiapite, epsomite, hexahydrite, botryogen,

pickeringite, redingtonite, halotrichite, tschermigite and gypsum in often sandy or organic-rich

sulfuric materials with pH < 2.5,

e natrojarosite, jarosite and plumbojarosite in clay-rich sulfuric materials with pH 3.5-4.0,

o schwertmannite (orange-yellowish; pH 4), white, poorly-crystalline Al oxyhydroxide precipitates

(pH 5 to 6) and lepidocrocite (orange pH 6),

o ferrihydrite (reddish-brown; pH >6), akaganéite (reddish-orange; 6-7).

The formation of these complex suites of sulfate and oxyhydroxysulfate salts (of Fe, Al, Na, Pb,

Ca, As, Zn) and Fe oxides are indicative of extreme and often rapidly changing local environments and
variations in Eh (redox), pH and availability of Fe, S and other elements (e.g. Bigham et al. 2002;
Fitzpatrick & Self 1997; Skwarnecki & Fitzpatrick 2003). If the affected site is not managed properly,
the minerals may become a problem when dissolved during re-flooding, or have potential to be
windblown when dry. Farm stock should be prevented from ingesting these salts (similar to Epsom
salts) because this is likely to lead to scouring. Magnesium sulfate, also present, may become toxic
when ingested.

In summary, the layer distribution of soil materials detailed in these explanatory soil-regolith
toposequence models provides an improved understanding of the spatial extent of various ASS
materials (Fig. 9). For example, they show that sulfuric material occurs down to 50 cm depth and deeper
in dry soils, and that this acidified material is more common in cracked clayey soils (e.g. Fig. 1).
Hypersulfidic material occurs either below the sulfuric layer typically below the water table in the soil.
The hypersulfidic layer ranges in thickness up to and in some areas more than one metre, often in black,
soft clay. In the river channel near Pomanda Island, there are layers of hypersulfidic materials tens of
metres thick (Fitzpatrick et al. 2008e). These explanatory soil-regolith toposequence models also
provide an understanding of the soil distribution that have then allowed predictive maps to be
constructed and updated with more confidence (e.g. Fitzpatrick et al. 2008a,h, 2009).

Predictive conceptual models
The generalised predictive conceptual model shown in Figure 10 illustrates the Lower Lakes and
Murray River region that has dried due to drought lowering of water levels and winter rainfall rewetting
(Fitzpatrick et al. 2008e,f,h; 2009). It outlines sequential transformation progressively through five
sediment/soil types due to lowering of water levels and rewetting from:
1. Alkaline deep water sediments —

2. Alkaline subaqueous soils —

3. Neutral waterlogged soils containing —benignl hypersulfidic material —

4. Acidic drained soils containing —nastyl sulfuric material (pH<4) —
5. Rewetted acidic subaqueous soils and water.

The generalised predictive conceptual model (Fig. 10) was constructed using all readily accessible
information, which included data from archival/historical and published soil data (e.g. Taylor and Poole
1931a,b; de Mooy 1959; Fitzpatrick et al. 2008a,e,f,g,h, 2009), vegetation, DEM data and geological
information for the region together with photographs from a typical area to help illustrate the conceptual
model (e.g. in this case from the Finniss River at Wally's Landing see Figs. 5, 11 & 12).
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Figure 10. Generalised predictive model illustrating how climate variation (drought triggered and early winter
rains), environmental conditions imposed by humans (e.g. modifications from barrages, isolating wetlands and
weirs) and water conditions (subaqueous, waterlogged, dried and rewetted) play a vital role in the alteration of
soil geochemical processes and sequential transformation of ASS subtypes (modified from Fitzpatrick et al.
2008a,e,f,h). Photographs from the Finniss River at Wally's Landing (Site D1 in Fig. 5; Figs 11) illustrate the
sequential changes in soil properties due to: (i) decreasing water levels for August 2007, November 2008 and
February 2009 caused by extreme drought conditions, and (ii) winter rainfall rewetting resulting in rising water
levels in May 20009.

CASE STUDIES - TRIBUTARIES
Background information
These case studies summarise the wide range of properties and the areal extent of the various subtypes
of ASS and ASS management options being applied in the tributaries in the lower reaches of Finniss
River, Currency Creek, Black Swamp and Goolwa Channel region (see area D in Fig. 5; Fitzpatrick et
al. 2009). In summary, more than 91% of the representative sites assessed in November 2008 had a
high, very high, or extra high ASS hazard classification. It was found that 37 of the 39 sites (94%)
investigated had sufficient net acidity that, if disturbed, would be a major area of concern (Fitzpatrick
et al. 2009).

Changes in water level in the Finniss River at Wally‘s Landing (Fig. 11) are shown in Figure 12.
The August 2007 photograph shows the river with hypersulfidic subaqueous clayey soil under 80 cm
of water at the end of the jetty. Hypersulfidic organic clayey soil was sampled in the Phragmites reeds
four metres from the bank/waters edge. The November 2008 photograph shows substantial lowering of
water levels to produce mainly waterlogged or saturated acid sulfate soil (hypersulfidic cracking clay
soil — end of jetty). The February 2009 photograph shows further lowering of water levels to expose a
clayey dry river-bed with cracks and salt efflorescences (sulfuric cracking clay soil). The red square
shown in the February 2009 photograph in Figure 12 indicates the location of the
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acidic white fluffy salt efflorescences adjacent to Phragmites reeds, which is shown in close-up on the
lower right hand side photograph.
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The combined standard methodologies of: (i) soil morphology, (ii) field pH testing, (iii) pH peroxide
testing, (iv) acid-base accounting (Ahern et al. 2004), (v) soil incubation (ageing), and (vi)
mineralogical analyses has confirmed that these soils either contain sulfuric acid (sulfuric material, pH
< 4), or have the potential to oxidise and form sulfuric acid when exposed to air (oxygen) because of
high concentrations of sulfide minerals (hypersulfidic material). This potential is being realised in many
areas along the Murray and Lower Lakes. However, the risk of soil acidification would be significantly
lower if water levels were kept at a level high enough to maintain anaerobic conditions.

Metals and Mobilisation
Metal mobilisation is likely to be significant in sulfide-containing soils that have undergone oxidation
(Fitzpatrick et al. 2009). Sulfide minerals scavenge trace metals, which may be released during
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oxidation. During 24 hour laboratory mobilisation tests on ASS, the water pH generally became similar
to that measured for the soils (Simpson et al. 2008). Metal release was rapid in sulfuric materials
producing high dissolved concentrations of Al, Cd, Co, Cu, Cr, Mn, Ni, V and Zn. Greater
concentrations of metals were released from the more clay-rich Finniss River soils than from the sandy
soils in Currency Creek. In general, the concentrations of metals released increased greatly at pH < 5.
Tests demonstrated that the rewetting of dried acid sulfate soils has the potential to release significant
quantities of environmentally degrading substances. The release of nitrate and phosphate from the dried
soils was low. The attenuation of dissolved metal concentrations through coprecipitation and adsorption
to aluminium and iron oxyhydroxide phases is likely to occur as acidic, metal-rich waters mix with
more neutral or alkaline water.

Mineralogy

At several sites, abundant occurrences of minerals in salt efflorescences and sub-surface horizons were
recorded by Fitzpatrick et al. (2009). In the bright yellowish green and orange surface efflorescences
(e.g. Figs 12-15), and pale yellow mottles in subsoils (Figs 13-15), X-ray diffraction analyses identified
sideronatrite, schwertmannite and jarosite/natrojarosite minerals, respectively. The pH values of the
bright yellowish green surface efflorescences was very acidic (pH < 2) and the orange and pale yellow
minerals were acidic (pH < 3 to 4). The presence of all of these minerals indicates high contents of iron
sulfides (principally pyrite) in the original materials. It is predicted that large quantities of sulfuric acid
will be produced in the hypersulfidic, subagueous soils if the river levels continue to drop significantly
and the adjacent wet soils are allowed to dry. Where winter rainfall has rewet previously identified
sandy sulfuric soils with pH values of 1.6 to 2.5, tamarugite [NaAl(SO4)2.6H20], with traces of
sideronatrite were subsequently identified with pH values ranging from 0.5 to 0.8 during slight
rewetting of the mineral surfaces.

Hydrogeochemistry

Some of the waters in soil pits of the dry river-beds and wetlands of Currency Creek (with deep cracks)
and Finniss River (sands) had acidic pH values ranging from 3.4 to 3.9. Some river waters sampled in
Currency Creek and Black Swamp in November 2008 contained moderate to low concentrations of
alkalinity (<117 mg/L and 31 mg/L respectively as HCOs").

The alkalinity of Lake Alexandrina has helped to maintain the alkalinity of the remnant Currency
Creek and Finniss River waters whilst these are still connected, along with local contributions from
ground waters and evaporation. Acid sulfate soil impacts are most likely to have an effect where net
acidities are high and surface water alkalinities are low, such as in Currency Creek, where alkalinities
are lower than in Lake Alexandrina (currently 200 to 250 mg/L).

Data from Wally‘s Landing in May 2009 showed that the pH in the flowing river was
circumneutral following rewetting from recent winter rainfall. However, water in cattle pugs close to
the river was found to be very acidic (pH 3.2). In a major anabranch of the Finniss River, the flowing
stream water was found to produce acidic pulses (pH 3.3 to 4.0) with relatively high specific electrical
conductance (SEC) of 13300 pS cm-1.

Finniss River explanatory soil-regolith model for clays (Site D1 in Fig. 5)

The explanatory soil-regolith model shown in Figure 13 has been constructed to show the generalised
relationship between the various clayey soil profiles sampled and described and how the underlying
layers and ASS materials vary across the landscape (Fitzpatrick et al. 2009). The model highlights large
cracks in the underlying subsoil that formed columns during drying. The top surface of the columns
were extremely hard and coated on the upper and side surfaces with various minerals including jarosite
(FIN 20), schwertmannite (FIN 23), sideronatrite (FIN 23) and other soluble Al-Fe- Mg-Na sulfates.
These clay columns overlay a black soft organic rich clay layer that varied in thickness and proximity
to the surface. Underlying this was a black, very soft clay. The upper columnar layer was classified as
sulfuric material and the underlying soft clay as hypersulfidic material. When these ASS materials were
sampled in November 2008, the sulfuric material in the cracking clay (FIN 20) had thick soft layers
(pale yellow mottles/ precipitates) of jarosite in the cracks (pH 3.3) and the water in the large cracks
had a pH of 3.5 (Fitzpatrick et al. 2009).
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Figure 13. Explanatory soil-regolith toposequence model for profiles FIN20 to 25, located on the west side of
Finniss River (site D1 in Fig. 5) (from Fitzpatrick et al. 2009).

Currency Creek explanatory soil-regolith model for sands (Site D2 in Fig. 5)
The explanatory soil-regolith model shown in Figure 14 (profiles CUR27 to CUR28) is characterised
by sandy surface materials to a depth of 50 cm.
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Figure 14. Explanatory soil-regolith toposequence model for profiles CUR27 to 28, located on the north-eastern
side of Currency Creek (site D2 in Fig. 5) (from Fitzpatrick et al. 2009).

The widespread occurrence of bright yellowish, 2 to 5 mm thick, sandy friable crusts can be
observed in CUR28. These layers contain mainly precipitates of the mineral sideronatrite, which occur
as rosettes and platelets on the soil surface in sulfuric material (< pH 2.5). Sideronatrite is formed from
the oxidation and dissolution of pyrite framboids, which occur mainly in the form of spheroidal
aggregates of pyrite crystals (Fig. 4). Sideronatrite in the yellowish crusts dissolves and reprecipitates
as orange coloured schwertmannite (CUR27) in immediately adjacent zones where the pH is slightly
more alkaline, to display distinct orange patches or areas on the soil surface, and orange mottles to a
depth of 2 to 10 cm (CUR27). This mineral forming process occurs during cyclic wetting and drying
events with rainfall, which causes water to dissolve sideronatrite and transport ferrous Fe and sulfate
ions to adjacent —micro-pondsl where schwertmannite rapidly crystallises (Fitzpatrick & Shand 2008).
The formation of these minerals is indicative of local geochemical environments that are rapidly
changing due to variations in pH and rates of Fe, S and Na mineralisation. Thick layers (0 to
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30 cm) of monosulfidic material also occur below thin algal mats in the subaqueous acid sulfate soil
soils in Currency Creek (e.g. profile CUR26).

Goolwa Channel explanatory soil-regolith model for sands (Site B2 in Fig. 5)

The explanatory soil-regolith model shown in Figure 15 for profiles CUR15 to CUR19 is characterised
by a firm brownish grey sandy surface that has some areas forming pockets of black fibrous organic
material (e.g. CUR17). Underlying this was sandy clay which in turn overlay yellowish clay containing
some calcrete (e.g. CUR18). The sandy dry surface near the landward end had prominent thin layers of
sideronatrite on the surface. Mid-way along the toposequence transect, sulfuric material with prominent
mottles and streaks of natrojarosite in the upper soil layers (e.g. CUR18) was present. The lower dark
grey layers all contained hypersulfidic materials.
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Figure 15. Explanatory soil-regolith toposequence model for profiles CUR15 to 19, located on the north-eastern
side of Goolwa Channel (site B2 in Fig. 5) (from Fitzpatrick et al. 2009).

Finniss River predictive soil-regolith models (Site D1 in Fig. 5)

Predictive soil-regolith models illustrating the formation and transformation of sulfidic materials have
been constructed for the Finniss River and adjacent wetlands in the area near Wally‘s Landing (Figs.
11 & 12). These models provide an understanding of how the soil materials change with time and in
relation to causative events. Based on field investigations and historical/palaeo-pedological knowledge
of the Finniss River, a series of eleven conceptual models have been constructed (Fitzpatrick et al. 2009)
to illustrate how various ASS materials in subaqueous, waterlogged (saturated) and dried conditions
have sequentially changed, and the consequences of rewetting from recent winter rainfall events (Figs.
16 - 18).

To illustrate sequential changes in ASS materials at different water levels caused by drying (drought
triggered) and rewetting (recent winter rains), we have constructed a series of conceptual models
consisting of eleven cross-sections across the Finniss River (see A — A* transect in Fig 11) and adjacent
wetland (see B — B¢ transect in Fig 11) at Wally‘s Landing.

(i) Before the 1880s (5,500 BC to 1880s). The lower Finniss River cycled between natural wetting and
flushing, and partial drying conditions in response to seasonal and climatic cycles occurring in the upper
Murray-Darling Basin and its own catchment. During wetter periods, the river accumulated sulfidic
materials from sulfate contained in surface waters and groundwaters (Fig. 16). However, during periods
when river flows were lower (Fig. 16 - lower panel), the river and adjacent wetlands partially dried
causing oxidation of sulfidic materials, especially on the dry margins with the potential formation of
sulfuric materials. In wetter times and during floods, the acidic material was submerged causing dilution
or neutralisation of acidity, entrainment of soluble materials in the river waters or the reformation of
sulfidic material. The build-up of sulfidic materials in the Finniss River was thus regularly kept in check
by oxidation and removal during scouring floods.
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Figure 16. Predictive soil-regolith models for Finniss River (A — A transect in Fig. 11; Fig. 12) illustrating natural
wetting and flushing (upper panel), and partial drying (lower panel) cycles during the time prior to major pre-
European development (5,000 BC to 1880s). The first picture taken upstream of Wally‘s Landing to represent its
possible original condition.

(ii) From the 1930s to 2006. Water levels in Lake Alexandrina and Finniss River were first managed
using locks and barrages (Figs 16-18) in the 1930s and continues to the present, with the exclusion of
seawater being their main function. The installation of locks and barrages allowed considerable build-
up of sulfidic, hypersulfidic and monosulfidic material in the lower lakes and tributaries due to: (i) the
evaporative concentration of sulfate from river nutrient/salt loads during periods of stable pool levels
and from groundwater sources, and (ii) the lack of scouring and seasonal flooding. This has led to the
formation of subaqueous ASS (hypersulfidic subaqueous clayey soils) with ultra-fine monosulfidic
material accumulating in low-flow backwaters and along the vegetated edges of the wetlands.

(iii) From 2006 to November 2008. During this drought period, partial drying of the river and adjacent
wetlands took place (Figs 17 & 18), and the river and lake levels continued to decrease (Fig. 8). The
subaqueous ASS (hypersulfidic subaqueous clayey soils) transformed to waterlogged ASS
(Hypersulfidic clayey soils).

(iv) From November 2008 to February 2009. During the November 2008 to February 2009 period,
extreme drying of Lake Alexandrina and adjacent wetlands took place (Figs 17 & 18) because of the
extended drought conditions and lower lake levels (Lake Alexandrina had almost lowered to —1.0 m
AHD; see Fig. 8). Most wetlands adjacent to Lake Alexandrina effectively became hydraulically
disconnected from the lake. These conditions also permitted oxidation of sulfides due to increased soil
aeration from deepening of desiccation cracks (> 50 cm), especially in areas that are organic-rich (>10
% organic carbon) and clayey (>35% clay). This resulted in the formation of sulfuric material to depths
up to 50 cm (sulfuric clayey soils). Under these low pH conditions, acid dissolution of the layer silicate
soil minerals caused the release of Fe, Al, Mg, Si (and other elements) (Figs 17 & 18). The continued
drying of the Finniss River and the adjacent wetlands caused further desiccation, and the precipitation
of sulfate-rich salt efflorescences in desiccation cracks and on the sandy edges on the river (Figs 17 &
18). Areas with monosulfidic materials continued to dry out, also causing desiccation cracks to develop
in the fine textured material.
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Figure 17: Predictive soil-regolith models for the Finniss River at Wally‘s Landing (A — A° transect in Fig. 11)
illustrating modification of water flows by barrage installations causing the build up of sulfides under continuous
subaqueous ASS conditions from 1930s to 2006 followed by progressive drying (middle two panels), and finally
a rewetting phase in May 2009 (lower panel) resulting in acidic waters in the cracks and cattle pugs, and in running
waters in adjacent wetlands.
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Figure 18. Predictive soil-regolith models across the Finniss River and adjacent wetland (B — B* transect in Fig.
11) illustrating modification of water flows and progressive drying (middle upper panels), and finally a rewetting
phase in May 2009 (lower panel) resulting in acidic pools and running water (pH 3.3 to 4) in the cracks and cattle
pugs (pH 0.5t0 0.8).

85



(v) May 2009 (Figs 17 & 18 — lower panels). During May 2009, rewetting of the river and adjacent

wetlands (cracks and areas pugged by cattle filled with water) caused sulfate-rich salt efflorescences to
dissolve and wash into cracks and cattle pugs (pH 1.3 to 2.5) and rewetting soil surfaces with extremely
low pH values (pH 0.5 to 0.8). The lower reaches of the river have a pH of 7.1 (Fig. 17). The higher
river pH values on the southern side were likely partly maintained by the discharge of alkaline ground
water. However, at the same time strongly flowing extremely acidic (pH 3.3) water was observed in the
adjacent anabranches and wetlands draining the lower alluvial plain (Fig. 18).

Spatial distribution of Acid Sulfate Soils

The ASS maps of the Finniss River, Currency Creek and Goolwa Channel areas (area D in Fig. 5)
shown in Figure 19 indicate the projected areal extent of sulfuric and sulfidic soil materials with: (a)
water levels at —-0.5 m AHD (February, 2008) when these soils were originally mapped using limited
available data (Fitzpatrick et al. 2008a), (b) previously predicted occurrence at —1.0 m AHD, and (c)
predicted occurrence for a future scenario of —1.5 m AHD (Fitzpatrick et al. 2008a). The predicted
distribution at —1.0 m AHD (Figure 16b) closely approximates the extent of all ASS materials identified
in late November 2008 (Fitzpatrick et al. 2009) when the water level was —0.7 m AHD and closely
relates to the data displayed in the explanatory and predictive soil-regolith toposequence models (e.g.
Figs 10-18).

Management of acidity

Monitoring of ASS and river waters was undertaken as an essential component of ASS assessment in
this region, especially during the winter rewetting phases when acidity, metal mobilisation and
widespread occurrences of salt efflorescences occurred (Figs 17 & 18 — lower panels; Fitzpatrick et al.
2009). The acidic conditions triggered the application of fine limestone to the lower Finniss River (and
Currency creek) during the winter rainfall rewetting period to neutralize the flowing acidic waters from
the wetland and channel to maintain pH above the critical level of 4.5 (Fig. 20).

Management of water levels to maintain future saturation of Acid Sulfate Soils

As a consequence of the widespread occurrence of sulfuric materials (Fig. 19) and acidic waters in the
Goolwa Channel, Finniss River and Currency Creek areas, the Federal government, in accordance with
a referral under the EPBC Act, approved a set of emergency actions to undertake management measures
to mitigate Acid Sulfate Soils (DEWHA 2009).

A temporary flow regulator across the Goolwa Channel at Clayton was constructed (Fig. 21) to
allow water levels in the Goolwa Channel, Finniss River and Currency Creek to be raised in order to
saturate the recently exposed sulfuric and hypersulfidic materials (Fig. 19). The constructed height of
the regulator is approximately +2.5 m AHD (to allow sufficient freeboard), but the water level will be
managed to a maximum level of +0.7 m AHD by one-off pumping. The pool level was initially raised
to +0.7 m AHD by pumping water from Lake Alexandrina. This action required approximately 20 GL.
In addition, a low-level regulator (0 m AHD) has been constructed across the mouth of Currency Creek
to permit continued saturation of sulfidic, hypersulfidic and sulfuric materials to minimise sulfide
oxidation and to allow the early season flows, which will mobilise acid and heavy metals, to be held
back allowing in-situ bioremediation to proceed.

86



Legend

ASS extent st water lovel 2 5mAHD
B O e

) rspecn come

T mac

-

(a) February, 2008

Legend
AES extont 3t water level -1mAH

Figure 19: Maps depicting the occurrences of various
acid sulfate soil subtypes in the Goolwa channel,
Currency Creek and Finniss River area for: (a) water
levels at —0.5 m AHD (February, 2008) when the soils
were originally mapped; (b) predicted occurrence at —1.0
m AHD, which closely approximates areal extent of the
various ASS subtypes when the field work was conducted
along the 12 transects in late November 2008; and (c)
predicted occurrence for a future scenario of —1.5 AHD
(modified from Fitzpatrick et al. 2008b).
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Figure 20: Applications of fine limestone in the
Finniss River below Wally‘s Landing jetty to
neutralize the flowing acidic waters from the
wetland and channel (Fig. 11) in May 2009.




Figure 21. Photograph of the main temporary flow
regulator across the Goolwa Channel at Clayton,
which is allowing water levels in the Goolwa
Channel, Finniss River and Currency Creek to be
raised to saturate the existing exposed sulfuric
material (map (c) in Fig. 19), which closely
approximates the areal extent of the various ASS
subtypes when the field work was conducted in late
November 2008 by Fitzpatrick et al. (2009).
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Sulfidic material in contemporary tidal zones

Acid sulfate soils are also present in the Murray River Mouth and Coorong (Area A in Fig. 5), the saline
to hypersaline estuary and lagoon between the Lower Lakes and the Southern Ocean (Fitzpatrick et al.
2008h). The sulfidic, hypersulfidic and monosulfidic materials in these ASS have formed in the shallow
permanently waterlogged subaqueous soils in the Coorong from the interaction of seawater with
abundant organic material. Although sulfidic materials are formed in the Coorong, the high carbonate
mineral content of this sub-coastal environment means that there is excess neutralising capacity
available to counter-act potential acid formation. Notwithstanding this, it is possible that under some
conditions localised acidification may occur where there is either not enough ANC, or the carbonate
(shells) is coarse grained and therefore not acting to neutralise the acidity effectively.

Malodours developed on exposure of monosulfidic materials have been observed in the Coorong
region for a long period of time and are regarded as a natural occurrence. These foul smelling gases are
formed when monosulfidic material is present and are a recognised risk factor in ASS environments
(Hicks & Fitzpatrick 2008). The presence of thick accumulations of subaqueous monosulfidic material
can be readily dispersed through wind and wave action, and may result in rapid de-oxygenation of the
water column.

Provided the mouth of the Murray River remains open to sea water entry, the Coorong would not
be expected to deteriorate significantly as ASS conditions with sulfuric material are unlikely to develop
in any significant way.

LAKES AND ADJACENT WETLANDS
Lakes Alexandrina and Albert (Areas B & C in Fig. 5) are large freshwater lakes that receive water
principally from Murray River flows but also from the Eastern Mount Lofty Ranges via the Finniss
River and Currency Creek. These interconnected freshwater lakes have been physically segregated from
the estuarine environments of the Coorong and Murray Mouth by a series of five barrages, which were
completed in the 1940°‘s and are constructed to a height of approximately +0.83 m AHD (Fig. 7).
According to Phillips & Muller (2006) they have a target maximum fill level of +0.75 m AHD. Prior to
European settlement, the Lower Lakes may have experienced brief periods of seawater intrusion during
severe drought periods, but generally the lakes would have remained fresh, or at worst, brackish. Based
on soil investigations (Fitzpatrick et al. 2008e,h) and historical/palaeopedological knowledge, a series
of 8 conceptual models have been constructed that illustrate how various ASS materials in subaqueous,
waterlogged (saturated) and dried conditions have sequentially changed, and will change over time in
the Coorong and Lower Lakes. To illustrate these sequential changes, a predictive soil-regolith model
was constructed for Lake Alexandrina using cross-sections (Lake Alexandrina cross section A-A° is
shown in Fig. 7) covering the periods:

(i) before the 1880s (approximately 5,500 BC to 1880s period), when Lake Alexandrina cycled

between natural wetting and flushing, and partial drying conditions,

(ii) during the 1880s to 1930s when the river and lake systems were modified for irrigation

purposes,

(iii) during the 1930s to 2006, when Lake Alexandrina was first managed using locks and barrages,
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(iv) during 2006 to 2007 when partial drying of wetlands and beaches surrounding Lake Alexandrina
took place during 2007 to 2008 when complete (unprecedented since installation of the barrages) drying
of beaches surrounding Lake Alexandrina and adjacent whole wetlands took place,

(v) during 2008 to 2009 if no pumping from Lake Alexandrina occurs and extreme drought conditions
continue, and

(vi) during the 2008, when pumping water from Lake Alexandrina to Lake Albert took place to maintain
water levels to prevent further oxidation of sulfidic material and rewetting of sulfuric materials.

Lake Alexandrina predictive soil-regolith model (Area B in Fig. 5)

(i) Before the 1880s (5,500 BC to 1880s). Lake Alexandrina cycled between natural wetting and
flushing (Fig. 22 - upper panel) as described above for the tributaries area (Fig. 16). It underwent partial
drying conditions in response to seasonal (i.e. winter/summer) and climatic (e.g. drought/wet) cycles
occurring in the upper MDB. During wetter periods, Lake Alexandrina underwent regular wetting and
flushing cycles. Lake Alexandrina accumulated sulfidic materials from sulfate contained in surface
waters and groundwaters, with occasional partial inrusion of sea water. However, during dry periods
such as droughts (Fig. 22) when river flows were lower, Lake Alexandrina and adjacent wetlands dried,
causing oxidation of sulfidic materials, especially on the drier margins. Pyrite in the sulfidic material
was oxidised with the likely formation of sulfuric acid and potentially the formation of sulfuric
materials. In wetter times and during floods, the acidic material was submerged in the water column,
with dilution/neutralisation of acidity, entrainment of oxidation products in the water and the
reformation of sulfidic material. The build-up of sulfidic materials in Lake Alexandrina was regularly
kept in check by oxidation and removal through episodic scouring by floods.
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Figure 22. Predictive soil-regolith models (A-A‘; Fig. 7) for Lake Alexandrina; illustrating natural wetting and
flushing (upper panel), and partial drying (lower panel) cycle conditions during pre-colonial times (5,000 BC—
1880s).
(i) The 1880s to 1930s period. European colonists moderated the flows of the Murray River and Lower
Lakes by extraction upstream for irrigation and by the construction of locks from the 1920s to ensure
reliable navigation and irrigation (Fig. 23). During this period Lake Alexandrina was —managed for
flood irrigationl (e.g. mainly dairy farming).
Modified by European occupation (1880s-1930s)
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Figure 23. Predictive soil-regolith model (A-A Fig. 7) for Lake Alexandrina; illustrating modification of water
flows by European occupation (1880s-1930s).

(iii) from 1930s to 2006. Lake Alexandrina was managed using locks and barrages (Fig. 24). The
installation of locks and barrages allowed considerable build-up of sulfidic and monosulfidic material
in the Lower Lakes (subaqueous sulfidic materials) due to: (i) the evaporative concentration of sulfate-
containing nutrient/salt loads under stable pool levels and from groundwater sources, (ii) the
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lack of scouring and seasonal flooding. Ultra-fine monosulfidic material also accumulated in low-flow
backwaters and along the vegetated edges of the wetland.
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Figure 24. Predictive soil-regolith model (A-A‘ Fig. 7) for Lake Alexandrina; illustrating modification of water
flows by barrage (and lock) installations causing the build up of sulfides under subaqueous ASS conditions from
1930s-2006.

(iv) From 2006 to 2007. Partial drying of wetlands and beaches surrounding Lake Alexandrina took

place (Fig. 25) due to the drought conditions from 2006 to 2007 when river and lake levels continued
to lower. During this period, subaqueous ASS transformed to waterlogged ASS (i.e. ASS that are wet
or saturated long enough to produce periodically anaerobic conditions).
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Figure 25. Predictive soil-regolith model (A-A‘ Fig. 7) for Lake Alexandrina, illustrating extreme drought
conditions in 2006— 2007 where subaqueous ASS transform to waterlogged ASS (i.e. ASS that are wet or saturated
long enough to produce periodically anaerobic conditions, thereby influencing the growth of plants: e.g. hydric
soils with sulfidic material).

(v) From 2007 to 2008. Drying of extended beaches surrounding Lake Alexandrina and adjacent
wetlands took place (Fig. 26). Most wetlands adjacent to Lake Alexandrina effectively became
hydraulically disconnected from the lake. This resulted in the formation of sulfuric material with depths
up to 75 cm. These conditions have also permitted deepening of desiccation cracks (>50 cm), especially
in areas that are organic-rich (>10% organic carbon) and clayey (>35% clay). The continued drying of
Lake Alexandrina and the adjacent wetlands caused further desiccation, and the precipitation of a wide
range of sulfate-rich salt efflorescences in desiccation cracks and on the sandy beaches surrounding the
lake. Areas with monosulfidic material continued to dry out, also causing desiccation cracks to develop
in the fine textured material (Fig. 26).
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Figure 26. Predictive soil-regolith model (A-A°; Fig. 7) for Lake Alexandrina; illustrating the formation of: (i)
sulfuric material (pH <4) by oxidation of sulfides in sulfidic material, (ii) sulfate-rich salt efflorescences and (iii)
deep desiccation cracks; due to continued lowering of water levels under persistent extreme drought conditions
during 2007-20009.

(v) Rewetting scenario post 2008 (Fig. 27) illustrating the various rewetting scenarios of initial
acidification, metal and salt mobilisation during low water flows, followed by metal dilution,
immobilisation and flocculation during sustained increased water flows and ponding (Fig. 27). In
September 2009, CSIRO identified an area of more than 200 ha of acidic surface water (pH 2.74 to
3.05) in Loveday Bay, a rewetted part of Lake Alexandrina containing sulfuric materials.
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Figure 27. Generalised schematic cross section (A-A°‘; Fig. 7) model for Lake Alexandrina; 1llustrat1ng the various
rewetting scenarios of initial metal and salt mobilisation during low water flows followed by metal dilution,
immobilisation and flocculation during sustained increased water flows and ponding.

Spatial Distribution of ASS in Lake Alexandrina

Combined bathymetry, soil and vegetation mapping in a GIS was used to construct ASS maps to help
predict the distribution of the various subtypes of ASS according to three scenario maps (Fitzpatrick et
al. 2008a,d,e,h), which depict sequential changes in ASS materials at different water levels in Lake
Alexandrina of +0.5 m AHD (pre-drought), —0.5 m (approximate level during early 2008), and for - 1.5
m AHD (an extreme case, should lower lake inflows persist). These are presented schematically for
Lake Alexandrina in a series of simplified maps in Figure 28 (more detailed maps are available in
reports by Fitzpatrick et al. (2008a,e,h). The maps show the distribution of different subtypes of ASS
(deeper than 2 m; subaqueous sulfidic; sulfidic and sulfuric) as lake water levels drop, and soils dewater.

Pre-Drought
(+0.50mAHD)

Current
(-0.50mAHD)
— Further 1m drop

in lake water
(-1.50mAHD)

l Deep water
[ Subaqueous sulfidic
[ Sulfidic
B Sulfuric

Lowering WaterLevel]

Figure 28 Predictive scenario maps depicting changes in acid sulfate soil materials at different water levels in
Lake Alexandrina (+0.5 m AHD, —-0.5 m AHD and -1.5 m AHD) from Fitzpatrick et al. (2008b). Finniss River,
Currency Creek and Goolwa Channel are the three extensions occurring on the left side of Lake Alexandrina.

Management of ASS in the Lower Lake systems

The management option for preventing more sulfidic material in Lake Albert oxidising to form sulfuric
material was implemented by pumping water from Lake Alexandrina to Lake Albert to maintain water
levels (Fig. 29). This option was based on: (i) identification of abundant sulfuric and sulfidic materials
in Lake Albert when water levels were —0.3 m AHD, (ii) predicted formation of abundant sulfuric
materials when water levels drop further if the extreme drought conditions in the Lower Lakes continued
(see ASS maps, Fig. 28) and (iii) the absence of satisfactory environmental flows resulting in restoration
of water levels in the lower lakes. The South Australian and Australian Federal governments have
continued to maintain water levels in Lake Albert at approximately —0.3 m
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AHD by pumping water at a rate of 400 ML/day from Lake Alexandrina to Albert to prevent the water
level in Lake Albert dropping below —0.6 m AHD (Fig. 29), to minimise the risk of soil and water
acidification. Lake Albert was disconnected from Lake Alexandrina after the construction of an earthen
bank (see photograph in Fig. 29) before pumping commenced in early 2008. During most of 2008,
pumping water from Lake Alexandrina to Lake Albert took place to successfully maintain water levels
(Fig. 29).
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Figure 29. Generic conceptual models for Lake Albert showing: (a) the formation of sulfuric materials on the
edges of the lake — —no management or no pumping scenariol (upper panel) illustrating the widespread formation
of: (i) sulfuric material (pH <4) by oxidation of sulfides in sulfidic material, (ii) sulfate-rich salt efflorescences
and (iii) deep desiccation cracks; due to continued lowering of water levels under persistent extreme drought
conditions during 2008-2009, and (b) management by protecting sulfidic materials from oxidation using partial
water inundation — —pumping of water from Lake Alexandrina scenariol (lower panel) where an earthen bank
between Lake Albert and Lake Alexandrina was constructed in early 2008,which disconnected Lake Albert from
Lake Alexandrina.

MURRAY RIVER SECTION BELOW BLANCHETOWN (LOCK 1): MAIN RIVER
CHANNEL AND ADJACENT WETLANDS

Swanport wetland explanatory soil-regolith model (Site E1 in Fig. 5)

The biggest impact on drying wetlands has been in the stretch of the Murray River below Lock 1 (Area
E in Fig.5), where most wetlands dried completely during 2007-08. The impacts of ASS in these
wetlands have been very variable depending on the amount of sulfide minerals present and the buffering
capacity of the previously sub-aqueous soils (Fitzpatrick et al. 2008f). A number of distinctive bight
yellow oxyhydroxysulfate minerals have been identified in these wetlands as a consequence of sulfide
oxidation. In these wetlands, the presence of such key —indicator mineralsl has proved particularly
useful in the field identification of sulfuric materials (Fig. 30). In fact, it was these prominent features,
which originally led CSIRO to first discover the presence of sulfuric materials in the Swanport wetland
near Murray Bridge in June 2007 (Fitzpatrick et al. 2008f).

The salt efflorescences sampled from sulfuric materials at Swanport and Ukee wetlands proved to
be an assemblage of sulfate-containing minerals (Fitzpatrick et al. 2008f). Movement and accumulation
of such soluble salts is typical of drained soils under extremely acidic conditions (pH <3.5). In surface
soil samples at the Swanport and Ukee wetlands these salt efflorescences comprised salts with a
yellowish (natrojarosite) or golden mineral determined to be the rare mineral metavoltine
(NasK2FeFes(S04)1202.18H20), which formed botryoidal encrustations on the edges of cracks (Fig. 30)
as an alteration product of weathered pyrite. This discovery documents the first occurrence of
metavoltine in Australia and possibly the first ever occurrence associated with acid sulfate soils. White
crystals of alunogen (Al2(SOa4)3 17H20) were also identified, having formed as a result of acidic (pH <
2.5), sulfate-bearing solutions that reacted with layer silicates in the soils. These localised solutions
were rich in ferrous and ferric iron and also contained dissolved potassium and sodium. Metavoltine
and alunogen are presumed to be the last minerals to form in areas of intense evaporation. The sulfuric
material, which also contained hexahydrite and gypsum, developed after drainage of the soils as
watertable levels dropped below 40 cm in June 2007 to below 90 cm in November 2007 (Fig. 30).
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Management of ASS by retaining acidity and monosulfidic material within wetlands

The management scenario presented here is based on the availability of sufficient water for ASS
management. In order to address the fate of identified sulfuric material in adjacent wetlands on the river
system between Lock 1 and Wellington, the management option shown in the lower panel of Figure 31
involved the construction of a sluice gate at the river inflow of the managed Paiwalla wetland (Site E4
in Fig. 5). Hence, the successful management of ASS in the Paiwalla wetland has involved careful
maintenance of water levels by controlling in- and out-flows.
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Figure 30. Schematic cross section models for Swanport wetland (site E1 in Fig. 5) showing: Acid Sulfate Soil
with sulfuric material in drained wetlands adjacent to the Murray River (left), which shows extensive cracking
and accumulation of scale-like, bright golden yellow crystals of metavoltine (K2NasFe2+Fes+ 6 (SO4)1202 18H20)
and white crystals of alunogen (From Fitzpatrick et al. 2008f).

Under this management scenario, sulfuric materials and metal salts have been contained in the
wetland, thus allowing targeted and controlled management to occur to reinstate and maintain wetland
quality. This management option enables the sulfate-rich salt efflorescences to dissolve and become
diluted and once appropriate wetland/redox conditions resume, sulfidic materials reform, while metals
bioaccumulate, or accumulate in the subaqueous soils. It also reduces the risk of saline, nutrient-laden
and acidic-metal-rich water draining back into the river as river levels fall and/or rise. In contrast, under
an unmanaged wetland scenario (upper panel, Fig. 31) or river bank there is little control of the
mobilisation of sulfuric materials and eventual fate of sulfate, monosulfidic materials and salts, the fates
of which are controlled by natural — but moderated — river water flows and floods (although the volume
of water in the river channel would provide considerable dilution to such materials).
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Figure 31. Generic conceptual model for lower-Murray River banks and wetlands between Blanchetown and
Wellington (Site E1 in Fig. 5); re-wetting management post-2008: no management scenario (upper panel) and
management by sluice gate scenario (lower panel).

RIVER SECTION ABOVE BLANCHETOWN (LOCK 1)

Banrock Station (Site F1 in Fig. 5)

Banrock Station wetland is located in the lower Murray River system, about 15 km west of Barmera in
South Australia (Site F1 in Fig. 5). This Ramsar wetland effectively by-passes Lock 3 (Fig. 7) and
consists of a single, elongate lagoon covering some 120 hectares at pool level (+8.6 m AHD). A second,
eastern lagoon (130 ha) is connected to the main Banrock lagoon but is usually dry at pool level,
becoming flooded when water levels are above 9.2 m AHD. The wetland is connected to the River by
one meandering inlet creek, and one outlet creek (with flow control structures on each creek installed

in 1993) and |s S|tuated ina rlver red gum floodplain that covers an area of about 520 ha.
DfQO ‘I - 2 e

Figure 32. Photographs of areas in the Banrock Ramsar wetland (Site F1 in Fig. 5) near the inlet creek in May
2008 showing: (1a) sampling a sandy, sulfuric soil profile (RBA1) at the medium to high water mark in Typha
and Phragmites reeds, and (1b) dry, cracked, sulfidic clays in the near surface soils in the bed of Banrock wetland.

Banrock wetland predictive soil-regolith model (Site F1 in Fig. 5)

The main Banrock lagoon was permanently flooded from 1925, when Lock 3 was constructed (Figs. 5
& 7), to 1993 when partial drying phases were introduced as a wetland management tool. From 1993
to June 2006 the wetland has been partially dried each winter (to introduce semi-natural wettingdrying
cycles). The wetland almost completely dried from 2007 to June 2008 (18 months; Fig. 32). The wetland
was re-flooded in June 2008 and a drying cycle introduced in October 2008. To illustrate these
sequential changes as well as the historical/geological changes, we have constructed the following series
of predictive soil-regolith models across the Banrock wetland:

(i) Before 1880s (approximately 5,500 BC to 1880s period).

(ii) During the 1880s to 1930s period when the river and wetland systems were first used for
navigation and irrigation.

(iii) During the 1925 to 1993 period when the river and wetland systems were first managed using
locks.
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(iv) During the 1993 to 2006 period when partial drying cycles and substantial rewetting cycles
occurred because of the installation of sluice gates.

(v) During the January 2007 to June 2008 period (18 months) when unprecedented drying took place.
(vi) During June 2007 to October 2008 period (5 months) when complete rewetting took place.

(i) Before the 1880s (5,500 BC to 1880s). The Banrock wetland cycled between natural wetting and
flushing, and partial drying conditions in response to seasonal and climatic cycles occurring in the upper
MDB (Fig. 33).

Natural Banrock wetlands (5,500BC-1880s) - Werrine & Flushing cycle
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Decrease in sulfidic material by oxidation
of pyrite on exposed wetland margins

Figure 33. Predictive soil-regolith models for Banrock wetland illustrating natural wetting and flushing (upper
panel), and partial drying (lower panel) cycle conditions during pre-colonial times (5,000 BC-1880s).

Waters received by the wetlands were transferred via channels, overland flow, and by infiltration. The
wetlands accumulated sulfidic materials from sulfate contained in surface flows and groundwaters.
However, during dry periods such as droughts (Fig. 33 — lower panel) when river flows were lower, the
wetland dried, causing oxidation of sulfidic materials, especially on the dry margins. Pyrite in the
sulfidic material was oxidised with likely formation of sulfuric acid and possibly formation of sulfuric
materials. During wetter times and in flood periods, the acidic material was submerged, with
dilution/neutralisation of acidity and the reformation of sulfidic material. The buildup of sulfidic
materials in the Banrock wetland was regularly kept in check by oxidation and removal by scouring
floods.

(ii) The 1880s to 1930s period. European settlers moderated the flows of the Murray River by the
installation of various irrigation network systems (Fig. 34). During this period the wetland was
—managed for flood irrigationl (e.g. citrus and dairy).

g [rrigation of
IR Citrus trees

Modiﬁd by European occupation (1880s-1930s)
e & & &

Unmanaged Wetland

Figure 34. Predictive soil-regolith model for the Banrock wetlands; illustrating modification of water flows by
European occupation (1880s- 1930s).

(iii) The 1925 to 1993 period. The river and wetland systems were managed using locks (Fig. 7). The
installation of locks enabled considerable build-up of sulfidic and monosulfide material in the wetland
(Fig. 35).
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Figure 35. Predictive soil-regolith model for the Banrock wetland illustrating modification of water flows by lock
installations causing the build up of sulfides under continued subaqueous ASS conditions from 1925-1993.

(iv) The 1993 to 2006 period. Partial drying cycles and substantial rewetting cycles occurred due to
the installation of flow control structures (sluice gates) (Fig. 36). During dry periods (Fig. 36 — top
panel) the wetland partly dried in places, causing likely oxidation of sulfidic materials, especially on
the margins of the wetland.

The accumulated pyrite in the thick sulfidic material is likely to have partly oxidised with formation of
sulfuric acid and possibly formation of sulfuric materials, similar to the natural system described in
Figure 32. During the rewetting cycles, the acidic material was submerged in the water column, with
dilution/neutralisation of acidity and the reformation of sulfidic material. Hence, the build-up of sulfidic
material in the wetland was controlled by regular periods of oxidation. In 2006, the pump used for
irrigation purposes was removed because of the Ramsar status of the wetland (in Fig. 37 the old
irrigation pump has been removed and a new pump installed for pumping river water into the wetland).

Partial drying cycles introduced (1993 -2006) bt e
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Ruu:llm;, cycles mlroduccd(l‘)‘n 2006) ’ RENE o VA
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Figure 36. Predictive soil-regolith models for the Banrock wetland illustrating the installation of sluice gates to
manage the partial drying cycle (upper panel) and the rewetting/ flushing cycle (lower panel) during 1993 to
2006). The Banrock wetland was designated a Ramsar site in 2002.

(V) The 2007 to June 2008 period (18 months). When drying of the upper soil in whole wetland took
place (Fig. 37), the wetland effectively became hydraulically disconnected from the river channel.
During this period, subaqueous ASS transformed to waterlogged ASS and eventually to dried ASS.
This resulted in the formation of sulfuric material to depths up to 50 cm and deepening of desiccation
cracks (> 50 cm), especially in areas that are organic-rich (>10 % organic carbon) and clayey (>35 %
clay). Under such low pH conditions, acid dissolution of the layer silicate soil minerals is likely to have
caused the release of Fe, Al, Mg, Si (and other elements) and the formation of sulfate-rich salt
efflorescences in and near soil surfaces (Fig. 37). The continued drying of the wetlands has caused
further desiccation, and the precipitation of sulfate-rich salt efflorescences in desiccation cracks and on
the sandy edges of the wetland. Areas with monosulfides continued to dry out, causing desiccation
cracks to develop, especially in the fine textured material.
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Figure 37. Predictive soil-regolith conceptual model for the Banrock wetland illustrating the formation of: (i)
sulfuric material (pH <4) by oxidation of sulfides in sulfidic material on the edges of the wetland, (ii) sulfaterich
salt efflorescences, and (iii) deep desiccation cracks; due to continued lowering of water levels under persistent
extreme drought conditions during 2007 — 2008.

(vi) From June 2007 to October 2008 period (5 months). When complete rewetting took place by
pumping water into the wetland (Fig. 38), sulfuric, sulfidic and monosulfide materials, including
sulfate-rich salt efflorescences become diluted and mobilised. Once appropriate wetland/redox
conditions resume, sulfidic materials are likely to reform, while metal salts bioaccumulate, or
accumulate in sediments. Under this management scenario, there is control of the distribution and
eventual fate of sulfates, monosulfides and salts.

Re\;::mng scenario (June 2008) - Mobilisation and difution of acid and metals
Reopened

Figure 38. Predictive soil-regolith conceptual model for the Banrock wetland showing the complete re-wetting
of the whole wetland in June 2008 with inundation of sulfuric materials, which occur on the edges of the wetland.
Continued management of this managed Ramsar wetland will involve the careful maintenance of water
levels by controlling in-flows and out-flows. Under this management scenario, sulfuric materials and
metal salts will be contained in the wetland and flushed at appropriate times, thus allowing targeted and
controlled management to occur to re-instigate and maintain wetland quality.

Loveday Disposal Evaporation Basin (Site F2 in Fig. 5)

The presence of sulfidic soils in a number of wetlands historically used as evaporation basins was
studied by Lamontagne et al. (2004 & 2006), who concluded that a large number have sufficient
alkalinity to neutralise acid generated by the oxidation of pyrite (Fig. 39). Many of these saline disposal
basins contained monosulfidic materials, and although acid generation from sulfuric materials may not
be a major issue, other problems such as deoxygenation of surface waters, metal mobilisation and foul
smelling odours remain an issue (Hicks & Fitzpatrick 2008).

Figure 39. Loveday hypersaline disposal basin,
adjacent to the Murray River (Site F2 in Fig. 5),
showing large irreversible trans-horizon polygonal
cracks with very coarse columnar ped structures; the
result of desiccation and dewatering of clayey
subaqueous soils during wetting and drying cycles. It
was originally a natural wetland prior being used as a
salt disposal basin. The surface of the peds is coated
with thin salt incrustations and efflorescences
dominated by microcrystalline gypsum, halite, Mg-
calcite and Sr-rich aragonite. Pyrite framboids were
still present within peds despite being exposed to the
atmosphere for several months.

Detailed studies by Wallace et al. (2008a) of the Loveday Disposal Basin, previously used for
irrigation discharge, have shown that sulfidic soils are mainly developed in the top 40 cm, principally
associated with organic-rich sulfidic wetland clays (Fig. 39). They showed that wetting and drying
cycles may lead to areas where the acid generation potential was greater than stored alkalinity due to
the transport of alkalinity in the soils during evaporation and concentration of carbonate at the soil
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surface. Although alkalinity was generally sufficient to mitigate acidification risks at the scale of the
wetland, local areas were found where net acidity was generated and jarosite was present.

Noora Disposal Basin (Site F3 in Fig. 5)

The Noora Disposal Basin, east of Loxton, is used as a disposal site for saline waters from salt
interception schemes designed to minimise salinity impacts on the Murray River (Site F3 in Fig. 5).
Monosulfides containing up 0.6 % Scr are present in some parts of the basin (Fig. 40) and were
inundated with saline water (similar SEC or EC to seawater). However, the acid neutralising capacity
(ANC) in the monosulfides was very high (up to 50% ANC as CaCOs), more than sufficient to neutralise
potential stored acidity (Shand et al. 2008c).
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Figure 40. Noora disposal basin showing black monosulfides (monosulfidic material) beneath a very thin

oxidised layer.
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Figure 41. Nelwart Lagoon (Site F4 in Fig. 5): (a) containing surface water; (b) dried wetland showing remnant
water, cracked clay soils and surface efflorescences; (¢) groundwater discharge area showing salt efflorescences;
(d) plot showing decrease of pH in surface soil layers during drying of the wetland.
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Nelwart Lagoon, near Renmark is typical of a number of wetlands adjacent the Murray River (Site
F4 in Fig. 5). This oxbow lake was temporarily cut off from the Murray River in 2007 to help maximise
water savings during this period of reduced inflows to the river (Fig. 41). The wetland soils initially
comprised hypersulfidic clay-rich soils with hypersulfidic subaqueous sandy soils around the margins.
A number of groundwater springs were identified at the edges and within the wetland during the drying
process. These springs provide sulfur as well as alkalinity to the wetland system, and monosulfidic
material were a typical characteristic at the discharge points.

As the wetland dried, sulfuric materials gradually became dominant over most of the wetland,
with a number of sulfate-rich efflorescences forming on surface layers. These included natrojarosite,
sideronatrite and tamarugite. A number of Mg and Na sulfate minerals were also noted, particularly
where groundwater discharges were present. Where the buffering capacity of the soils was low, the soil
pH generally showed a decrease in surface layers as drying progressed (Fig. 41).

Ground water salt interception scheme (Site F6 in Fig. 5)
The clogging of bore pumps and screens by an amorphous Al-hydroxysulfate in a salt interception
scheme near Bookpurnong was attributed to the oxidation of pyrite present in the Lower Loxton Sands
aquifer of Pliocene age (Shand et al. 2006, 2008a). The Loxton Sands is composed of a sequence of
lower and upper shoreface, beach, estuarine, dune and back-barrier lagoonal sediments. The clogging
occurred some time after pumping and the groundwater pH values were slightly acidic to neutral, where
Al solubility is theoretically very low.

The presence of large amounts of pyrite was confirmed using SEM. Figure 42 illustrates that both
framboidal and octahedral pyrite were present. The textures of the sediment and pyrite morphology are
very similar to present day coastal ASS, and Shand et al. (2006, 2008a) postulated that the pyrite, which
was present in flne gralned facies may have formed as part of an ancient coastal ASS

Figure 42. SEM images of samples from Loxton Sands (samples depths shown in metres). 40.5 m: Fe
oxyhydroxide coating of sand grain with euhedral to subhedral crystals of alunite-jarosite; 44.5 m: two sand grains
coated with abundant euhedral (cuboid and octahedra) pyrite and bridging laths of hydroxysulfate mineral
(natrojarosite); 52.4 m (left image) framboidal and octahedral pyrite on a base of natrojarosite-natroalunite; (right
image) abundant coatings of framboidal pyrite (bright areas).

In addition to pyrite, secondary sulfate minerals of natrojarosite-natroalunite were abundant (Fig.
42), indicating acidic conditions. The sediments were recovered from cores which had been stored and
the hydroxysulfate minerals are likely to have formed by pyrite oxidation and dissolution of
aluminosilicate minerals (clays and feldspar) during slow drying of the core material. Their
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presence indicates that there was insufficient buffering to neutralise the acidity generated during
oxidation of the pyrite.

A conceptual model (Fig. 43) was developed whereby cavitation and lowering of the water table
towards the redox boundary introduced oxygen and induced acid production and Al mobilisation at the
redox boundary. The mixing of this locally-derived acidic groundwater with circumneutral pH water
from above and below the boundary induces rapid Al precipitation on borehole screens, and in particular
at the pump inlet. This model explains the delay in clogging as well as the conflicting
hydrogeochemistry (high Al concentrations at circumneutral pH).

Oxidising
Upper Loxton Sands
-
” -
-
o d oo S I ESEEVSHUSEE I ] e e S () o —
-~ — ~ ,"‘-/’—_
Aty 8 (7

Cavitation, introduction of DO, > 4
FeS, oxidation, mobilisation of sulfates, SR
acidification and mobilisation of Al Redox Boundary e

Precipitation of AI(OH),
APy + 3H,0 = AI(OH), 5 + 3H"

|
Reducing __/| l

Lower Loxton Sands

=

Figure 43. Conceptual diagram showing the development of a cone of depression during extended pumping.
Oxygenated water is introduced below the redox boundary allowing pyrite oxidation, the production of acidity
and dissolution of aluminosilicate minerals (e.g. clays). Mixing of this water in the high pH environment of the
bore column causes rapid precipitation of Al-oxyhydroxide on screens and in the pump.

SEEPAGES OVERLYING MINERALISED ZONES IN MT. LOFTY RANGES

The Acid Sulfate Soils overlying mineralised zones in the Mount Lofty Ranges (Area G in Fig. 5) differs
from the ASS in the Murray River flood plains system (Areas B to F in Fig. 5) because the source of
sulfur is from sulfatic-rich ground waters derived from sulfide mineralization (ore bodies) of the
Kanmantoo rocks of the eastern Mt Lofty Ranges.

Herrmanns catchment explanatory soil-regolith model (Site G1 in Fig. 5)

Fitzpatrick et al. (1996) constructed descriptive and explanatory soil-regolith process models to
describe: (i) water flow paths in saline seepages (Cox et al. 1996; Salama et al. 1999), (ii) development
of sulfidic and sulfuric materials in ASS, and (iii) contemporary geochemical dispersion and erosion
processes present in the lower parts of a toposequence in the Herrmann catchment in the Mount Lofty
Ranges (Figs 44 & 45). Sulfidic material containing pyrite framboids was formed in these seepages by
a combination of: (i) saline groundwaters with high sulfate concentrations (with other elements sourced
from mineralised zones e.g. Pb and Zn) seeping up through soils, (ii) anaerobic conditions, and (iii)
organic carbon in saturated soils, generated sulfidic material containing pyrite framboids formed by
anaerobic bacterial reduction of sulfate. When these sulfidic materials are exposed to air, pyrite is
oxidised producing sulfuric acid, which dissolves soil minerals and leads to precipitation of a number
of secondary mineral combinations such as: (i) sideronatrite, tamarugite, copiapite, halite and gypsum
in sandy sulfuric materials with pH < 2.5, (ii) natrojarosite, jarosite and plumbojarosite in clay-rich
sulfuric materials with pH 3.5-4, and (iii) schwertmannite (pH 4), ferrihydrite (pH >6), akaganéite and
white, poorly-crystalline Al oxyhydroxide precipitates.
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Figure 44. Descriptive soil-regolith
model showing toposequence with three

selected profiles, soil features (e.g. relict
purple mottles and current very poorly
drained saline soils with grey and red
SOIL LAYERS stains) and direction of perched fresh
Tonteywe water flow and groundwater flow (after
Fritsch & Fitzpatrick 1994; Fitzpatrick
ety et al. 1996). Site G1 in Fig. 5.
v
E |

The exposure of sulfidic material in eroded stream banks may result in the rapid weathering of
pyrite present in previously buried swamp deposits (e.g. shown in Fig. 45). The chemical and microbial
reactions that form sulfuric acid can dissolve a variety of layer silicate minerals, mobilising aluminium
and trace metals. In addition to pyrite, the underlying rocks in this region contain sphalerite and traces
of galena and other minerals that contain zinc, lead and arsenic. These elements are often concentrated
in white and reddish seeps and pools at the base of the eroded streamline and greatly exceed criteria for
protection of fresh-water aquatic organisms. In addition, the seeps and soil leachate contain elevated
concentrations of dissolved iron, aluminium, and sulfate. Soluble sulfate minerals (sideronatrite and
tamarugite) were found to crystallise on the bank face immobilizing the metals when these waters
evaporate. However, during rainfall events, these minerals readily dissolve releasing the stored acidity
and metals to runoff and infiltrating stream water. The cycle of salt formation and dissolution
contributes to acid-drainage from the site as long as moist sulfidic material remains exposed to air.

These descriptive process models have been used to help characterise catchment-scale variability
of relict (past geomorphological processes in development of deep weathering and erosion) and current
(saline, sodic and acid sulfate soils) soil forming processes to develop practical solutions for
ameliorating soils at farm scale (Fitzpatrick et al. 2003a,b), and for use in mineral exploration
(Skwarnecki et al. 2002; Skwarnecki & Fitzpatrick 2003, 2008; Fitzpatrick & Skwarnecki 2005).
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Figure 45. Explanatory soil-regolith model showing geochemical dispersion and erosion processes in saline
seepages and formation of secondary sulfides in sulfidic material in a perched wetland and sulfuric materials
along eroded drainage lines (after Fitzpatrick et al. 1996).

Mount Lofty Ranges predictive soil-regolith model (Area G in Fig. 5)

Fitzpatrick et al. (2000a) used the information contained in Figures 44 & 45 to construct a generalised
predictive soil-regolith model showing the sequential hydrogeochemical processes that transform
sulfidic material in a perched wetland to sulfuric material (Fig. 46).

Stage 1: Saline groundwater enriched in sulfate (SOa2-) seeps up through the soil, along with other
solutes such as Na+, Caz+, Mgz+, AsOa 2-, I-and Cl-, and concentrates by evaporation to form various
mineral precipitates within and on top of the soil surface (Fig. 46a). The combination of: (i) rising
sulfate-containing groundwater, (ii) anaerobic conditions associated with saturated soils, (iii)
agricultural activity, and (iv) fractured rocks relatively enriched in Fe, S, Pb, Zn, etc. led to the formation
of sulfidic material and precipitation of anomalous concentrations of Pb and Zn. If the soil is wet and
contains sufficient organic carbon, anaerobic bacteria use the oxygen associated with the sulfate (SO4
2) during the assimilation of carbon from organic matter. This process produces pyrite and forms
sulfidic materials (Fig. 46a) (Fitzpatrick & Skwarnecki 2003).

Stage 2: Sulfuric materials result when pugging from animals, drainage works or other disruptions
expose pyrite in previously saturated soils to oxygen in the air. Thus, pyrite is oxidised to sulfuric acid
and various Fe sulfate-rich minerals, and sulfuric material forms (Fig. 46b). When sulfuric acid forms,
the soil pH can drop from ca. neutral pH to below pH 4; locally, pH may decrease to as low as pH 2.5.
The sulfuric acid dissolves clay particles in soil, causing base cations and associated anions (e.g. Na+,
Mg2+, Caz+, Cl-, SOs2-, SiO44.), trace elements, and metals such as Fes+and Als+to be released into the
soil and transported to stream waters. As the regolith structure degrades due to the accompanying
sodicity, soils become clogged with dispersed clay and Fe precipitates and they lose their permeability
and groundcover. This prevents groundwater below from discharging and forces it to move transversely
through the soil (Fig. 46b). Soil around the clogged area eventually erodes, causing movement of acid,
dissolved metals and salts into waterways and dams. If cattle or other activities continue to disturb the
soil around the newly created sulfidic material, the area affected continues to expand (Fig. 46b)
(Fitzpatrick & Skwarnecki 2005).

Stage 3: If these processes become expressed on the surface of the soil, bare eroded saline scalds
surrounding a core of lower permeability, highly saline, eroded sulfuric material may result (Fig. 46c).
These saline landscapes are characterised by slimy red or white ooze and scalds with impermeable Fe
rich crusts. As shown in Figure 46, when the sulfidic materials undergo change, different salt and Fe
minerals form because of differences in pH, increases in salinity and differences is relative
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concentrations of salts. In the final stage of formation, a hard soil layer remains, with only few salts
(Fig. 46c). Schwertmannite was first sampled and identified in inland ASS in the Mount Lofty Ranges,
South Australia in 1990 (Fitzpatrick et al. 1992, 1993, 1996; Fitzpatrick & Self 1997).
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Perched wetland Downslope erosion Upslope erosion
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Figure 46. Predictive soil-regolith model showing the hydrogeochemical processes, which transform sulfidic
material in a perched wetland to highly saline sulfuric material (after Fitzpatrick et al. 2003b).

Degraded agricultural areas in this region are conspicuous by the presence of ephemeral to
semipermanent saline seepages with surface accumulations of Fe oxyhydroxides and salts that overlie
strongly reduced subsoil horizons containing pyrite formed by bacterial sulfate reduction. During wet
winters, surface reddish-brown precipitates of ferrihydrite, containing high levels of scavenged cations
(e.g. As and Si) is the dominant Fe oxyhydroxide formed. In summer, the seasonal changes in soil redox
conditions strongly modify the geochemistry of the soil solution causing ferrihydrite to transform to
goethite and schwertmannite in the presence of excess sulfate and chloride, usually in the form of
cemented crusts (Fig. 46¢). Schwertmannite is indicative of a weathering environment with soil
solutions having a pH in the range 3 to 4 and sulfate concentrations between 1000 and 3000 mg/L
(Schwertmann & Fitzpatrick 1992; Fitzpatrick et al. 1996).

Pictorial manuals for land management planning in the Mt Lofty Ranges

Approaches for managing ASS in the upland saline seepages in the Mt Lofty Ranges (Area G in Fig. 5)
is briefly covered in this section. The sequence of steps used to develop an easy-to-follow pictorial
manual for identifying soil indicators, land use options and best management practices for this area are
shown in Figure 47 (Fitzpatrick et al. 2003a). Steps 1-5 describe soil layers and construct them in
toposequences (descriptive, explanatory or predictive models), which are used to help map soil types in
areas with variable geochemistry (Fitzpatrick et al. 2003a,b).
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Figure 47. Flow diagram showing steps | Figure 48. Sequence of soils down a slope (two of the seven
involved in developing manuals for land | soils are illustrated) linked to a 3D mechanistic model of soil
management (from Fitzpatrick et al. 2003a,b). | and water processes with summaries of management options
associated with each soil type from (Fitzpatrick et al. 2003a).

Steps 6-9 involve local communities in developing the manual by integration and adoption, where
knowledge of the hydrological and soil-regolith processes models (bottom half of Fig. 48) and
production systems are bought together in recommendations for appropriate best management practices
(top half of Fig. 48). For example, in the Mount Lofty Ranges (Fitzpatrick et al. 1997; 2003a,b) and
Woorndoo region in Victoria (Fig. 48; Fitzpatrick et al. 1997; 2003a,b) fencing and protecting saline-
sulfidic wetlands from physical disturbance (e.g. cattle) has:

o Facilitated the reestablishment of more reducing soil conditions in the A horizon.
¢ Decreased the amount of pyrite oxidation.

o Allowed rapid recovery of wetland vegetation.

¢ Prevented physical erosion of the A horizon.

o Allowed a return to neutral pH (pH =6.5t0 7).

ABONDONED MINES (Area H in Fig. 5)

A wide range of minespoil Acid Sulfate Soils have been identified and characterised in waste rock
stockpiles, tailing impoundments and mine retention ponds at several minespoil environments in the
Mount Lofty Ranges (Area H in Fig. 5). These soils are essentially the same as those in seepages
overlying mineralized zones, except the pyritic rocks have been deposited on the landscape surface,
often filling-up whole valleys. A wide variety of ASS soils developed from rocks in various stages of
physical and chemical breakdown have been described and sampled along hydro toposequences (i.e.
from the drier upper to wetter lower surfaces) of minespoils at the Brukunga pyrite mine (Site H1 in
Fig. 5). Fitzpatrick & Self (1997) identified schwertmannite, jarosite, goethite and gypsum in orange
and yellow precipitates in acid drainage water seeping through the rehabilitated pyrite-rich tailings dam
and waste-rock dumps at the abandoned Brukunga pyrite mine.

UPPER SOUTH EAST OCCURRENCES

In Acid Sulfate Soils in the swales authigenic pyrite, marine-derived sulfates, as well as other stored
salts have been identified at Cooke Plains in the upper south east (Hollingsworth et al. 1996; Fitzpatrick
& Merry 1999). These soils have acquired saline sulfide characteristics in recent times because of rising,
saline ground water (Barnett 1992) and seasonal waterlogging caused by land clearing since European
settlement (circa 120 years ago) (Hollingsworth et al. 1996; Fitzpatrick &
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Self 1997). Sufficient organic matter is present for microorganisms to transform sulfate to sulfide so
that, in the presence of reduced iron (derived from the weathering of ilmenite grains in these sandy dune
soils), iron sulfide forms. During the dry summer months, these sulfides oxidise and react with dissolved
calcium to form hydrated calcium sulfate (gypsum). Excess sodium in the chloride saturated solution
precipitates as halite.

Finally, the drain constructed through Tilley Swamp (Fitzpatrick et al. 2008c) has provided an
opportunity to observe the pedological, geochemical and mineralogical properties of ASS materials
within the drain, both recent (active acid sulfate soil weathering features) and relict (post-active acid
sulfate soil weathering features, Fanning & Fanning 1989; Fanning 2002). Important materials that
develop in the drains during periods of low flow are thin layers of sulfidic material, monosulfidic
material, salt efflorescences and iron oxyhydroxide minerals on drain walls. A 3D explanatory
soilregolith model of water processes has been constructed by Fitzpatrick et al. (2008c) that explain and
predict processes giving rise to the production, export and fate of leachate and minerals in the open
drains.

CONCLUSION

This chapter has highlighted the extremely wide diversity of inland and coastal acid sulfate soil types
in the Riverland and Murraylands of South Australia, from small seepages in the Mt Lofty Ranges to
billabongs and wetlands along and adjacent to the Murray River channel to the Lower Lakes and
Coorong near the Murray River Mouth. The current drought in South-eastern Australia has had a major
impact on water resources and availability in the Murray Darling Basin. Nowhere can this be more
clearly seen than in the lower reaches of the Murray River below Lock 1 (Blanchetown) where water
levels are at an unprecedented low (in many areas below sea level). The low water levels have caused
a number of impacts related to acid sulfate soils to be realised for the first time, particularly soil
acidification, and more locally water acidification and metal mobilisation. Scientific studies have only
begun to address the real impacts of these soils under future management and climate change scenarios,
and much work still needs to be completed before future risks can be fully assessed.

GLOSSARY
Acid Sulfate Soil environments

¢ Coastal environments or modern-day coastal zones - those areas landwards of the coastal waters influenced
by processes or activities that affect the coast and its values - as defined by NRMMC (2006) comprising
—coastal ASS| in estuarine systems such as the Murray River Mouth estuary and Coorong.

e Inland environments - those areas, which occur inland of modern-day coastal zones (as defined by
NRMMC (2006) comprising —inland ASS| in upland systems such as the Mount Lofty Ranges.

e Minespoil environments — those areas, which occur in: (i) waste rock stockpiles and tailing impoundments
(e.g. Fitzpatrick et al. 1998) and (ii) mine retention ponds (Fitzpatrick & Self 1997; Nordstrom & Alpers,
1999) - comprising “minespoil ASS” and “acid-rock drainage”.

Acid Sulfate Soil materials (modified from Sullivan et al. 2009)

o Sulfuric material —pH less than 4 (Isbell 1996).

o Sulfidic material* — soil materials containing detectable sulfide minerals (containing greater than or equal
to 0.01% sulfidic S). The intent is for this term is to be used in a descriptive context (e.g. sulfidic soil material)
and to align with general definitions applied by other scientific disciplines such as geology and ecology (e.g.
sulfidic sediment). *This term differs from previously published definitions in various soil classifications
(e.g. Isbell 1996).

o Hypersulfidic material - Hypersulfidic material is a sulfidic material that has a field pH of 4 or more and
is identified by having a field pH of 4 or more and by experiencing a drop in pH by at least 0.5 unit to 4 or
less when incubated aerobically at field capacity. The duration of the incubation is either: (i) until the soil
pH changes by at least 0.5 pH unit to below 4, or (ii) until a stable pH is reached after at least 8 weeks of
incubation.

o Hyposulfidic material - Hyposulfidic material is a sulfidic material that has a field pH of 4 or more and is
identified by having a field pH of 4 or more and by not experiencing a drop in pH by at least 0.5 unit to 4 or
less when incubated aerobically at field capacity. The duration of the incubation is until a stable pH is reached
after at least 8 weeks of incubation.

o Monosulfidic material - soil materials with an acid volatile sulfur content of 0.01%S or more. Monosulfidic
materials are subaqueous or waterlogged organic-rich materials that contain appreciable concentrations of
monosulfides (e.g. Sullivan et al. 2002; Bush et al. 2004; Burton et al. 2006a, 2006b). Monosulfidic black
oozes are specific materials characterised by their gel-like consistence. Monosulfidic
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materials have a field pH of 4 or more, commonly > pH 7-8, but may not become extremely acidic (pH <4)
when drained. Recognition of the occurrence and importance of monosulfides in soil materials led to inclusion
of monosulfidic materials as a distinguishing property in the legend of the Australian Atlas of Acid Sulfate
Soils (Fitzpatrick et al. 2008a).

Atlas of Australian Acid Sulfate Soils - web-based hazard assessment tool with a nationally consistent legend,
which provides information about the distribution and properties of both coastal and inland ASS across
Australia (Fitzpatrick et al. 2008a). This tool is available on ASRIS (Australian Soil Resource Information
System: www.asris.gov.au)

Drained Soils — soils in environments where the soil was previously saturated with water and the water level has
lowered allowing air instead of water to fill the soil pore spaces.

Subaqueous Soils — soils in shallow permanently flooded environments covered by less than 2.5 m water, which
is not too deep for the growth of rooted plants (Stolt 2006);

Waterlogged Soils — soils in environments where there is sufficient water to fill the soil pore space but not pond
above the soil surface for any length of time.
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CHAPTER 4. GROUNDWATER
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The most striking characteristic of the hydrology of the Murraylands region is the lack of a surface
water drainage network. The only major streams are the Murray River and those that flow easterly from
the Mount Lofty Ranges towards the Murray River (Marne, Angas, Bremer, Reedy, Salt and Saunders).
The flat terrain means that any excess water moves downwards towards the groundwater rather than
directly into streams. The Murray River and associated streams will be described in another chapter.

This chapter therefore deals with groundwater movement.

Groundwater is any water that is below the land surface. To describe groundwater movement, we
begin with rainfall and follow the water path below the land surface until it resurfaces. Most rainfall is
either evaporated directly from the surface of leaves or the soil surface or is transpired by vegetation.
The remaining water, which we refer to as ‘excess’ water, travels through the Mallee landscape via soils
and aquifers to the Murray River, the land surface on the Coastal Plain (south of Tailem Bend) or the
ocean before being re-evaporated back to the atmosphere.

Where the groundwater is fresh to brackish, it is used for irrigation. However, for most of the
region, the groundwater is too saline to be used. Apart from some of the groundwater irrigation areas,
water tables are rising or will begin to rise in the future. These rising water tables lead to salinisation
problems. Even where water tables are falling in the groundwater irrigation areas, salinisation of
groundwater is likely to affect the limit of the groundwater resource, rather than declining water
volumes. The rising water tables and salinisation issues are caused by historical land use change. This
chapter describes the movement of water from rainfall infiltrating in the soil zone to the discharge areas
along the Murray River and how this movement has been affected by land use change. Specifically, the
following are discussed:

¢ history of land use change in the region,

o soil processes leading to root zone drainage (RZD), i.e. water moving downward to groundwater,
o processes in the deeper soil zone,

e processes in the groundwater system,

e characterisation of the aquifers, and

o salinity processes and management.

LAND USE CHANGE

Over the last 150 years, the clearance of the native mallee-form eucalypt vegetation and the change in
land use has dramatically altered the hydrologic balance in the region. Irrigated horticulture
(predominantly citrus, grapes, vegetables, stone fruits and nut crops) now occupies approximately 50%
of the land adjacent to the Murray River and its floodplain (Telfer & Overton 1999). Away from the
river, land use (Fig. 1) is predominantly determined by rainfall. To the north of the river, most of the
area remains under native vegetation because the rainfall is too low (mostly less than 250 mm/year),
and unreliable for crop production. Sheep grazing of native grasses predominates. Irrigated horticulture
and viticulture and some cereal cropping, in favourable years, have extended clearance to the north and
large areas have been cleared for grazing (Australian Greenhouse Office 2000).
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Figure 1. Areas of dryland cultivation, irrigation and grazing (data sourced from Soil and Land Information
2004).

Much of the land south of the river was cleared in the period 1910 to 1930, initially for livestock,
mainly sheep grazing, and more recently cereal cropping. The clearing history is shown for counties of
the Murraylands in Figure 2. In the counties of Albert, Alfred, Buccleuch and Chandos (total area
22,400 km2), approximately 12,300 kmz (~55 %) of the natural mallee vegetation was cleared during
the 25 year period from around 1910 to the early 1930s (Williams 1974). Clearing continued after the
1940s, albeit at a slower rate than in the boom years. Stony ground south of
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Waikerie and east of Eudunda was cleared in the 1950s and 1960s, as were the deep infertile sands
north of Lameroo and Pinnaroo.
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Figure 2. Clearing history of counties in the Riverland and Murraylands (from Williams 1974).

Soil Processes

For much of the Murraylands and Riverland Region, monthly-averaged rainfall is less than Potential
Evapotranspiration (PET) for all months. This is in contrast with the wetter southern areas, where
monthly-averaged rainfall exceeds PET over the winter months in most years. The soil profile which
has dried during the summer wets up during the winter months and becomes sufficiently wet for water
to drain below the root zone (root zone drainage — RZD). Once below the root zone, the soil water is no
longer subject to the processes of evapotranspiration and will move vertically under gravity to the
underlying groundwater (Fig. 3). Typically, RZD occurs continuously over a few months each year in
these wetter areas.

In contrast, the variability of rainfall in the Murraylands and Riverland region means that rain only
exceeds PET, to the extent that RZD occurs, intermittently every few years. This leads to ‘episodic’
RZD. In addition, the rainfall is more even across the year so that a fraction of the rain falls during
months of high PET and RZD is generally lower.
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Figure 3. Root zone drainage (RZD) schematic.

The amount of water required to wet up the soil profile after summer, until it is sufficiently wet to
drain, is affected by plant rooting depth and soil type. The drier the soil profile the less likely RZD is to
occur as it will require a larger rainfall event or a series of rainfall events to wet up the soil. The
Riverland and Murraylands Region is characterised by sandy wind-blown soils that generally have very
little clay and silt. The water holding capacity of such soils is limited and is directly related to the clay
content of the soils in the rooting zone. The rooting depth of annual crops in the region can be shallow
due to sub-surface soil characteristics that affect plant growth. Combined with the sandy soils, this
means that the amount of water to fill the ‘soil store’ can be relatively small compared with other areas.

The amount of RZD is also influenced by the seasonality of plant growth and leaf area. If rain falls
when there is little leaf area (for example when annual crops have just been sown) or when there is little
plant transpiration (for example, summer for winter crops) there is a greater potential for RZD to occur.
Perennial pastures often use water in late spring and early summer, in contrast to winter crops, and use
water deeper in the soil profile. Some native vegetation species use water all year around. RZD under
irrigated crops is generally much higher than under dryland crops due to the greater amounts of water
applied and the need to leach salt from the soil profile. Thus, the combination of winter crops, sandy
soils and an episodic rainfall pattern leads to a situation where RZD can occur, despite the semi-arid
climate.

The clearance of deep-rooted perennial vegetation that has taken place for dryland agriculture and
irrigation has led to a massive change in RZD. The mallee-form eucalypt vegetation (mallee) which
once covered the region, is now confined to isolated remnants (see Chapter 9). The distribution of
mallee prior to clearing in the region was controlled by a combination of rainfall (250-450 mm per year)
and deep sandy or calcrete soils (Sparrow 1989). Mallee are extremely efficient at extracting water from
soil, hence RZD fluxes beneath the native vegetation are low (< 1 mm/year or less than 0.5% of the
rainfall (Allison et al. 1990)). Mallee-form eucalypts are very deep rooted, with roots having been
observed at 28 m (Nulsen et al. 1986). The deep root distribution allows more time for the plants to
make use of rainfall as it infiltrates and moves vertically though the soil profile. Mallee also exhibit
other mechanisms, such as stem flow in which water flows down the roots, which allows it to use more
of the rainfall.
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Figure 4. Root zone drainage below dryland agricultural regions (from Cook et al. 2004).

Removal of the deep-rooted, perennial native vegetation and replacement with shallow-rooted
annual crops and pastures that use less water, or to irrigated agriculture, has resulted in an increase in
RZD beneath the region. Estimates of RZD under dryland agriculture vary from less than one to more
than 50 mm/year (> 15% rainfall) (Fig. 4). Larger values are found in the wetter parts of the region and
on sandier soils. The mean RZD under dryland agriculture is approximately 5-10 mm/year, 100- times
greater than under the native vegetation (Walker et al. 1991). Basically more water falls as rainfall than
is required at the time that crops are growing.

Deep soil hydrologic processes
Once water moves below the root zone it moves under gravity towards the underlying watertable, where
it adds to the volume of water in the groundwater system (recharge). The depth to the
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watertable across much of the region is large (30-50 m). Consequently, the fluctuations of water fluxes
that result from episodic events become smeared with depth such that fluxes are constant near the water
table. This means that the addition of water to the groundwater system is constant and hence fluctuations
of the deep water table become muted.

The time for a water molecule to move through the deep soil zones can be long. For example, the
estimates for Mallee form eucalypts have been up to 20,000 years, while that for agronomic crops and
pastures have been up to 200 years.

This time should be distinguished from the time for pressure responses, that may result from
changes in land use or climatic extremes, which tend to be shorter. For example, the increase in RZD
associated with clearance of native vegetation leads to a pressure or ‘wetting’ front that moves down
through the soil profile towards the water table (Jolly et al. 1989), (Fig. 5). Until the pressure front
reaches the watertable, recharge of the groundwater continues at the same rate as it did prior to clearing.
The watertable eventually rises when the pressure front reaches it. Hence, there is a time lag between
clearing and the rise in watertable. This time delay is dependent on the depth to water and the RZD and
is of the order of tens of years. As much of the region was cleared between 50 and 100 years ago
watertables are now rising over much of the region (Allison et al. 1990).
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Figure 5. Conceptual diagram of the pressure front associated with increased root zone drainage and the
displacement of soil water.

Salts, present in low concentrations in rainfall, are concentrated in soil water as a result of
evapotranspiration. Whilst the vegetation removes water from the soil, it leaves behind the salt. As
mallee-form eucalypts use more than 99% of the rainfall, they concentrate salts in soil water to more
than 100-1000 times that in rainfall. This, together with the deep roots and the long period of time under
native vegetation, has resulted in a large store of salt in the deep soils of the region.

As the fluxes of water below the root zone increase following clearing, they leach the salt. The rate
at which salt leaches is related to the rate at which water moves. Thus, a solute front, distinguishes the
less saline water associated with post-clearing RZD from the more saline soil-water under mallee. This
solute front moves more slowly downwards than the pressure front. When the solute front reaches the
water table, the soil zone will be leached. The leaching of salt from the soil profile into the shallow
groundwater has been causing increasing salinity where this groundwater is fresh (Leaney et al. 2003).
Groundwater recharge processes
Although the amount of water involved in RZD is a small fraction (3-10%) of the rainfall and rates
are small compared with wetter regions, the area of RZD is large. Consequently, the total quantity of
water that becomes RZD across the region is large and has accelerated recharge to the groundwater
and the underlying regional watertable.
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The whole of the region is underlain by the one regional groundwater system that forms the western
Murray Hydrogeological Basin. The aquifers of the Murray Hydrogeological Basin are described in the
next section, but it should be noted that these are generally interconnected and, over large distances, act
as a single groundwater system that is connected to the river in the north and to the ocean in the west.

In the deep soil zones the movement of water is mostly vertical, whereas in the groundwater system
the movement is mostly horizontal. Water that enters as recharge needs to exit the groundwater system
via drainage to the river or the ocean, or evapotranspiration in the shallow water table areas of the
coastal plain near Tailem Bend. Hence, water can move hundreds of kilometers through these aquifers.
The time for a water molecule to travel from one end of the groundwater system has been estimated to
be as much as a million years (Allison et al. 1990).

Over the last million years there have been successive wetter and drier climatic periods. These
have led to higher or lower recharge rates and subsequently fresher or more saline groundwater. These
spatial patterns of fresher or saline water that represent paleorecharge features can be seen in the map
of salinity of shallow water tables (Fig. 6). For example, the fresh groundwater near Pinnaroo was
recharged more than 20,000 years ago.
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Figure 6. Groundwater salinity (data sourced from Barnett 1991).
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The time for a water molecule to move laterally should not be confused with time lags associated
with increased groundwater fluxes resulting from increased recharge. Increased recharge leads to rising
water tables and increased groundwater gradients that lead to high fluxes of groundwater. These impacts
extend laterally through pressure changes more quickly than the movement of water itself. Any increase
in recharge needs to be balanced by a change in discharge to the river or coastal plain, but there are
considerable time lags before these are balanced.

The rising watertable increases the hydraulic gradient towards the river, resulting in increased
groundwater discharge to the river (Fig. 7). Where the rising saline groundwater comes close to the soil
surface, capillary rise of water leads to dryland salinisation, such as that which occurs at Cooke Plains
to the south west of the region. As the groundwater salinity adjacent to the Murray River is saline
throughout much of the region, this causes an increase in salt load to the river, resulting in increases in
river salinity. The delayed effects of clearing in the region are expected to contribute to increases in
saline groundwater inflows to the river environment over the next 100 to 200 years (Cook et al. 2001).
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Figure 7. Schematic representation of the hydrogeological process operating in the region as a consequence of
the clearing of native mallee (A) and the development of irrigated agriculture (B). Increased recharge to the saline
groundwater has caused an increase in the salt loads to the Murray River, (adapted from Munday et al. 2004).

As a result of the processes described above, groundwater levels in the regional flow systems of

the western Murray Hydrogeological Basin show a continually rising trend. The trend is observed where
there is no discharge from the system apart from lateral groundwater flow, i.e. where there is
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no major pumping for irrigation, or more importantly, where the watertable is too deep for evaporative
discharge to occur (Barnett 2000). Monitoring of watertables in the region indicate that watertables
have commenced rising in some areas where the watertable was less than 40 m depth (for example
MCAO003, Fig. 8), and in some instances may be rising where watertables are greater than 40 m deep
(for example. SHG, 70 m deep watertable, (Fig. 8), (Cook et al. 2001)). Rises in the drier Northern
Mallee (CTNOOS5, Fig. 8) area are low, about 2 cm/year where watertable is greater than 10 m below
the ground surface (Barnett 2000).
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Figure 8. Bore hydrographs for some of the monitoring bores in the Riverland and Murraylands region. Numerals
in parentheses denote mean watertable depths. Water level is shown relative to an arbitrary datum.

The watertable will continue to rise until a new equilibrium is reached, when the increased recharge
is balanced by increased discharge through evaporation from salinised areas and increased groundwater
discharge.

Hydrogeology

The region lies within the western portion of the Murray Hydrogeological Basin (Fig. 9A), and is almost
a closed groundwater basin. The underlying groundwater system on the region is composed of three
main aquifer systems which are contained within the Murray Hydrogeological Basin.

There are three main aquifer systems in the western Murray Hydrogeological Basin; the Renmark
Group confined aquifer, the Murray Group limestone aquifer and the Pliocene Sands (Loxton- Parilla)
aquifer. These aquifers are regional flow systems where recharge occurs at some distance from the
discharge area. Figures 8: B, C, & D. show the extent of the aquifers and groundwater contours. The
aquifer systems and the intervening low permeability confining layers of the Murray Hydrogeological
Basin in the Riverland/Murraylands region are shown in Table 1.

Table 1. Aquifer systems and the intervening low permeability confining layers, of the western Murray
Hydrogeological Basin in the Riverland/Murraylands region

Geological Units Aquifer System

Loxton Sands Pliocene Sands Aquifer

Parilla Sands

Upper Renmark Group

Bookpurnong Formation Bookpurnong Formation Confining Layer
Pata Limestone Murray Group Limestone Aquifer

Morgan Limestone
Mannum Formation
Ettrick Formation Ettrick Formation Confining Layer
Compton Conglomerate Renmark Group Confined Aquifer
Buccleuch Formation
Olney Formation
Warina Sand
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Figure 9. (A) Location of the Riverland and Murraylands region within the western Murray-Hydrogeological
Basin, and direction of regional groundwater flow, (B) Extent of the Renmark Group aquifer, (C) Extent of the
Murray Group aquifer, (D) Extent of the Loxton-Parilla Sands aquifer.

Figure 10 shows north-south and east-west geological cross-sections through the region The cross-
sections show a very simple geological structure of flat-lying sediments which deepen and thicken
towards the deepest part of the western Murray Hydrogeological Basin in the Renmark area, which
contains over 500 m of sediments. Settlement and compaction of these sediments has resulted in low
ground surface elevation. Consequently, the topography of the region falls gently with minor variations
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from the bordering north-south ridges of the Mt Lofty Ranges toward Renmark and the Murray River.
The cross-sections also show some faulting (Hamley Fault, and others) in the basement rocks, but they
have very little surface expression.
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Figure 10. Geological cross sections showing the subgroups within the three main aquifer systems and fault
lines.
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REGIONAL AQUIFERS OF THE WESTERN MURRAY BASIN

RENMARK GROUP CONFINED AQUIFER

The Renmark Group aquifer is the deepest, confined aquifer and covers most of the Murray
Hydrogeological Basin and the region (Fig. 9B). It is separated from the overlying Murray Group
limestone aquifer by the Ettrick Formation. Recharge occurs at the basin margins and the groundwater
movement, as indicated by the potentiometric surface contours (Fig. 9A) is mainly to the west with
inflow from the northeast and southeast, from a maximum of 40 m above sea level at Pinnaroo to less
than 10 m above sea level at Murray Bridge. Groundwater flow is focused on the Murray River where
it discharges by upward leakage (as a result of the closed nature of the Basin). Gradients are very low
as a result of the large thickness of aquifer and hence, high transmissivity. No aquifer parameters are
available for this aquifer in the region, however a hydraulic conductivity in the range 10-20 m/day
would be expected.

Contours of head difference between the Renmark Group confined aquifer and the overlying
Murray Group limestone aquifer show the region is an area of significant upward leakage driven by a
head difference of 15-20 m. As a result, any well drilled in the river valley down to the confined aquifer
would be artesian. The upward leakage is the dominant mode of discharge from the confined aquifer as
it thins to the west over the rising basement associated with the Hamley Fault and the overlying
confining bed (Ettrick Formation) also thinning in the area.

The upward leakage contributes significantly to the formation of a broad watertable mound on both
sides of the river which results in steep watertable gradients towards the river in the Woolpunda area.
This has resulted in high inflows of saline groundwater to the river. Pressure levels in the confined
aquifer are lower in the mound area than the surrounding regional values which also suggests upward
leakage.

Salinities are generally in the range 20 — 25,000 mg/L TDSz.2 in the centre of the region which is
the highest salinity zone for the aquifer in South Australia. Salinities decrease toward the recharge areas
at the basin margins, with quite a steep salinity gradient to the south. Drilling at Waikerie has revealed
a vertical salinity gradient ranging from 14,700 mg/L at the top of the aquifer to 22,800 mg/L near the
base, some 175 m deeper. In the Renmark area, the salinity increases from about 20,000 mg/L at the
top of the aquifer to 25,000 mg/L near the base. The Renmark Group Aquifer contains the best quality
water (about 10,000 mg/L) of all of the aquifers north of the Murray River. However, it is not exploited
due to its depth, cost of extraction and its unreliable yield. The aquifer has only been developed around
the basin margins where it is relatively shallow.

MURRAY GROUP LIMESTONE AQUIFER

The Murray Group Limestone aquifer encompasses the Pata Limestone, Mannum Formation and
Morgan Limestone. It has an average thickness of about 100 m to the west of Overland Corner where
the aquifer is unconfined. To the east, it thickens to about 150 m at the State border and is downwarped
below ground level and confined by the Bookpurnong Formation. The limestone aquifer shows good
permeability and porosity throughout the area with yields of about 1,200 ms/day. The extent of the
aquifer in the region is shown in Figure 9C. Recharge of this aquifer occurs from high rainfall areas
around the basin margins, namely the Mount Lofty Ranges to the west and the Dundas Plateau (in
southwest Victoria) to the southeast.

To the east where it is confined, groundwater flow from the northeast and southeast is focused on

the Murray River upstream of Overland Corner. These flows may contribute some saline inflows to the
river by upward leakage through the low permeability Bookpurnong Formation beneath the river valley,
especially where the river may have eroded down through this unit in the Loxton area.
The flow patterns in the unconfined portion of the aquifer are distorted by a broad mound in the
watertable which has resulted in the steep gradients toward the river from both sides between Waikerie
and Overland Corner. Large watertable mounds some 15-20 m above river level are present beneath the
Waikerie, Golden Heights and Sunlands Irrigation Areas with smaller mounds existing beneath
Taylorville and Cadell (Fig. 11). West of Waikerie, groundwater flow is from east to west

1 Sea water is ~ 35,000 mg/L, the River Murray in the Riverland region is ~ 500 mg/L.
2 TDS- Total dissolved solids
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parallel to the river with an anomalous depression in the water table below three metres above sea level
south of Cadell. The resultant gradient of decreasing water table elevation away from the river has been
recorded in observation wells south of Morgan. A slight mound also exists beneath the Stockyard Plain
Disposal Basin (Fig. 11).

The watertable mound between Waikerie and Overland Corner is primarily due to upward leakage
from the underlying Renmark Group confined aquifer. The resultant steep watertable gradients
contribute about 200 t/day of salt to the Murray River between Waikerie and Overland Corner and have
prompted intensive investigations and the establishment of a salt interception scheme.

2 8
I ST

Figure 11. Watertable mounds beneath the irrigation areas in the vicinity of Waikerie (and the Stockyard Plain
disposal basin) and steep gradients towards the river.

Groundwater salinities in the Murray Group limestone aquifer generally increase downgradient
from the recharge areas, especially on the southern side of the Murray where salinities increase to over
20,000 mg/L adjacent to the river. Further to the east, where the limestone aquifer is confined, salinities
also increase downgradient in a northwesterly direction to over 25,000 mg/L in the Barmera area. An
anomalous area occurs to the east of Loxton where salinities of over 50,000 mg/L have been recorded
in the confined limestone aquifer directly beneath, or immediately downgradient from groundwater
discharge zones in the overlying Pliocene Sands watertable aquifer in the Noora- Yamba area. Here,
salinities of the watertable aquifer are in the range 50 — 90,000 mg/L.

North of the Murray River, the Murray Group limestone aquifer salinity ranges from 10,000 —
16,000 mg/L and has a trend of increasing salinity toward the south. An area of very high salinity exists
north of Waikerie with values of over 30,000 mg/L where there is significant connection with the
overlying saline Pliocene Sands aquifer in the absence of the intervening confining layer. Heads are
generally higher than water levels in the overlying watertable aquifer by up to 11 m but are lower than
the underlying Renmark Group confined aquifer, especially in the southern part of the region. This trend
of increasing head with depth emphasize this area as a regional discharge zone through upward leakage,
with the salinity distribution in the limestone aquifer providing even further evidence for upward
leakage because of its similarity with the Renmark Group confined aquifer. North of the Murray River
there are no extractions from the Murray Group limestone aquifer for any purpose and hence no obvious
groundwater trends.

The most widespread impact on this aquifer, apart from the irrigation impacts, is the increase in
recharge following the clearing of native vegetation and the mobilisation of salt stored in the soil profile.
Groundwater levels show a rise of about 2 cm/year where the watertable is greater than 10 m
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below the ground surface (Ife & Skelt 2004). Where the depth to the watertable is greater than 30 m,
and in discharge areas where the watertable is less than 2 m below the ground surface, there are no
discernible trends in levels (Ife & Skelt 2004).

South of the Murray River, the Murray Group aquifer is the most widely used aquifer for stock,
domestic, irrigation and town water supplies because it contains low salinity groundwater over large
areas and it is easily accessible. It is the only natural source of reasonable quality water in the
Murraylands region.

PLIOCENE SANDS AQUIFER (LOXTON- PARILLA SANDS)

The Pliocence Sands aquifer is the uppermost unconfined aquifer system of the western Murray
Hydrogeological Basin. This aquifer, comprising mostly fine to coarse sand, blankets the whole area
and, like most of the underlying units, thickens to the east to a maximum of about 50 m. It contains the
watertable aquifer to the east of Overland Corner, where it forms most of the exposures in river cliff
sections. Elsewhere, the sands are elevated above the watertable, with the local exceptions of the Cadell
and Waikerie Irrigation Areas, where they contain perched groundwater from irrigation drainage.

This aquifer contains highly saline groundwater which flows slowly toward the Murray River from both
north and south under very low gradients. This aquifer is a major source of salt loads to the Murray
River upstream of Overland Corner. Salinities are generally very high ranging from 1,500 mg/L in the
south of the region, to an average of about 35,000 mg/L in the north. Recharge occurs via direct vertical
infiltration across most of the region.

Local variations in the regional trends of groundwater movement are caused by watertable mounds
beneath the Berri-Barmera, Loxton, Bookpurnong and Pike River Irrigation Areas and a depression in
the watertable due to groundwater discharge by evaporation in the low-lying Noora area (disposal of
irrigation drainage water over the last 20 years in the Noora Disposal Basin, a former natural
groundwater discharge area, has resulted in a rise of the regional watertable of up to 0.6 m (Ife & Skelt
2004)).

Where the depth to watertable is less than 30 m to the southeast of Loxton, rates of rise averaging
2-3 cm/year have been observed in the watertable due to land clearing. Elsewhere, no response has yet
been observed because the watertable is deeper. North of the river there are no discernible trends in
groundwater levels and no saline groundwater discharge areas due to the large depth to watertable of
40-50 m. An exception occurs on the western margin of the basin near Burra where recharge from
historical flows in the Burra and Newikie Creeks emanating from the ranges has resulted in a small area
with salinities below 3,000 mg/L (Ife & Skelt 2004).

There is little development of the aquifer north or south of the river as a groundwater resource due
to high salinities, with only a few stock bores just to the north of Pinnaroo where salinities are low.

As this aquifer contains mostly saline groundwater in close proximity to the Murray River the pressure
from the watertable mounds, due primarily to land clearing in the Mallee and irrigation of land adjacent
to the river, is displacing salt from the aquifer into the river.

Blanchetown Clay

This low permeability unit of irregular distribution is responsible for perched watertables beneath
irrigation areas. Where it occurs at shallow depths drainage problems usually result leading to the
construction of drainage wells. The increased accessions to the underlying watertable aquifer often
exacerbates the growth of watertable mounds (especially in the Waikerie/Golden Heights/Sunlands
area) with the consequent displacement of saline groundwater to the river.

MURRAY RIVER TRENCH & GORGE

The Murray River Trench and Mallee Gorge, which commences near Swan Hill, Victoria, and extends
to Overland Corner, represents the course taken by successive Murray River systems across the Mallee
Region to the coast in South Australia since the Late Pleistocene. The Murray River trench aquifer is
the Monoman Formation which consists of alluvial sands approximately 30 m thick. The watertable in
the river floodplain was formerly located in this aquifer, but due to effects of river regulation the water
level now often resides within the overlying Coonambidgal Formation clays,
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causing the aquifer to be semi-confined. From Overland Corner to Mannum the Murray River flows in
a narrow, steep sided gorge incised into the Murray Group Limestones.

DISCHARGE OF GROUNDWATER TO THE MURRAY RIVER

The Murray River is predominantly a gaining stream as it passes through the Riverland and Murraylands
region. As the lowest point in the landscape the river acts as a drain for the groundwater aquifers and
transports thousands of tonnes of salt from the region each year. Before the regional watertable aquifer
can discharge to the river, groundwater must flow beneath the floodplain in the alluvial sediments that
encompass the river (except where the river channel is adjacent to the side of the valley). Hence,
groundwater processes beneath the floodplain of the Murray River play a crucial role in controlling
regional groundwater discharge to the river.

In areas where the floodplain itself is the zone of regional groundwater discharge by
evapotranspiration, large quantities of salt are stored in the floodplain with groundwater salinities
several times higher than the discharging regional aquifers. Under natural conditions the salinisation
that occurred in the period between floods was completely offset by the reduction of salinity in the soils,
wetlands and the alluvial groundwater systems due to the frequent flooding that occurred. As such these
floodplain areas were in a steady state salt balance.

However, over the last 70 to 80 years, the surface and groundwater hydrology of the floodplains
has been dramatically altered due to the impacts of river regulation, reduced flooding frequency and
duration and the development of the irrigation areas on the higher areas adjacent to the floodplains. The
combined effect of these processes is long-term salt accumulation in the floodplain soils, causing severe
dieback of the native riparian communities on the floodplains of the Murray River. The floods that once
recharged the floodplain aquifers and flushed salt from the unsaturated floodplain soils and floodplain
wetlands are now less frequent and generally reduced in volume and duration. Thus, significantly more
salt now accumulates as a result of regulation and irrigation and there is a reduced potential to remove
it as the flushing capacity is greatly diminished. This salt is mobilised into the river during flood
recessions and watertable rise induced by irrigation on the adjacent highland. There are several inter-
related factors controlling groundwater discharge in the floodplain environment and these are described
below.

River regulation by locking

Lock and weir construction on the Murray River has raised the river level by 3-5 m upstream of
each lock (Close 1990) creating a river that is a series of stepped pools. This has led to the creation of
permanent wetlands and anabranches that were previously ephemeral. As a result of the permanently
high pool levels, water table levels in the floodplain responded by rising by a similar amount until they
were in equilibrium with the river level and the regional groundwater level, and are now generally
within a few metres of the floodplain surface. The maintenance of a permanent pool level at each of the
locks means that even at relatively high flows, there is little variation in river levels immediately
upstream of a lock. In contrast, immediately downstream of a lock, the river levels are less controlled
and are more representative of conditions prior to river regulation. This has implications for flooding
and groundwater levels in the floodplains, depending on distance upstream of each lock.

The high hydraulic gradients caused by the irrigation induced watertable mounds leads to greatly
increased groundwater inflows to the riverine environment. This leads to further reductions in the depth
of the saline groundwater beneath the riverine environment, causing faster accumulation of salt in
floodplain soils, formation of saline seepage areas at the base of cliffs (perched local groundwater
systems also cause seepage on cliff faces), and increased movement of saline groundwater into
wetlands, backwaters and the river itself. Prior to river regulation, the groundwater was within the sandy
Monoman Formation, however due to raised river levels and other factors, in many cases the
groundwater level has been raised into the overlying Coonambidgal Formation clays. The clays have a
much higher potential for capillary rise, causing increased movement of water and salt towards the
surface.

Depth of the watertable below the floodplain

This is probably the strongest influence on whether groundwater discharge takes place to the

floodplain or to the river. If the watertable is four or five metres below ground level, discharge will
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take place by evaporation (and transpiration if the floodplain is vegetated). The resultant lowering of
the watertable will capture the regional groundwater inflow as well as induce outflow from the river.
Regional watertable gradients

These gradients are an important factor only when they are high and promote strong groundwater
discharge across the floodplain towards the river. In this situation, evaporative discharge, when it
occurs, is insufficient to reduce the groundwater head enough to lead to outflows from the river to the
floodplain. Irrigation induced stresses compound the impacts of regulation. The effect of irrigation on
the adjacent floodplain is not immediately apparent, as there is a considerable lag between irrigation
development and floodplain discharge.

The presence of anabranches or billabongs

These may reduce the watertable gradient across the floodplain by intercepting the regional
groundwater inflow, especially when they are close to the side of the valley, for example, Morgan and
Berri. These billabongs are mostly connected to, and are at the same level as, the Murray River. The
efficiency of interception is increased by a greater depth of penetration of the watertable. As the
connections are often small, mixing of the river and billabong waters is poor and consequently, regional
groundwater inflows affect only the billabongs until flushing occurs during high flows.

Current and Future Salinity Impacts

In 2000, the area of land affected by salinity in the South Australian portion of the Murray Basin was
16,700 hectares of primary salinity and 19,800 h of secondary salinity, a total of 36,500 ha of land
affected by salinity. It is estimated that the area at risk in 2020 will be 29,600 ha and in 2050 this will
increase to 34,000 h (Barnett 2000). The extent of salt affected Murray River floodplain in South
Australia is estimated to be 20,000 to 30,000 h (or 20-30%). This figure is likely to increase to about
40,000 hectares by 2050 and 50,000 h by 2100 (Murray-Darling Basin Ministerial Council 1999).

A combination of processes is in place that will lead to increasing saline discharge. The two major
issues are expansion in the irrigated area along the margin of the river valley and increased recharge
due to dryland clearance. The major causes of rising groundwater levels on the floodplain have been in
place for many years. The impact of the locks on floodplain groundwater levels has probably been
realised and some floodplain groundwater levels may also have adjusted to new equilibrium levels
adjacent to long established irrigation areas. However, in more recently established irrigation areas and
expanding older districts, the groundwater mounds are still developing and the full impacts are yet to
be apparent on the floodplain.

Telfer and Overton (1999) have reported a delay of 10-20 years between large-scale irrigation
development and the onset of systematic tree decline in the Loxton region. The time lag will vary
between locations but the outcome remains the same along the length of the Murray, with floodplains
becoming progressively salinised as a result of irrigation developments established decades earlier.
Bone and Davies (1992) considered that in the absence of any new development the situation would
continue to worsen and a new equilibrium may be reached in 20-30 years time. The impacts of recent
irrigation development (less than 20 years) will begin to emerge over the next 30 years. Much of this
will impact on previously unaffected areas.

The floodplain acts as a buffer for the river against salt accessions. It has been calculated that of
the 500-600 tonnes of induced salt that enters the river valley every day in the Riverland, almost half is
intercepted and stored in the floodplain until it is released during a flood event (River Murray Water
Resources Committee 1994). The most recent groundwater modelling demonstrates that salt loads
entering the river valley may increase a further 400-500 tonnes/day within 50 years as a result of existing
irrigation developments. This estimate does not include the impacts from future use of existing, unused
water allocations or the impacts of salt loads generated through dryland clearance. These sources may
deliver an additional 1000 tonnes a day to the Murray River and floodplain within 50 years (Australian
Water Environments 1999).

Recharge from the dryland agricultural areas is a great unknown in terms of its influence on the
river and floodplain. However, indications are that the contribution from these areas will be three times
that from the irrigation areas by 2100 (Barnett et al. 2000). Early indications are that at least 750 tonnes
of salt per day will arrive at the river within 50 years. The impacts of dryland clearance will become
better understood and will begin to influence significant areas of floodplain within 50 years.
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The increased recharge rates following clearing and the time delay estimates have been used to predict
the increase in groundwater inflows and salt loads to the river. It has been estimated that river salinity
will increase by 118 EC at Morgan by 2050 (Barnett et al. 2001).

By knowing the groundwater salinity adjacent to the river, the modelled groundwater discharge
could be converted to salt loads on a lock to lock basis. Table 2 shows the modelled salt loads up to the
year 2100 from Tailem Bend to the SA Border. These results take into account a range of complex
processes within the river floodplain (storage of saline groundwater discharge in floodplain aquifers
and evapotranspiration from the floodplain), which reduce and delay the entry of salt loads to the river
itself.

Table 2. Modelled salt loads to the Murray River (tonnes/day) (from Barnettt 2000).

River Reach 1995 2020 2050 2100
Tailem Bend — Lock | 70 111 160 237
1

Lock1-2 240 275 307 344
Lock 2 - 3 500 350 214 226
Lock 3-4 145 210 275 331
Lock4-5 90 150 198 237
Lock5-6 210 300 382 440
Lock 6 - SA Border 70 125 179 218
Total 1325 1521 1715 2033

SALINITY MANAGEMENT OPTIONS
While increased RZD is the principal cause of salinity, one would expect that the principal management
option would be to reverse the situation. However, the long time delays between recharge and discharge
mean that management needs to be more complex. A two-fold approach is required:
1. short-term measures that protects the water resource and main floodplain areas, and
2. longer-term measures that address the root cause.
A number of initiatives to mitigate the impacts on river salinity have been identified. They include
addressing the causes, by
e increasing irrigation efficiency to reduce RZD and subsequent recharge to the watertable,
e restricting new irrigation developments that would have occurred in high impact zones and
directing them towards areas known to have lower salt impact on the river, and
e recharge reduction in dryland areas by revegetating with deep rooted perennial vegetation.
Revegetation will have the greatest impact in areas where the recharge rate is highest, and the
groundwater salinity adjacent to the river is highest. To maximise the short term impact,
however, revegetation should also focus on areas with shallow watertables, and in close
proximity to the Murray River,
and addressing the symptoms, by
e installing groundwater interception schemes to pump away the saline groundwater before it
enters the river. Interception schemes have been constructed to prevent saline groundwater
discharging from the unconfined aquifers to the river.

In the short-term, only engineering options such as groundwater interception and not disposing of
irrigation drainage water on the floodplain is likely to minimise the salt inflows to the river. Several
pumping schemes have been built between Cadell and Lock 4 (near the Loxton and Bookpurnong
irrigation areas). These have been demonstrated to be effective by removing the equivalent amount of
saline groundwater that would have otherwise entered the Murray River. This saline groundwater is
pumped to disposal basins away from the river. Here, some of the water evaporates, leaving behind
salts. Some of the water leaks to the water table, and eventually (~100 years) will cause increased flows
to the Murray River. There are currently two disposal basins in South Australia, Noora and Stockyard
Plains. Because of irrigation development and decreased
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efficiency of evaporation from these basins caused by higher salinity in the basins, there will be a need
to increase the disposal capacity in the near future. Most of the groundwater is too saline to be re-used
for irrigation and further economic uses of the water are somewhat limited. It becomes uneconomic to
continue to increase the groundwater pumping to account for all future increases in salt loads to the
river. This is due to the high energy costs associated with groundwater pumping and delivery to far
away disposal basins, and the difficulty in storing saline disposal water.

Changes to irrigated areas that minimise the movement of water to the groundwater will require
20-50 years to make a major impact on the river. Such changes include moving new development further
away from the river, improving infrastructure and use of water, and retirement of infrastructure in high
salinity impact zones. Some of these measures have been occurring over the last 20 years and appear to
have led to a decline in the more mature mounds. However, development that has occurred over the last
20 years has largely offset these and increases will continue to occur for decades.

The decrease in Murray River flows has partially caused the build-up of salt in the Murray River
floodplains. Large floods will mobilise some of this salt, but the use of higher flows to remediate saline
floodplains is limited due to the expense of such flows, low permeability of the Coonambidgal
Formation, water quality impacts of such flows and the need to lower water tables to be effective.
Changes in the dryland area remain the most problematic. Increases in salt load caused by clearing of
native vegetation for dryland agriculture will continue to occur for centuries. However, any reductions
in recharge will also take a long time to be effective. These time delays and the large area involved
mean that it is costly to be effective.

GLOSSARY
Aquifer — a layer of rock which holds and allows water to moves through it, and from which water can be
extracted. Confined aquifers have a layer of rock above them which are impermeable to water.

Discharge — flow of groundwater from the saturated zone to the ground surface.

Evaporation — a process in which water moves from the soil surface to the atmosphere.

PET - the rate of water transfer by the combined processes of evaporation and transpiration
(evapotranspiration) from wet grass and is governed by atmospheric processes such as radiation and wind.

Root Zone Drainage — the amount of water moving vertically below the root zone of vegetation and hence
below the zone of evapotranspiration.

Transpiration — the process in which water moves through plants to the atmosphere.

Recharge — a component of rainfall that drains below the root zone of vegetation and joins the groundwater.

Watertable — the upper surface of groundwater. The soil profile is fully saturated below the watertable and
unsaturated above it.
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