I

III

Copyright in Relation to this Thesis
Under Section 35 of the Copyright Act of 1968, the author of this thesis, Robert Cossart, is
the owner of any copyright subsisting in the work, even though it is unpublished. Under
section 31(i) (a) (i), copyright includes the exclusive right to 'reproduce the work in a material
form'. Thus, copyright is infringed by a person who, not being the owner of the copyright,
reproduces or authorises the reproduction of the work, or of more than a reasonable part of the
work, in a material form, unless the reproduction is a 'fair dealing' with the work 'for the
purpose of research or study' as further defined in Sections 40 and 41 of the Act. This thesis
must therefore be copied or used only under the normal conditions of scholarly fair dealing for
the purposes of research, criticism or review, as outlined in the provisions of the Copyright
Act 1968. In particular, no results or conclusions should be extracted from it, nor should it be
copied or closely paraphrased in whole or in part without the written consent of the author.
Proper written acknowledgement should be made for any assistance obtained from this thesis.
Copies of the thesis may be made by a library on behalf of another person provided the officer
in charge of the library is satisfied that the copy is being made for the purposes of research or
study. © Robert Cossart August 2008

V

This thesis acknowledges the traditional custodians of this land who have cared for and
nurtured the landscape for tens of thousands of years

VI

Acknowledgements

First and foremost, I would like to thank my supervisors Professor Martin Thoms and Dr
Michael Reid. Your knowledge, patience and guidance over the past few years has been
invaluable. Thankyou for your array of ideas, the endless editorial comments on the many
drafts of this thesis, for continually reminding me of the importance of structure in my writing
and for the belief that this project would one day reach completion.
This project was funded by a grant to Professor Martin Thoms, and undertaken as part of the
Narran Ecosystem Project. I am extremely grateful to the Murray Darling Basin Commission
and the eWater Cooperative Research Centre (CRC) for a postgraduate scholarship.

In

addition, I wish to thank the eWater CRC for the financial assistance that allowed me to
present the results of this work at several international conferences and the River Basin
Management Society who provided a postgraduate student grant to undertake geochemical
analysis.
To all members of the Narran research team, thankyou for your help, patience and
encouragement, in particular Dr Sam Capon, Dr Mark Padgham, Dr Scott Rayburg and Nolani
McColl. Dr Melissa Parsons, thankyou for your constant support, clarification of concepts
and for the constructive chats on ‘what is my thesis…..?’. Anna Collins your tireless support
during the months of laboratory analysis and sifting of sediments is greatly appreciated. Dr
Heather McGinness thankyou for helping me navigate my way through the turbulent water
known as a thesis. I also wish to thank Dr Tim Pietsch from CSIRO for sediment dating,
Associate Professor Brian Jones at the University of Wollongong for assistance with grainsize
analysis and Jeremy Manders from QLD NRM for extracting sediment cores. Thankyou to
the Department of Water for allowing me time to complete the write up of this thesis.
To my room-mates in 3B16, past and present, thank you. Thank you for your patience with
my array of questions, and for putting up with my constant foghorn voice. Maxi ‘I see you
too Gerry Gerry’ Southwell, Vic ‘the General’ Hughes, Craig ‘The Hoff’ Boys and Unique
‘Mooners’ Webb thanks for the laughs, assistance and friendship over the past 3 years. To
Renae Palmer, thank you for all your help with the graphics and the formatting of the thesis.

VII
To everyone who has provided feedback on manuscripts and presentations, my sincerest
thanks; your comments have greatly improved this thesis.

A big thankyou to Tony

Buckmaster for your constant support, friendship and most importantly library access over the
past 6 years and finally to Ben Corey for doing absolutely nothing at all.
To the Fitzclarence family (Cass, Dixie, Rob and Virginia) thank you for your friendship
and support over the past few years. You continually reminded me there was more to life than
Uni and this thesis, and allowed me to explore your beautiful part of the world,
‘Wongerabelle’.
I would like to thank my parents, David and Deborah for their love, support and patience
over the past 7 years of university and financial aid when the scholarship ran out. Without
your encouragement and belief, I doubt this thesis would have reached completion. To my
brother Cameron, thank you for always being available on the other end of the phone at any
hour of the day or night. To my partner Fee, thank you for your support, love and patience.
You have always been there to listen to the excitement about my, at times, erratic thesis
progression. Thank you to team Cossingle, your support and editing over the past few months
has been the saviour of this thesis. Finally yet importantly the ‘boyz’- Tacker, Beamer and
Hamish - thank you for keeping me sane and reminding me that no matter how stressed, tired
or bitter I became nothing was more important than a walk.
The completion of this thesis has been as much a journey of self-discovery as it has been a
journey of scientific inquiry.

VIII

Abstract
Environmental change is placing increasing pressure on the sustainability of many
ecosystems. Floodplains are an ideal system for the investigation of long-term change within
riverine landscapes, as they are sensitive to both natural and anthropogenic processes.
Sediments contained within floodplain deposits represent an archive of historical change. Our
knowledge of sedimentation within terminal dryland floodplains is limited and this impedes
our ability to understand and manage them in the face of changing environmental conditions.
The research presented in this thesis addresses an important knowledge gap in the area of
terminal floodplain systems and it seeks to investigate the environmental history of a
significant Australian terminal floodplain, the Narran system. The Narran system is a Ramsar
wetland of international importance, located within the Lower Balonne Floodplain which
straddles the NSW/QLD border. The Condamine Balonne catchment is a region of increasing
land and water development which poses a threat to the functioning of this floodplain. .
This thesis employs a hierarchical study design to investigate the morphostratigraphic
response of a terminal floodplain system to environmental change at a number of different
scales. The results of this thesis demonstrate that the Narran system does not support the
current conceptual models of sedimentation within terminal dryland floodplains.

These

models suggest terminal floodplains form as a result of mobile aggrading splays. This study
demonstrates the Narran system to be a stable geomorphic feature that has formed as a series
of terminal lakes and floodplains. A series of structural lineaments have confined the lakes to
a small regional trough for at least 440 ka, while low sediment yields (3.9 to 13.9 kg km2 yr-1)
have assisted in maintaining the stability of this system.
The Narran system is demonstrated to have a complex morphostratigraphic response to
changing environmental conditions. The lakes have undergone a morphological divergence
from one large basin approximately 440 ka ago, to two smaller basins about 330 ka ago, and
more recently formed into three lakes around 78 ka ago. Overall the stratigraphy of the lakes
and adjacent floodplain has displayed a reduction in fluvial energies, with sediment deposition
changing from a system dominated by bed-load transport to one dominated by pelagic
deposition. However, there have been three distinct periods of sediment accumulation. Up to
440 ka ago, sediments accumulating in the Narran system were indicative of a high energy

IX
fluvial bed-load system that supplied well sorted sands derived from the upstream Condamine
and Maranoa sub-catchments. This was followed by a period of fluctuating energy and
sediment supply conditions and a fluctuating transition from a high-energy bed-load
environment to a low-energy pelagic environment.

The provenance of sediment that

accumulated in the Narran system between 440 and 78 ka ago was highly variable, fluctuating
between the Condamine and Maranoa sub-catchments. For the last 78 ka, the lakes have
received sediment derived from the Maranoa sub-catchment whilst the floodplain has received
sediment from both sub-catchments. It is suggested that the changing climatic and catchment
influences on the Narran system are associated with glacial and inter-glacial oscillations and
the growing aridity of eastern Australia.
A multi-proxy approach within a hierarchal framework was applied in this thesis to establish
multiple lines of evidence of floodplain sedimentation. This approach has allowed patterns of
sedimentation and processes influencing these to emerge at different levels of organisation.
Each line of evidence established for the Narran system displayed a different pattern
demonstrating that different patterns occur at different places in space and time. This has not
previously been identified within terminal floodplains. The approach taken in this thesis is
not a traditional method for investigating floodplain sedimentation. However, it highlights the
utility of combining standard sedimentological techniques and multivariate statistics within a
hierarchical framework to convey a high resolution of floodplain sedimentation. This thesis
contributes to the science of floodplain sedimentation by providing a different perspective on
the accumulation of sediments within a terminal dryland floodplain.
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Chapter 1 Introduction

Aerial view of the Narran river dissecting the floodplain (Image: A. Mostead 2004)
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Chapter 1: Introduction

2

1.1 Background
Increasing pressures on the environment are significantly impacting on riverine ecosystems
(Hughes 2003).

There is a need to understand the influences of this change for the

sustainability of these systems and their longer-term management (Ives 1995). Environmental
change can result from natural (Macklin and Lewin 2003) and anthropogenic influences
(Bradford and Irvine 2000; Smith et al. 2000). In many cases, anthropogenic influences
accelerate natural changes in the environment (Goudie 1993; Knox 2006). The National Land
and Water Audit’s Assessment of River Condition (2001) highlighted that the majority of
Australia’s river systems are under stress from a variety of human activities (Norris et al.
2001).

However, limited information on the natural functioning of these systems,

significantly impedes our ability to predict and manage environmental change, especially in
large dryland settings (Davies et al. 1994).

It is imperative to have knowledge of the

processes that have influenced the structure and functioning of dryland river systems in the
past. This can assist in determining how they will function in the future and respond to a
range of natural and anthropogenic disturbances.
Floodplains are depositional environments within the riverine landscape that temporarily
store alluvial sediments (Walling et al. 1996; Thoms 1998), providing an archive of human
(Brown 1997) and climatic (Macklin and Lewin 2003) induced change. The textural and
chemical character of these alluvial stores varies both spatially and overtime, dependant upon
the nature of the depositing environment (volume), type of sediments (character) and the
processes that govern their delivery to the site (supply) (Warner 1992; Walling and He 1998).
Changes in the character of floodplain sediments have been used to infer changes in climatic
conditions, land use practices and the evolution of the upstream landscape (Nanson and Croke
1992).

Sediment records provide a means of gathering data for evaluating long-term

environmental trends (Smol and Cumming 2000).

Reconstruction of past environments

enables better management of riverine landscapes. Thus, the past is the key to the present and
the present is the doorway to the future.
Knowledge of the geomorphic processes underpinning floodplain sedimentation is
important for environmental reconstruction. Lewin (1996) outlined three tenets required to
understand floodplain sedimentation. First, river sediments are the primary component of
floodplain construction; second, during periods of high flow, floodplains are connected within
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the surface flow system of the main river channel. Finally, floodplains are both sediment
sources and sinks, and as such they may not always represent a continuous record of
sedimentation. Floodplains located at the terminus of a river system are unlike transitional
floodplains. They do not experience significant episodic re-working and removal of sediment
during extreme events (Warner 1994), or when certain threshold conditions are exceeded
(Nanson 1986). Therefore, they are not temporary storage areas of alluvium and because
influences of reworking are absent, terminal floodplain systems provide better depositional
environments for examining spatial and temporal complexities of sedimentation.
Dryland river systems have unique physical, chemical and biological patterns and processes
(Puckridge et al. 1998). They are systems of high biodiversity and productivity providing an
important refuge for a range of fauna in an otherwise dry landscape (Morton 1990). Large
floodplains are a distinctive feature of Australian dryland river systems (Thoms and Sheldon
2000a).

They are also common, with 744 listed in a directory of important Australian

wetlands (Blackley et al. 1996). These systems contain an array of geomorphic units, such as
billabongs, anabranches, backwaters, wetlands and terminal features (Williams 1999).
Our understanding of Australian river systems is limited (Cullen and Lake 1995).
Knowledge of the structure and function of many river systems has originated from the
northern hemisphere, where systems are characterised by predictable flow regimes. The
application of this knowledge to Australian systems has been questioned by many (Walker et
al. 1995; Puckridge et al. 1998; Thoms and Sheldon 2000b). It has been suggested that
Australian rivers do not follow the same relationships as those observed in the northern
hemisphere (McMahon 1979), the difference being attributed primarily to flow variability.
Australian dryland systems vary in both flow and precipitation, where intermittent flow is a
feature (Cullen and Lake 1995; Crabb 1997).
The study of dryland river systems and the conceptual modelling of process-response
interactions is relativity new in comparison to other climatic regions (Walker et al. 1995).
Less than 25% of scientific articles on Australian freshwater systems, published in 20
international and national journals between 1978 and 1998, were concerned with dryland river
systems (Thoms and Sheldon 2000a).

Recent studies have demonstrated that terminal

floodplains in dryland systems do not conform to established conceptual models of
sedimentation (Nash et al. 2007). These systems have distinct architectural sequences not
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recorded in other climatic regions (Kelly and Olsen 1993; Nichols and Fisher 2007). The last
decade has seen an increase in research undertaken into geomorphological process-response
interactions in dryland systems, yet the study of floodplains continues to lag behind those in
other climatic regions (Nash et al. 2007).
This thesis investigates sedimentation within the terminal floodplain system of the Narran
River in the northern Murray Darling Basin. The findings presented in this thesis aim to
further our understanding of sedimentation within terminal dryland floodplains and are
relevant to floodplain systems in other climatic regions.

1.2 Knowledge gaps addressed
Patterns of sediment character within floodplain systems and the process of sediment
deposition have been described extensively at a range of scales (Nanson and Croke 1992;
Asselman and Middlekoop 1995; Lewin 1996; Brunet and Brain Astin 1997; Walling and He
1998; Middelkoop and Asselman 1998). The majority of these studies have focused on
transitional floodplains rather than those located at the terminus of river systems. Terminal
floodplains have not yet been placed into a category (cf. Nanson & Croke, 1992), and a
knowledge gap exists in our understanding of the spatial and temporal dynamics of
sedimentation occurring within them. This thesis builds upon the existing knowledge of
floodplain sedimentation in temperate, tropical and dryland regions, and the emerging
literature and conceptual models of sedimentation in terminal floodplains.
The Narran system is a Ramsar wetland of international importance and is listed on the
Australian Register of National Estates as a natural heritage site. The listing of the Narran
Lakes Nature Reserve as a Ramsar site was in recognition of its importance as a relatively
undisturbed terminal lake system in NSW (Blackley et al. 1996). It is a significant site for a
number of waterbird species, both domestic and migratory, and provides habitat for some
species that are recognised as being of conservation concern at the regional, state and national
level. The Narran system also offers an important habitat for several waterbird species listed
under Australia’s bilateral agreements with the Governments of Japan (JAMBA) and China
(CAMBA), for the conservation of migratory birds. Despite acknowledging the significance
of the Narran system, no previous studies on sedimentation have been undertaken.
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Palaeo-environmental techniques have been successfully used to investigate sedimentation
within Australian floodplain systems (Bowler 1986; Chen 1995; Thoms et al. 1999a; Page et
al. 2001; Thoms et al. 2007a). These studies have focused primarily on floodplains in the
southern regions of the Murray Darling Basin and Cooper Creek in central Australia. The
upper regions of the Murray Darling Basin, predominantly the Condamine-Balonne, have
received considerably less attention (see Thoms et al. 2007a for an exception).

1.3 Research objectives
The aim of this thesis is to investigate sedimentation within the terminal dryland floodplain
of the Narran River. Chapters two and three review the literature on floodplain sedimentation
and outline the study area, design and methods used, whilst chapters four, five and six discuss
sedimentation of the Narran system (Table 1.1).

Chapter four constructs a model of

stratigraphic sequences for the Narran system and focuses on the stratigraphy and character of
the sediments.

It establishes the chronology of depositional sequences and outlines the

associated depositional process.

Chapter five describes the catchment influences on

sedimentation within the Narran system. It establishes the quantities of sediment that have
accumulated in the Narran system, the influence of post-depositional processes as well as the
origin of sediments and patterns of sedimentation at multiple spatial and temporal scales.
Chapter six combines the key findings of chapters four and five and develops a model of
sedimentation and environmental change for the Narran system and discusses the structure
and function of a terminal dryland floodplain in light of the results of this study. In addition,
chapter six reflects on the efficacy of the approach used in this study and postulates future
trajectories of change for the Narran system.
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Table 1.1: Chapters, objectives and research questions addressed in this thesis
Chapter
Chapter 4
Sedimentation within
Narran

Objective
Construct a model of
morphostratigraphic
sequences for the
Narran system

Research questions
1) What is the stratigraphy of the Narran
system and does it conform to current models
of terminal floodplains?
2) What are the physical and chemical
characteristics of sediments that have
accumulated in the Narran system and have
they changed over time?
3) How long has the Narran system been a
feature in the landscape?
4) What processes are associated with the
accumulation of sediments within the Narran
system and have these changed over time?

Chapter 5
Catchment influences
on the Narran system

Describe catchment
influences on the
Narran system

Chapter 6
Synthesis

Develop a model of
environmental change
for the Narran system

1) What are the sediment yields for the
Narran system?
2) Has post-depositional groundwater
movement influenced the geochemistry of
sediments?
3) Has there has been a change in the
provenance of accumulated sediments?
4) What do these patterns tell us about
catchment influences?
5) Has the character of sediment
accumulating in the Narran system varied
over space and time?
1) Does the morphostratigraphic model of the
Narran system differ to other conceptual
models of floodplain sedimentation?
2) Was the approach used to reconstruct
environmental change in a complex system
successful?
3) What are the future trajectories of change
for the Narran system?

Literature Review
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2.1 Introduction
This chapter reviews the literature on floodplain sedimentation, modes of deposition and
approaches to investigating sedimentation in complex systems. A conceptual framework for
investigating sedimentation within the Narran system is then established. There are three
sections within this chapter and they focus on; floodplain formation, dryland floodplains and
approaches to investigating floodplain sedimentation.

2.2 Floodplain formation
Floodplains are temporary storages of alluvium adjacent to river channels (Walling et al.
1996; Thoms 1998). Their formation is primarily controlled by four key factors: tectonic
stability of the catchment, valley trough conditions, sediment supply and depositional
processes (Schumm 1977; Warner 1992; Lewin 1996).

The two traditional models of

floodplain sedimentation recognise the role of vertical and lateral accretion processes (Nanson
and Croke 1992; Zwolinski 1992) (Figure 2.1).
A vertically accreted floodplain requires stability of the river channel morphology. During
overbank flows, suspended sediment is transferred across the floodplain surface (Schumm
1977). A series of horizontal layers or strata are then built over time. Fine muddy sediments
generally dominate these deposits. Deposits immediately adjacent to the main channel muds
are characterised by the presence of cross laminating silts, whereas in the distal floodplain
areas, cross-laminating silts are absent (Walker and Cant 1984). This variance is a result of an
energy gradient across the floodplain surface (Asselman and Middlekoop 1995). Rates of
sediment deposition can be several times higher immediately adjacent to the main channel
compared with those in distal regions of the floodplain (Walling and He 1998). In laterally
stable or slowly migrating river systems it is expected that the distal part of the floodplain
would represent prior sediment deposition, while the section of the floodplain closer to the
river channel would depict more contemporary rates of sediment deposition (Nanson and
Croke 1992).
Laterally accreted floodplains are associated with actively meandering river systems.
Coarse sedimentary material accumulates on the inside of bends, while erosion occurs on the
outside of bends (Schumm 1977) (Figure 2.2). Meandering river channels that occur in
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unconfined valley troughs result in a laterally accreted floodplain deposit. These deposits
differ from vertically accreted sediments in sediment texture and stratigraphy due to distinct
upward fining sedimentary sequences emerging as the river channel migrates (Walker and
Cant 1984) (Figure 2.1). The increased grain size of these sediments implies that they are
unlikely to be transported across the floodplain, even during periods of high flow because of
insufficient energy.

Coarse sediments, usually associated with bed-load material, are

deposited in or close to the main channel in high-energy areas (Asselman and Middlekoop
1995; Hooke 2003). The build up of coarse sediment in the inside of bends causes the river to
assume a meandering channel within the confines of the valley trough (Wolman and Leopold
1957). These deposits are often overlaid by vertically accreted sediments, which are a result
of over bank flow events (Magilligan 1992; Zwolinski 1992). Although coarse sediment may
not be visible when assessing surface morphology, its accumulation is an important part of
floodplain sedimentation (Florsheim and Mount 2003).
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Figure 2.1. Model of lateral and vertical accretion deposits for meandering rivers. This
typical model of vertical floodplain accretion from overbank flows shows no upward fining or
coarsening trends (top) and a typical upward fining sequence of lateral accretion resulting
from channel migration (bottom) (Modified from Allen 1970).
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Figure 2.2. Block Diagram indicating morphological elements of a river floodplain system.
Erosion is on the outside of bends and the lateral accretion is on the inside of bends (point
bar). Vertical accretion overlays lateral accretion. This figure also highlights the array of
geomorphic features within a floodplain system such as oxbow lakes and crevasse splays
(Modified from Walker and Cant 1984)

Only a small portion of the total alluvium present within a river system is being actively
transported by the river at any one time, with the majority stored in floodplains and/or other
alluvial deposits (Nanson and Croke 1992).

Floodplains are both sources and sinks of

sediment (Walling et al. 1996; Thoms 1998). When erosive thresholds are exceeded during
high magnitude, low frequency events, floodplains become a significant sediment source
releasing accumulated sediment back into the river system (Nanson 1986).
Just as single events may predominantly erode or deposit sediments, the balance between
erosion and deposition can shift over longer timescales. Floodplains may experience long
periods of construction (100’s to 1000’s of years) followed by short periods of erosion, then
returning to a period of construction (Nanson 1986; Erskine and Livinstone 1999; Thoms and
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Olley 2004; Warner 1997). This two-way exchange of sediment between the river channel
and the floodplain is referred to as cut and fill. A continuous record of sedimentation is
therefore not always provided by floodplain deposits due to the episodic reworking of
sediments.
The deposition of sediments also varies spatially at within-floodplain, floodplain and
catchment scales. The deposition of sediment on a floodplain can be influenced by variations
in micro-topography (Asselman and Middlekoop 1995). Although sediment character may
follow a general fining gradient away from the main river channel at the floodplain scale,
variations in micro-topography influence the spatial properties of deposition at a finer scale
(Walling and He 1998). This can result in coarser material being deposited in lower relief
areas within the floodplain and suspended sediment being deposited in slack water areas
within the floodplain such as billabongs, backwaters and wetlands (Lewin 1996).
A catchment scale floodplain classification scheme based on stream power (the ability to
transport material) and sediment cohesiveness (erosional resistance) was proposed by Nanson
and Croke (1992). This classification scheme recognised three distinct floodplain classes.
Disequilibrium floodplains are high-energy systems with non-cohesive sediments, and are
generally found in steep head-water catchments. Equilibrium floodplains are medium energy
systems associated with non-cohesive sediments and are formed by regular flood events and
channel migration. By comparison, low-gradient floodplains are low energy systems with
cohesive sediments formed by the vertical accretion of fine sediment. The character of
sediment deposits associated within each floodplain class reflects the patterns and processes
of deposition and the geomorphic and hydrologic conditions operating at a range of spatial
and temporal scales (Nanson and Croke 1992). Substantial environmental change can result
in shifts from one floodplain type to another (Nanson and Croke 1992).
Floodplain systems located at the terminus of a river system differ from other floodplains.
Although they are three-dimensional sinks into which eroded and sorted sediments
accumulate, they do not experience episodic reworking (cut and fill) of sediments during
extreme events (Warner 1994), or when certain erosive threshold conditions are exceeded
(Nanson 1986).

Their character is also dependent upon the nature of the depositing

environment, the type of sediment and the processes that govern delivery of sediment. The
character and morphology of terminal floodplain systems are more reflective of past
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geomorphic process. As a result they may display distinct spatial and temporal complexities,
which reflect broader regional conditions due to the absence of reworking. Despite the spatial
and temporal complexity of floodplain systems, the majority of floodplain studies have tended
to focus on transitional floodplains, rather than those located in terminal systems. Transitional
floodplains experience long periods of construction followed by short periods of erosion.
Terminal floodplains are not considered by the Nanson and Croke (1992) scheme.

2.3 Dryland Floodplain systems
Dryland systems are defined ‘as land areas and their associated rivers where there is less
than 500 mm of annual rainfall and evaporation rates that exceed 1000 mm’ (Davies et al.
1994). Dryland regions cover 67 percent of the world’s land surface (Thoms et al. 2006) and
represent the most variable hydrological regions in the world (Puckridge et al. 1998). River
systems within dryland climatic regions differ from those in tropical and temperate regions in
flow variability and the magnitude and duration of sediment regimes (Davies et al. 1994;
Tooth 2000a; Costelloe et al. 2003). Dryland Rivers do not display the same level of flow
seasonality and predictability as tropical and temperate rivers systems (Walker et al. 1995).
Many are typically low gradient suspended load systems (Thoms and Sheldon 2002) that are
influenced by high magnitude, low frequency flood events (Walker 1992). They are noted for
extended periods of low or no flow (Thoms et al. 2006). The movement of sediment within
Dryland Rivers is strongly influenced by flow variability (Kelly and Olsen 1993), therefore
the majority of sediment transport occurs during high magnitude, low frequency flow events
(Thoms and Walker 1992; Davies et al. 1994; Costelloe et al. 2003). Approximately 60% of
the sediment load in dryland river systems is transported by 1 in 10 year flow events, which
are significantly greater than the 10 percent experienced in temperate and tropical catchments
(Neff 1967).
Floodplains within dryland regions are considered to be highly variable environments that
are extremely sensitive to climatic shifts because of variable flow and sediment regimes
(Bateman et al. 2007). The depositional history and the geomorphic response of floodplains
in dryland regions to climatic shifts has become the subject of increasing research in recent
years (Nash et al. 2007). A conceptual framework for the geomorphological understanding of
dryland systems suggests that they may respond in a predictable manner to disturbance (e.g.

Chapter 2: Literature Review

14

climatic) which results in recognisable geomorphic responses. In transitional floodplains,
these responses may be obscured by subsequent periods of erosion. However, in terminal
dryland floodplains, these responses are preserved in a pristine and unaltered condition
allowing for palaeo-environmental inferences to be made. The closed nature of terminal
systems means that the probability of fully capturing a disturbance is maximised and their
responses preserved. By identifying the patterns in the sedimentary records, the processes that
may have influenced the sediment deposition can be established.
Understanding sedimentation in terminal floodplains of dryland regions lags behind many
other climatic regions of the world (Nash et al. 2007). Recent studies have shown that they
have distinct architectural sequences (Kelly and Olsen 1993; Tooth 2005; Nichols and Fisher
2007) and their assemblages do not conform to the conventional models of floodplain
formation (Wolman and Leopold 1957; Nanson and Croke 1992). Dryland river systems,
with extensive terminal floodplains, are formed by distributary river systems.

In these

systems, flow is transferred via a network of channels from which no water escapes by surface
flow during normal conditions (Kelly and Olsen 1993). Sedimentation is dominated by
mobile aggrading terminal splays (Kelly and Olsen 1993; Tooth 2005; Nichols and Fisher
2007) that are sand dominated, mixed load systems with low bed gradients (Kelly and Olsen
1993; Billi 2007). Aeolian processes can also significantly influence sedimentation within
these environments. Many river systems that develop into terminal splays were occupied by
larger non-terminal river systems during periods of wetter climatic conditions, with the
ancient system much larger than the current (Kelly and Olsen 1993).
Terminal splays differ from alluvial fans.

Alluvial fans result from a set of unique

topographic conditions whereby the transfer of material from a high-energy confined area
changes abruptly to a low energy unconfined area. They require sufficient sediment supply
and flow to transport sediment to the fan for their development (Blair and McPherson 1994).
The type of depositional sequences found within these features is highly dependent on their
position within the landscape (Viseras and Fernandez 1994).
Terminal splays are formed via two primary processes: channel bifurcation and negative
water balance (Sadler and Kelly 1993) (Figure 2.3). Bifurcation is the separation of a river
channel into two or more smaller distributaries. It can occur through the rapid accretion of
sediment that chokes a channel resulting in flow being diverted, a marked variation in
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sediment load, avulsion or crevasse splay development (Kelly and Olsen 1993). Negative
water balances result from high rates of evaporation and low precipitation; a major
consequence of which is a downstream reduction of channel size (Thoms et al. 2004; Thoms
et al. 2004b).

Endorheic Basin

Sediment and water
from upper catchment
Abrupt change in
geological setting

High evaporation/low precipitation

Fluvial distribu

tary system

Dry alluvial plain

Aggradation within the basin

Figure 2.3. Tectonic and climatic setting for the formation of a terminal floodplain system
within a dryland region (adapted from Nichols and Fisher, 2007).

The conceptual model for the development of terminal dryland floodplains proposed by
Nichols and Fisher (2007) suggests three distinct morphostratigraphic zones: the proximal, the
medial and the distal (Figure 2.4). The proximal zone is characterised by incised channels
dominated by coarse bed-load material. The main channel of the proximal zone can actively
migrate but only where the valley conditions allow. The transition from the proximal to the
medial zones is marked by a change in valley confinement, an increase in floodplain area and
vertical accretion.

This zone is characterised by decreasing channel dimensions and a

reduction in migration. Abandoned channels that may occur in this zone are generally infilled
with sediments such as muds and mixed sedimentary material transported by the main
channel. The distal zone contains distinctive morphological features. There is a high portion
of vertically accreted sediments with laterally accreted sediments comprising only a small
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percentage of the strata. A reduction in channel fill facies and an increase in overbank fine
sediments results in thick sedimentary sheets. This model also suggests that the sedimentary
character and the stratigraphy of the floodplain and terminal splays will be similar in the distal
zone due to the migration of the splays (Figure 2.4).

Figure 2.4. Morphostratigraphic model of a terminal floodplain system in a dryland region.
Proximal, medial and distal sedimentary processes both in channel and over bank across a
terminal floodplain (Nichols and Fisher 2007).

2.4 Approaches to investigating floodplain sedimentation
Sediments that accumulate within floodplains provide a library of information detailing past
environmental conditions. Each sediment layer, unit or facie potentially represents a chapter
in the depositional history of a riverine landscape. The collection of long-term data (1000’s of
years) that documents floodplain sedimentation is outside the range of monitoring techniques
such as sediment traps and pre-post event surveys (Desloges and Gilbert 1998; Walling and
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These techniques collect data over annual and decadal time scales, limiting

interpretation to a snapshot in time (Brown 2007). The extrapolation of pattern and process
from such data is misleading because changes in floodplain sedimentation occur over longer
time scales (Zolitschka 1997; Brooks 2003).

Knowledge of the natural variability of

floodplain sedimentation is best derived from a palaeo-environmental approach (Brown
2007). Palaeo-environmental studies are well established and have been used extensively to
provide information over long time scales (Smol 1992; Smol 1995; Bouchard and Schmitt
1996; Owens et al. 1999; Thoms et al. 1999a; Brown 2002; Shi et al. 2002; Sidorchuk 2003).
Data obtained from palaeo-environmental studies can be used as a direct indicator of spatial
and temporal variation in sedimentation and as indicators of hydrology, climate and land use
change (Shi et al. 2002; Quinlan et al. 2003).
Stratigraphy, a common tool for investigating floodplain sedimentation, is the mapping of
sedimentary sequences. It focuses on identifying the formation, composition and sequences
of sediments within a deposit, referred to as facies. Facies are characterised by texture,
boundaries, laminations, bedding, colour of sediment and the presence of carbonates, nodules
and other features nested within. They provide a record of present and past alluvial processes,
thereby allowing internal and external geomorphic processes to be investigated (Brakenridge
1987; Miall 1992). The concept of facies analysis and models of floodplain sedimentation
have been successful in classifying and explaining ancient and recent depositional
environments (Miall 1985).

By examining and interpreting sedimentary sequences, the

depositional environment and processes by which it may have formed can be inferred (Walker
and Cant 1984).
The textural and chemical character of sedimentary deposits provides detailed information
on the depositional environment and catchment conditions both past and present.

For

example, the particle size distribution of sediment within alluvial systems reflects the energy
conditions at the time of deposition (Church 2002). Bivariate plots of particle size have been
widely used to provide information on the mode of sediment deposition (Passega 1957;
Stewart 1958; Passega 1964; Royse 1968; Sly 1977; Sly 1978; Bravard and Peiry 1999). The
relationship between the coarsest percentile and the median percentile has been used to
differentiate between bedload, suspension and pelagic deposition (Passega 1957), whereas the
median and the standard deviation can differentiate between river, wave and quite water
deposition (Stewart 1958).
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Sediment chemistry can be used to identify a range of environmental processes including
sediment provenance, post-depositional processes, biological influences and rates of
sedimentation (Ernst 1970). Four principal processes influence the chemical composition of
sediments (Rollinson 1993; Huntsman-Mapila et al. 2006):
1. Chemistry of source material - geologic setting.
2. Weathering – how the sediments have eroded, e.g. arctic or tropical climates,
rapid or slow uplift.
3. Transport and deposition - hydraulic sorting and chemical processes e.g.
evaporation.
4. Diagenesis – groundwater chemistry and geothermal gradients.
Knowledge of the provenance of sediment is important when constructing models of
catchment and climatic influences on sedimentation (Collins et al. 1998). Provenance studies
must be undertaken with chemical elements that are insensitive to secondary modification
processes and easy to measure in low concentrations (Rollinson 1993). The character of
sediments within a deposit is rarely preserved in its initial state, having been subject to a range
of post-depositional processes, such as the mobilisation of elements associated with
groundwater movement.

The movement of sub-surface water can alter the chemical

composition of deposits by enriching, depleting or transporting the soluble elements within a
fluctuating water table (Ernst 1970; Rollinson 1993). In order to use the geochemical record
preserved within the sediment, the possible influence of post-depositional processes must be
determined. Failure to do so may result in the establishment of patterns that are the result of
post-depositional processes rather than the initial sediment character.
The age of deposits can be determined by a variety of techniques depending on the period of
deposition being analysed and the environmental setting in question. A common technique
for dating recently deposited sediments (0-150 years) is the use of Lead210 (210Pb) (Appleby
2001). Due to its short half-life (22.3 years), 210Pb is best suited to establish chronologies for
short deposition periods such as those associated with land use changes over the past 100
years (He and Walling 1996). Other forms suitable for this time period include the use of a
chronological indicator such as pollens. Pinus sp has been used because of the known
introduction of the species to eastern Australia (Ogden 1996). Radiocarbon dating is a
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common technique used for establishing chronologies in sediment deposits up to an age of
40,000 years. It measures the decay of C14 in organic tissue (Bjoerck and Wohlfarth 2001).
Luminescence dating, including Isothermal Luminescence (ITL) and Optically Stimulated
Luminescence (OSL), is one of the most reliable techniques for dating sediments (Lian and
Huntley 2001). These dating techniques are used to determine the burial time (time elapsed
since quartz or feldspar grains were last subject to sufficient heat or light) of Quaternary
deposits (Atkin 1998; Olley et al. 1999; Olley et al. 2004). Luminescence dating techniques
provide an alternative dating option for older and non-carbon bearing sediments (Stokes
1999), and the highest resolution for the dating of river sediments. The period since they were
last exposed to sunlight is assumed to be very close to the time of deposition (Clarke et al.
1999). It has demonstrated accurate deposition chronologies for sediments up to 800,000
years old (Berger et al. 1992).

2.4.1 A framework for the study of complex sedimentary systems in a dryland setting
Dryland floodplains are complex landscapes that are sensitive to change (Bateman et al.
2007). Determining the response of these systems to a change or a disturbance is difficult
because of the high degree of environmental variability.

These systems have multiple

processes (including fluvial and aeolian deposition and erosion) and environmental controls
(including confinement and micro-topography) acting upon them, with each exhibiting a
unique response. The interaction of processes and controls means that similar processes can
produce markedly different landscape responses while different processes can produce similar
landscape results (Ernoult et al. 2006; Phillips 2007). Although river systems are complex,
they are also hierarchically structured, and this provides a framework for establishing patterns
and inferring processes (Thorp et al. 2006; Dollar et al. 2007). Using a multi-proxy approach
within a hierarchical framework enables multiple lines of evidence to be established (Downes
et al. 2002; Mills et al. 2006). This approach increases the information available to develop a
hypothesis or model of change.
Nested hierarchical systems are those in which the higher levels of organisation constrain
the lower levels, while the lower levels influence the higher levels of organisation; thus top
down constraints and bottom up influences exist simultaneously (O'Neill et al. 1989; King
1997).

Hierarchical theory was derived from general systems theory and provides a
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conceptual framework for the analysis of landscapes and other ecological systems at multiple
levels or scales (O'Neill et al. 1989; Wu and Loucks 1995). A fundamental concept of
hierarchal theory is that the interaction of system components can be ordered by differences in
interactions, strength and frequency (Simon 1962); these are levels of organisation (King
1997). Patterns at one level emerge as a consequence of the interactions and relationships
among elements of the level of organisation above and below (King 1997). In essence, they
are a series of building blocks from which to view an ecosystem, providing a framework for
disentangling pattern and process in terminal floodplains.
Scale dependent pattern and process has been recognised in many environmental systems
(Cooper et al. 1998; Levin 1992). Hierarchy is fundamental to models of river system
function such as the River Continuum Concept (RCC) (Vannote et al. 1980) and the Riverine
Ecosystem Synthesis (RES) (Thorp et al. 2006). Hierarchy and scale have attracted much
attention in the field of ecology (O'Neill et al. 1986; O'Neill et al. 1989) but are not widely
applied to the field of geomorphology (de Boer 1992; Nanson and Crooke 2002; Thorp et al.
2006). Geomorphology is a science that covers multiple scales both in space and time (de
Boer 1992; Nanson and Crooke 2002). Geomorphic systems need to be viewed in their
complex, hierarchal context whereby every geomorphic system consists of an array of
smaller, lower level systems while at the same time being part of an even larger, higher level
system (de Boer 1992).
Floodplains are multi-dimensional systems (Ward 1989).

The use of a hierarchical

approach that recognises the existence of levels of organisation allows the understanding of
processes, leading to variations in sedimentation across multiple dimensions. For example,
floodplain systems are constructed from eroded sediments transported from upstream areas
and deposited in a lower reach of the river that are influenced by factors such as geology and
climate at the catchment scale (1000’s km2) (Figure 2.5). At the zone scale (100’s km2)
sedimentation is influenced by valley confinement and position within the landscape, while at
the reach scale (10’s km2) sediment deposition is influenced by micro-topography,
connectivity and planform.
Floodplains are nested hierarchal systems in which processes occurring at a larger scale
constrain processes occurring at a lower scale and vice versa (Schumm 1988). Despite the
acknowledgement of the spatial and temporal complexity of floodplain systems, few studies
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consider multiple scales in the investigation of sedimentation. However, Thoms et al. (2007a)
identified hierarchal organisation of sediment deposition within the Lower Balonne
Floodplain. This study noted a difference in the patterns of floodplain sedimentation at the
channel (103 km), process zone (10 km) and geomorphic unit (10-2 km) scales. At the channel
scale there was a difference in the heterogeneity of sediment character between river channels.
At the process zone scale, patterns of sediment character were observed between the zones but
these were different between the channels. At the geomorphic unit scale patterns were
observed between the bank, the buried channel and the flat floodplain units. However, these
patterns occurred in the opposite channels to the patterns at the processes zone scale.

Process Scale
Large scale processes
•Geology

Geomorphic Scale

Catchment Scale

Spatial Scale

1000’s km2

•Climate
•Land use
•Vegetation
•Soils
Medium scale processes
•Valley confinement

Functional Processes zone scale

100’s km2

•Position within the catchment
Small scale processes
•Microtopography

Reach scale

10’s km2

•Connectivity
•Planform

Figure 2.5.

Hierarchal organisation of riverine landscapes with dominant processes

influencing the geomorphic complexity at each level of organisation.

Traditional approaches used to investigate sedimentation often base their findings on data
derived from a single source (e.g. sedimentary sequences) and rely on summary statistics
(such as percentage size fraction, medium grain size, sorting, skewness and kurtosis) and
bivariate comparisons. These approaches are limited in their ability to explore patterns and
processes occurring within complex depositional environments (Forest and Clark 1989;

Chapter 2: Literature Review

22

Owens et al. 1999). By undertaking a multi-proxy approach, which uses stratigraphy, textural
and geochemical character (as previously described) and multivariate statistics at multiple
scales within a nested hierarchy, the ability to establish patterns and infer processes in
complex systems is dramatically increased.
Multivariate statistical techniques are commonly used in ecology (Digby and Kempton
1987; James and McCulloch 1990) and more recently have been used to complement
traditional studies of floodplain sedimentation (Cossart et al. 2006; Thoms et al. 2007). These
techniques provide a powerful means of analysis and interpretation of complex data sets
(Legendre and Legendre 1998; Quinn and Keough 2002). They allow a large number of
samples and variables to be analysed simultaneously, which reduces the need to conduct a
large number of individual bivariate comparisons, increasing the ability to investigate
complex patterns (Digby and Kempton 1987).

Multivariate techniques have become

increasingly utilised in the analysis of both modern and ancient fluvial sedimentary
environments (Brown 1985; Forest and Clark 1989; Woolfe 1995). Multivariate statistical
techniques can be used to identify sedimentary units that have similar character, and specify
which variables are associated with each unit. When coupled with appropriate study design,
multivariate techniques accommodate the analyses of data within a hierarchal framework
allowing for the pattern of sediment character to emerge at different scales (Thoms et al.
2007a). Multivariate statistics are thus an extremely powerful tool for the investigation of
pattern and process within floodplain environments. This is because they accommodate large
complex data sets at multiple scales to allow patterns of sediment character to emerge.

2.5 Summary
Floodplains are complex depositional environments located adjacent to a river channel.
Vertical changes in the stratigraphy and character of sediments can represent periods of
change. Terminal dryland floodplains are ideal components of the riverine landscape with
which to investigate change, because of their sensitivity to natural and anthropogenic
activities and the reduced influence of sediment reworking (Bateman et al. 2007). Conceptual
models of sedimentation within terminal dryland floodplains suggest they are variable
systems, dominated by mobile terminal splays migrating within the confines of a valley
trough (Nichols and Fisher 2007). Terminal dryland floodplains are sand dominated, mixed
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load systems with low bed gradients (Kelly and Olsen 1993; Billi 2007), although aeolian
processes can also significantly influence these environments. Previously published models
of these systems further suggest that the sedimentary character and stratigraphy of the
floodplain and terminal splays are similar.
The investigation of sedimentation use the traditional tools of stratigraphy, sediment
character (provenance, depositional processes and post depositional processes) and dating
techniques. The variability of dryland river systems means that these tools may not allow for
the complexity of these systems to be fully investigated.

Recent literature on complex

sedimentary systems recommends the use of hierarchy theory, multiple scales (levels of
organisation) and a multi-proxy approach when investigating sedimentation in complex
systems (de Boer 1992; Thorp et al. 2006; Thoms et al. 2007a). This approach increases the
information available by establishing multiple lines of evidence. This thesis will employ a
multi-proxy approach within a nested hierarchical framework to establish patterns and
processes of sedimentation in a terminal dryland floodplain.

Study Area, Design and
Methods

Chapter 3: Study area, design and methods

Sunset over Back Lake (Image: M.Webb 2005)
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3.1 Study Area
This chapter describes the study area of the research undertaken in this thesis.

The

geomorphology and hydrology are described at the broader regional (Condamine-Balonne)
and local (Narran system) scales.

3.1.1 Condamine Balonne
The Condamine-Balonne River is located in the northern Murray Darling Basin and
straddles the border between Queensland (QLD) and New South Wales (NSW). It has a
catchment area of 143,900 km2; or 14% of the Murray Darling Basin (1,061,469 km2) (Figure
3.1). It has a semi-arid climate, which is characterised by increasing aridity from east to west.
Like a number of Australia’s inland river systems, the Condamine-Balonne originates in the
well-watered headwaters of south-eastern Australia and for most of its length flows through a
dry landscape with little additional inflows (Thoms and Sheldon 2002). There are three main
regions in the Condamine-Balonne Catchment: the Condamine sub-catchment with an area of
87,300 km2, the Maranoa sub-catchment with an area of 20,000 km2 and the Lower Balonne
Floodplain complex downstream of St George which has an area of 19,880 km2 (Figure 3.1).
The Lower Balonne Floodplain complex refers to an area downstream of the confluence of the
Condamine-Balonne and Maranoa Rivers. It is a region that is composed of six anastomosing
channels and their associated floodplains between St George (QLD) and Walgett (NSW). This
region contains the second largest number of wetlands, greater than 5ha in size, in the Murray
Darling Basin (Thoms et al. 2002), which has over 3,000 identified wetlands. These wetlands
are areas of high biodiversity and productivity and play an important role as sites for the
feeding and breeding of a range of species, including waterbirds, migratory birds and fish.
They can be described as key oases within the inland regions of Australia (Bunn et al. 2006).
The Lower Balonne floodplain complex is therefore a significant aquatic refuge in an
otherwise dry landscape.
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Figure 3.1. The Lower Balonne floodplain and six anastomosing channels located between St George (QLD) and Walgett (NSW).
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3.1.1.1 Geomorphology
Tertiary volcanics with isolated outcrops of Jurassic sandstone dominate the geology of the
eastern headwater regions of the catchment. The Condamine sub-catchment drains mainly
Palaeocene-Oligocene sediments, Jurassic-Cretaceous sandstones with isolated pockets of late
Cainozoic flood outs comprised of residual sands and gravels (Galloway et al. 1974). The
Maranoa sub-catchment drains predominantly Cretaceous sandstones and some Quaternary
alluvium in the headwaters and lowland section of the sub-catchment (Galloway 1974).
Movement of the basement geology in the upper section of the Darling catchment
approximately 65 million years ago resulted in a large tectonic depression which has been
infilling with alluvial sediment from the western slopes of the Great Dividing Range (Thoms
et al. 2004a).
For most of its length, the Condamine-Balonne River system is confined within a narrow
valley trough, up to 2km wide. However, downstream of St George valley widths increase up
to 40km (Thoms et al. 2004a). This relatively abrupt change in geological setting results in
reduced stream power and the deposition of sediment, creating the area referred to as the
Lower Balonne Floodplain. The contemporary Lower Balonne Floodplain has formed upon a
large low angle alluvial fan characterised by low gradient, cone shaped morphology and it is
dissected by a series of anastomosing river channels.

Downstream of St George the

Condamine-Balonne River bifurcates into six anastomosing channels: the Culgoa River, Birrie
Creek, Balonne Minor, Ballandool, Bokhara and the Narran Rivers (Figure 3.1). The outer
channels of the Culgoa and Narran Rivers have different channel morphologies compared to
the inner channels of the Birrie Creek, Ballandool and Bokhara Rivers (Brunner 2000). The
Culgoa River, Balonne Minor, Ballandool, Bokhara and the Narran Rivers all reduce their
bankfull channel capacities with distance downstream and as a result increase the importance
of overbank flows. Birrie Creek is the exception and has an increase in bankfull area down
stream. The six anatomising channels also differ from the main Condamine-Balonne River
channel in channel morphology (Thoms and Sheldon 2002). Essentially the CondamineBalonne River and its distributary channels are suspended load systems with low bed
gradients (0.2 to 0.3 km-1), high sinuosities (1.9 to 2.5) that have decreasing cross-sectional
area downstream (Woodyer et al. 1979; Thoms and Sheldon 1997). The adjacent floodplain
contains a complex array of geomorphic features including levee banks, distributary channel
networks, in-channel benches, wetlands, and terminal features. This feature denotes a C2
floodplain as described in the classification scheme of Nanson and Croke (1992).
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3.1.1.2 Hydrology
Rainfall within the Condamine-Balonne varies spatially across the catchment and over time
(Thoms and Sheldon 2000b). Mean annual rainfall decreases from east to west across the
catchment (Thoms and Parsons 2003). At Toowoomba in the upper catchment, long-term
mean annual rainfall is 1105mm decreasing to 517mm at St George in the lower western
reaches of the catchment (Sims et al. 1999). Rainfall within the catchment is highly seasonal
with the majority occurring during the summer months of December to March as a result of
tropical monsoonal activity. Significant transmission losses occur along the length of the
Condamine-Balonne River with downstream reductions in discharge resulting because of high
evaporative loss (mean annual evaporation: Condamine (1600mm); Maranoa (1880mm); and
Lower Balonne Floodplain (1890mm)) relative to tributary input. As a consequence of these
transmission losses there is also a downstream reduction in bankfull cross sectional area
(Thoms et al. 2004a).
The flow regime of the Condamine Balonne catchment is highly variable. The Condamine
River has higher discharge and lower variability than the Maranoa with daily maximum
discharges of 203,148 ML d-1 and 133,422 ML d-1 respectively (Table 3.1) (Brennan 2001).
Mean daily discharge is substantially higher in the Condamine (3,394 ML d-1) than the
Maranoa (347 ML d-1). Flood magnitudes in the Condamine are higher than the Maranoa,
with a 100 year flood event being nearly 25% larger in the Condamine (225,651 ML d-1)
compared to the Maranoa (201,924 ML d-1) (Table 3.2) (Brennan 2001).
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Table 3.1. Hydrology of the Condamine and Maranoa River sub-catchments (Brennan 2000)
(Source: Department of Natural Resources, Queensland)
Variable
Annual daily max (ML)
Annual daily medium (ML)
Annual daily mean (ML)
Q.95 (ML)
Flow variability (CV)

Condamine
203,148
120
3,394
21,344
3.8

Maranoa
133,422
0
347
649
2.3

Condamine River – Werribone gauging station catchment area 51,540 km2
Maranoa River – Cashmere gauging station catchment area 19,490km2

Table 3.2. Flood hydrology of the Condamine and Maranoa River sub-catchments. Average
Return Intervals (ARI) calculated using Log-Pearson III distribution.

(Brennan 2000)

(Source: Department of Natural Resources, Queensland)
Probability Average return interval
80%
50%
20%
10%
5%
2.5%
1%

Condamine River

(Flood flows ML d-1)

Maranoa River

(ARI)

1.25
2
5
10
20
50
100

2,492
11,151
39,677
70,762
109,478
171,426
225,651

1,106
6,993
30,969
59,270
95,261
152,659
201,924

Condamine River – Werribone gauging station catchment area 51,540 km2
Maranoa River – Cashmere gauging station catchment area 19,490km2
ML d-1 is Megalitres per day

(Flood flows ML d-1)
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Flow regimes also vary between the six distributary channels of the Lower Balonne
Floodplain. The outer channels transport 63% of the long-term mean annual flow (35% in the
Culgoa and 28% in the Narran), while the inner channels transport a further 22% (6% in the
Bokhara, 7% in the Ballandool and 9% in the Birrie Creek) (Thoms and Sheldon 2000b). The
remainder is lost through either evaporation or transmission. High seasonal variability is a
characteristic feature of flows within the Condamine Balonne (Thoms and Parsons 2003) with
floods occurring in late summer and early winter. There is a poor relationship between local
rainfall events and river discharge within the Lower Balonne, with high flows and floodplain
inundation occurring predominantly as a result of rainfall in the upper catchment rather than
localised rainfall. Floodplain inundation occurs when discharge exceeds 30,000-40,000 ML
d-1 with major flooding occurring at 110,000 ML d-1. Such flows have a reoccurrence interval
of 1 in 2 years and 1 in 5-10 years respectively (Sims et al. 1999).
Periods of low flow are an important component of the hydrology of Dryland Rivers
(Puckridge et al. 1998) and the Condamine-Balonne is no exception, with periods of low flow
occurring approximately 50% of the time (Thoms and Parsons 2003). During periods of
drought, all of the distributary channels of the Lower Balonne may cease flowing; this can
result in a series of disconnected waterholes. Ballandool, Bokhara and Birrie Creek only flow
during periods of high discharge and exhibit less variability than the outer channels (Thoms
and Parsons 2003). The Culgoa River is the dominant flow path during low and high flow
events. However, during large, less frequent inundation the importance of the inner channels
becomes more apparent.
The hydrological regime of the Lower Balonne Floodplain has significantly altered due to
large-scale water resource development since the 1960’s (Thoms and Parsons 2003). There
are three main irrigation developments within the Condamine Balonne; The Upper
Condamine Irrigation Project, the Chinchilla Weir Project and the St George Irrigation Area.
In addition to these there are also four main public water storages within the Condamine
Balonne catchment; Leslie Dam (106,250 ML), Chinchilla Weir (9,800ML), Beardmore Dam
(81,800 ML), and Jack Taylor Weir (10,100 ML). These service a range of agricultural and
domestic needs (Thoms and Parsons 2003). The Condamine Balonne has 30% of its main
stem influenced by water resource development (Thoms and Parsons 2003) with most of this
confined to the Condamine sub-catchment. In addition to public water storages, private off
channel storages have a capacity of more than 500,000 ML (Sims et al. 1999).
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3.1.2 The Narran System
The Narran system is a series of lakes and floodplain-wetlands located at the terminus of the
Narran River, the eastern most channel of the Lower Balonne distributary river network
(Figure 3.1).

This system encompasses an area in excess of 278.1 km2 and represents

approximately 1.4% of the Lower Balonne Floodplain. The Narran system has been identified
as one of nine significant refugia for biological diversity in semi-arid and arid New South
Wales (Kingsford 2000).
The Narran system was listed as a Ramsar Wetland of international importance in June
1999, eleven years after being gazetted as a Nature Reserve by the NSW National Parks and
Wildlife Service. The Narran system has also been listed on the Register of National Estates
as a Natural Heritage site. The listing of the Narran Lakes Nature Reserve as a Ramsar site
was in recognition of it being an excellent example of a relatively undisturbed terminal lake
system in NSW. It is also a significant habitat for a number of waterbird species recognised
as being of conservation concern. Together these attributes reflect the underlying ‘ecological
character’ of the site, which the Ramsar Convention obliges Australia to protect. Similarly,
national legislation (Environment Protection and Biodiversity Conservation (EPBC) Act
1996) is committed to the protection of such sites from natural or human induced threats. As
the Narran system offers important habitats for several species of birds it is listed under
Australia’s bilateral agreements with the Governments of Japan (JAMBA) and China
(CAMBA) for the conservation of migratory birds.

3.1.2.1 Geomorphology
The complex structural character of the Darling Basin basement geology is demonstrated
through a series of small regional depressions nested within the larger inter-cratonic feature.
This is the result of a series of structural lineaments (Thoms et al. 2004a). The Narran system
occupies one of these small regional depressions into which alluvial sediments from the
Condamine and Maranoa catchments are deposited. The Narran system consists of a suite of
geomorphic regions including a floodplain, divided into two sections (southern and northern),
two lake systems (Narran Lake and the Northern Lakes consisting of Clear Lake, Back Lake
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and Long Arm), a delta and a complex channel network (Figure 3.2). These features create a
complex yet subtle topography.
The Narran system (an area in excess of 278.1 km2) comprises the Narran Lake (122 km2)
and the Northern Lakes (Clear Lake, Back Lake and Long Arm) (19.5 km2) which collectively
account for nearly half of the area. The remaining floodplain area covers 135.7 km2. The
channel network of the Narran system consists of approximately 800 km of small intersecting
distributary channels that dissect the floodplain. These channels have an average length of
104m with an average sinuosity of 1.08 (Thoms et al. 2007b). Soils within the Narran system
range from sticky black clays to sandy loams with the surrounding landscape dominated by
red sands.

Soil characteristics are spatially heterogeneous and do not conform to

contemporary models, such as longitudinal or lateral patterns (Rayburg et al. 2006).

Chapter 3: Study Area, Design and Methods

33

Narran River

Long Arm
Back Lake

Northern Floodplain

Northern Section

Clear Lake

Nature Reserve

Southern Floodplain

Delta
Narran Lake

North
0

1

2

4

6

km

Figure 3.2. The Narran system with the geomorphic regions of Narran Lake, Clear Lake,
Back Lake, Long Arm, Floodplain (southern and northern) and Delta. This study investigates
sedimentation within the northern section (Clear Lake, Back Lake, Long Arm and Northern
Floodplain).
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3.1.2.2 Hydrology
Annual rainfall for the Narran system varies between 266 mm and 690 mm per year, with a
mean of 480 mm per year. Mean annual evaporation exceeds 2000 mm per year resulting in a
strong negative water balance within the Narran system.

Rainfall, river discharge and

evaporation are highest during the summer months (Figure 3.3). The small catchment area
(~50km2) means that localised rainfall does not fill the lakes; instead the lakes fill via flows in
the Narran River, which predominantly result from rainfall events in the headwaters of the
Condamine and Maranoa sub-catchments. The most reliable discharge gauge for the Narran
River is at Wilby Wilby, approximately 80 km up stream from the Narran system. Median
monthly discharges at Wilby Wilby from 1965 to 2004, range from zero (May to November)
to 3,348 ML (March) (Figure 3.4), with zero annual flows in the Narran River occurring
approximately 10% of years. Patterns of inundation differ significantly between the infilling
and the draw down stages (Murray et al. 2006). High inter-annual flow variability results in
periodic wetting and drying cycles. The largest recorded flood, which occurred in 1983,
exceeded 560,000 ML. Over the last 33 years Clear Lake and Narran Lake have been
inundated 23 and 16 times respectively while the floodplain has only been inundated six times
(Murray et al. 2006).

3.1.2.3 Land use and Vegetation
Land use within the Narran system is predominantly pastoral lease, supporting cattle and
sheep grazing. Irrigation upstream of the lakes has significantly increased the amount of
water extracted from the Narran River since the 1990’s (Thoms and Sheldon 2000b).
Vegetation within the Narran system is predominantly comprised of lignum Muehlenbeckia
florulenta shrublands and woodlands which consist of River Cooba Acacia stenophylla, River
Red Gum Eucalyptus camaldulensis and Coolibah Eucalyptus coolabah (James et al. 2007).
The area adjacent to the lakes consists of open eucalypt woodlands and savannah grasses.
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Figure 3.4. Average daily discharge for the Narran River at Wilby Wilby from 1965-2004.
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3.2 Study Design
3.2.1 Levels of organisation
A nested hierarchical study design was employed in this thesis to investigate patterns of
sedimentation within the terminal dryland floodplain of the Narran River. Three spatial levels
of organisation were chosen: the geomorphic region level 101 km; within geomorphic regions
(sediment cores) level 100 km; and depositional unit level 10-1 km (Figure 3.5).

The

geomorphic regions comprising Clear Lake, Back Lake, Long Arm and Floodplain were the
largest scale investigated and identified via an initial scoping study of the system by Thoms et
al. (2002), representative of the current landscape. Three sediment cores were extracted from
each geomorphic region.

The position of each core was determined to reflect possible

variations in depositional character within each geomorphic region, as has been highlighted in
the studies of Teller and Last (1990), Walling et al. (1996), Walling and He (1998), Walling
et al. (1998) and Thoms and Olley (2004) for floodplain systems. These sediment variations
reflect the supply, volume and character of the sediments delivered to the site from various
catchment sources and the microtopography of the depositional environment (Warner 1992;
Walling and He 1998). Depositional units were used to investigate temporal variation in
sediment character that can result from changing climatic conditions, periods of landscape
evolution, and land use activities within a catchment (Bettess 1992; Nanson and Croke 1992).
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Narran Floodplain Wetland Complex

Levels of organisation

Riverine Landscape

Clear Lake

Geomorphic Regions

Within a geomorphic region

Back Lake Long Arm Floodplain
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Backwater Billabong Dune
Surface Cyclic Sand
(Major depositional units)
(Minor depositional units)

Figure 3.5. Hierarchical study design used in this thesis outlining the three spatial scales
(geomorphic regions, within geomorphic regions and depositional units) used to investigate
sedimentation within the Narran system. A variable number of samples were taken from each
depositional unit with 27 sediment variables measured from each sample.
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3.3 Methods
3.3.1 Field sampling
Twelve sediment cores were extracted from the northern section of the Narran system
(Figure 3.6). Three cores were extracted from each geomorphic region (Clear Lake, Back
Lake, long Arm, and Floodplain) following the study design outlined in section 3.2.1. Field
sampling was conducted in April/May 2005 during a period when the Narran system was dry.

Figure 3.6. Location of sediment cores (n=12) extracted from the Narran system. The dots
indicate the location of the sediment cores. Three cores were extracted from each of the
geomorphic regions of Clear Lake, Back Lake, Long Arm and Floodplain.
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3.3.1.1 Core extraction
Sediment cores, up to a depth of 14 metres, were extracted using a piston driven coring rig
(Geoprobe Macro-Core Soil Sampler). Cores were extracted in 1.4-metre lengths encased in a
steel housing using an undersized cutting tool to allow for expansion of the clay sediments
(Figure 3.7). Core lengths were sealed in black polyethylene tubing before the removal of the
steel housing to avoid light contamination. Cores were transported intact to the laboratory to
minimise sample disturbance and/or deterioration.

During the drilling process data was

recorded on target depth, length short, depth achieved and measured sample, along with
ancillary data on resistance to drilling and the depth of water tables.

3.3.2 Laboratory sampling
Sediment cores were split longitudinally in a dark room, under red light conditions to avoid
light contamination.
sediment dating.
analysis.

One-half was sealed in black polyethylene tubing and stored for

The remaining half was used for stratigraphic, textural and chemical

To obtain a detailed stratigraphic profile the exposed face was cleaned and

smoothed with stainless steel blades. Based on the stratigraphic analysis, sub-samples were
collected from each unit for textural and chemical analysis. Samples were oven dried for 72
hours at field temperature (~32oc), disaggregated and dry sieved (<2000µm) prior to analysis.
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Figure 3.7. Extraction of sediment cores using a piston driven coring rig. Sediment cores

were extracted in 1.4-metre lengths encased in steal housings using an undersized cutting tool.
Cores were sealed in black polyethylene tubing, before the removal of steel housing, to avoid
light contamination and transported back to the laboratory for sampling (Photos by M.
Southwell).
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3.3.2.1 Stratigraphy

The stratigraphy of each core was described using a modified lithofacie classification
scheme of Lewin (1996) and Miall (1985) (Table 3.3). Lithofacies were based on texture,
layering, basal contact, colour and presence of nodules and lenses. The sediments were
classified as mud, sandy mud (<50% sand), muddy sand (> 50% sand) and sand. Basal
contacts were described as sharp or gradual with structural patterns such as laminating and
cross bedding noted. Specific characteristics such as lenses, nodules, carbonates, organic
matter and mottling were recorded. Sediment colour was determined from dry samples using
the Munsell Soil Colour Chart.

Table 3.3. Lithofacie classification used in this study, modified from Lewin (1996) and Miall

(1985)
Facies Code
M
Sm
Ms
S
Ca
No

Lithofacies
Mud
Sandy Mud
Muddy Sand
Sand
Carbonate
Nodules

Sedimentary structures
Layer, Lens
Layer, Lens
Layer, Lens
Layer, Lens
Scattered particles
Scattered particles

3.3.2.2 Texture

Sediment samples were taken from each identified lithofacies unit for grain size analysis.
All samples were dried to a temperature of ~32oc, and then passed through a 2000µm sieve to
remove the coarse fraction. This fraction was weighed and tested for carbonates. The
remaining samples were used for particle size analysis using a 1g sub-sample. Particle size
analysis was conducted using a Malvern Mastersizer 2000 particle sizer, with the parametres
between 0.2µm - 2000µm. Disaggregation of clays was assisted by 20 seconds of ultrasonic
dispersal prior to analysis. Organic matter and carbonates were removed from the sediments
using 10% Hydrochloric Acid (HCL) and organic matter was removed by 30% Hydrogen
Peroxide (H2O2) (Battarbee et al. 2001).
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3.3.2.3 Chemistry

Sediment geochemistry was also determined for each lithofacies unit using the <63µm
sediment fraction (silt and clay) of the sediment sample. This sediment fraction was selected
because the majority of trace elements are bound to minerals of this size through absorption or
direct incorporation into the lattice (Ernst 1970).

Fifteen geochemical variables were

measured (Table 3.4) at the ALS Chemex laboratories using geochemical digestion – four
acid (near total) – ICP Atomic Emission Spectrometry (ICPAES).

Table 3.4. List of stable and soluble elements determined for the geochemical analysis of the

<63µm fraction of sediments extracted from the Narran system
Stable Elements
Aluminium (µg/g)
Titanium (µg/g)
Strontium (µg/g)
Lead (µg/g)
Cobalt(µg/g)

Soluble Elements
Barium (µg/g)
Calcium (µg/g)
Copper (µg/g)
Iron (µg/g)
Potassium (µg/g)
Magnesium (µg/g)
Manganese (µg/g)
Sodium (µg/g)
Phosphorous (µg/g)

The percentages of organic matter and carbonate content were measured through loss on
ignition. The organics were removed through loss on ignition at 550oc for 2.5 hours, and the
carbonates were removed through ignition at 1000oc for 1 hour following removal of organic
matter (Heiri et al. 2001).

3.3.2.4 Sediment dating

Sediment dating was determined by Optical Simulated Luminescence (OSL) and Isothermal
Luminescence (ITL) methods using single grain analysis techniques. Samples were selected
for dating following the completion of data analysis in order to date key changes. Samples
were selected for OSL from two centimetres below the basal contact of the surface and
backwater depositional units to remove the possibility of light penetration due to cracking of
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surface soils. Owing to the extreme age of the initial samples ITL dating was used to
establish the remaining dates. An additional three dates were established on sediment core
Back Lake ‘b’. All samples were taken from the centre of each core cross section to avoid
possible light contamination on the outer edges.
All sample preparation and analysis was conducted at the CSIRO OSL/ITL laboratory in
Canberra. Sample preparation was designed to isolate pure extracts of 180-212 µm light safe
quartz grains following standard procedures (e.g. Aitkin 1998). Treatments were applied to
remove contaminant carbonates, feldspars, organics, heavy minerals and acid soluble
fluorides. The outer ~10 µm alpha-irradiated rind of each grain was removed by double
etching each sample in 48 % Hydrofluoric Acid.
Burial doses were determined from measurement of the OSL signals emitted by single
grains of quartz. The etched quartz grains were loaded on to custom-made aluminium discs
drilled with a 10 x 10 array of chambers, each of 300-µm depth and 300-µm diameter (BotterJensen et al. 2000). The OSL measurements were made on a Risø TL/OSL DA-15 reader
using a green (532 nm) laser for optical stimulation, and the ultraviolet emissions were
detected by an Electron Tubes Ltd. 9235QA photomultiplier tube fitted with 7.5 mm of Hoya
U-340 filter. Laboratory irradiations were conducted using a calibrated
mounted on the reader.

90

Sr/90Y beta source

Equivalent doses (De) were determined using a modified SAR

protocol (Olley et al. 2004). A dose-response curve was constructed for each grain. The OSL
signals were measured for 1 second at 125°C (laser at 90% power), using a pre-heat of 240°C
(held for 10 seconds) for the ‘natural’ and regenerative doses, and a pre-heat of 160°C (held
for 10 seconds) for the test doses (0.5 Gy). The OSL signal was determined from the initial
0.1 second of data, using the final 0.2 second to estimate the background count rate. Each
disc was exposed to infrared (IR) radiation for 40 seconds at 125°C prior to measurement of
the OSL signal to bleach any IR-sensitive signal.
Grains were rejected if they did not produce a measurable OSL signal in response to the
2 Gy test dose, had OSL decay curves that did not reach background after 1 second of laser
stimulation, or produced natural OSL signals that did not intercept the regenerated doseresponse curves 'Class 3' grains of Yoshida et al. (2000). The ‘central age model’ of Galbraith
et al. (1999), was used to determine an over-dispersion parameter (σd) for each De

distribution. σd was calculated as the relative standard deviation of the single-grain De
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distribution after taking into account the measurement uncertainty for each grain (Galbraith et
al. 1999). If measurement uncertainty was the only source of spread in a distribution then σd

would be 0 %. Olley et al., (2004) suggest a σd value < ~22 % to be indicative of uniform
bleaching prior to deposition, and for such samples they recommend use of the central age
model to calculate a De. Where σd > ~22 % Olley et al., (2004) recommended the use of the
minimum age model to calculate a De
Burial doses were determined from measurement of the ITL signals emitted by large
aliquots of quartz, mounted on stainless steel discs using silicon oil. Equivalent doses (De)
were determined using the ITL SAR protocol of Murray and Wintle (2000). A dose-response
curve was constructed for 8 aliquots of each sample, with sample Des calculated as the
weighted average of all aliquots, excluding single outliers. Lithogenic radionuclide activity
concentrations were determined using high-resolution gamma spectrometry (Murray et al.
1987), with dose rates calculated using the conversion factors of Stokes et al., (2003). βattenuation factors were taken from Mejdahl (1979). Cosmic dose rates were calculated from
Prescott and Hutton (1994).

3.3.3 Data analysis
A range of univariate and multivariate statistical analyses were used to describe the
sediment and examine patterns at the different scales. Justification for the use of multivariate
statistics in geomorphological studies was outlined in the literature review (section 2.4.1).
The application of descriptive, univariate and multivariate techniques are outlined in the
analysis section of the relevant chapters.

Sedimentation within
Narran
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Aerial view of the infilling of Narran Lake (Image: A. Mostead)
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4.1 Introduction
The identification of patterns and their subsequent use to infer processes is fundamental to
geomorphology and ecology (Turner 1989; Thorp et al. 2006). An observed pattern is the
product of interacting processes operating at a range of spatial and temporal scales (Krebs
2001). Patterns of floodplain sedimentation and inferred processes in the Narran system are
therefore described at multiple scales or levels of organisation; geomorphic regions, within
geomorphic regions and depositional units (Figure 3.5). This is achieved by using a number
of sedimentological techniques including stratigraphy, sediment dating, sediment texture and
sediment geochemistry.
The overall objective of this chapter is to construct a model of sedimentation within the
Narran system. This was achieved by addressing four research questions:
I. What is the stratigraphy of the Narran system and does it conform to current models of
terminal floodplains?
II. What are the physical and chemical characteristics of sediments that have accumulated
in the Narran system and have they changed over time?
III. How long has the Narran system been a feature in the landscape?
IV. What processes are associated with the accumulation of sediments within the Narran
system and have these changed over time?

4.2 Methods
4.2.1 Stratigraphy

Sedimentary facies of cores extracted from the Narran system are described following the
methods outlined in chapter three (section 3.3.2.1). The textural character of the sediments
was initially classified according to percentage of sand, silt and clay, and the nomenclature of
Pickard (1971). Descriptive statistical measures of the textural distributions (D10, D20 D50,
D80, D90, sorting, skewness and kurtosis) and sediment geochemistry are also provided. These
are outlined at the levels of organisation of geomorphic region and within geomorphic regions
and depositional units.

Chapter 4: Sedimentation within Narran

48

4.2.2 Sediment Dating

Sediment dating was undertaken in two phases. The more recently deposited sediments
were dated by Optically Stimulated Luminescence (OSL), whilst the older sediments were
dated by Isothermal Luminescence (ITL). OSL and ITL methods are outlined in chapter 3
(section 3.3.2.4).

4.2.3 Geochemical Dispersion

A multivariate dispersion index was calculated for investigating the variability in the
geochemical character of each depositional unit. The MVDISP procedure in PRIMER v6 was
employed for this. This procedure compared the average rank similarity within samples with
the average rank similarity between samples. Low dispersion values equated to a high degree
of similarity in the geochemistry of the samples within each depositional unit, whereas high
dispersion values meant that there was low similarity in the geochemistry of samples
belonging to the same depositional unit (Clarke and Warwick 1994). The assembled data
matrix used for this analysis contained 318 samples and five geochemical elements: Titanium
(Ti), Aluminium (Al), Cobalt (Co) Strontium (Sr) and Lead (Pb). These elements were used
because they have low solubility and hence are less prone to post-depositional changes. An
association matrix was derived using the Gower metric distance measure, a range standardised
measure recommended for non-biological data sets containing different units of measurements
(Belbin 1991).

4.2.4 Depositional Processes

Bivariate scatter plots of the textural data were used to investigate changes in energy
conditions and followed methods outlined in Passega (1957), Stewart (1958) and Sly (1977 &
1978). Median grain size (D50) plotted against standard deviation was used to distinguish
river, wave and quiet water deposition (Stewart 1958), whereas skewness plotted against
kurtosis was used to distinguish between low and high energy depositional environments (Sly
1977; Sly 1978).

In addition, the coarsest one percentile plotted against the medium

percentile was used to separate bedload, suspended and pelagic depositional environments
(Passega 1957; Passega 1964).
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4.3 Results
4.3.1 Stratigraphy

Sediment cores from the Narran system contained a variety of lithofacies and these
displayed textural character ranging from mud through to sand. These lithofacies exhibited a
suite of upward fining and upward coarsening sediments, which included cyclic sequences of
fine to medium sand. Many of these were extensively mottled with iron stain and contained
carbonate nodules (Figure 4.1a). The facies differed between and within geomorphic regions
and depositional units as described in the following sections.
Clear Lake: The upper section (0-1.8m) of the three Clear Lake cores were characterised by

black (2.5Y 4/1) muddy sediments that had elevated organic matter content (6.9-8.3%) and a
sharp, horizontal basal contact. Beneath this upper section and extending to a depth of 3.5
metres in cores ‘a’ and ‘c’ and 5m in core ‘b’, there were a series of upward coarsening and
upward fining sequences of mud through to sand containing scattered organic matter.
Sediments in this section of the cores ranged in colour from yellow/brown (10yr 5/4) to light
brown/grey (2.5yr 6/2) and had low organic matter (1.2-3.5%). Core ‘b’ had a very thin mud
layer present at five metres, which was not evident in either core ‘a’ or ‘c’. This section of the
cores also had a sharp, horizontal basal contact. The lower most section of the cores was
dominated by a sand sequence. Cores ‘a’ and ‘c’ contained a sand sequence (pale brown 10yr
7/3) between 3.5 and 6 metres, while core ‘b’ contained an irregular sequence of sand and
muddy sand with gravel and carbonate nodules between 5 and 8.5 metres. The bottom section
of this core (8.5-14 m) was dominated by sand (pale brown 10yr 7/3) and contained pockets of
mottling (yellowish red 5yr 4.5/6) and low organic matter (2.4-3.6%).
Back Lake: The lithofacies of the three Back Lake cores were similar to the Clear Lake

cores. An upper mud section extended from the surface to a depth of approximately 1.8
metres below the surface. Sediments contained in this section were dark brown in colour
(7.5yr 2.1/1) with high organic matter (6.5-8.9%). A sharp horizontal basal contact separated
this section from that below. The sediment section extending from 1.8 to 3 metres contained
two upward fining sequences; these sediments consisted of mud and muddy sands separated
by a sharp horizontal contact. Both upward fining sequences had scattered organic matter
(3.2-6.8%) throughout and were yellowish brown (10yr 6/4) in colour. The mid section of
core ‘a’ (3-5 m) was dominated by a cyclic sequence of sand (yellowish brown 10yr 6/4) and
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muddy sand, with extensive mottling (yellowish red 10yr 7/3) and carbonates throughout. In
contrast the bottom section of all three cores ‘a’ (5-9 m), ‘b’ (3-9.5 m) and ‘c’ (3-8.5 m)
contained pale brown (10yr 7/3) extensively mottled (yellowish red 5yr 4.5/6) sand and low
organic matter (2.1-4.2%). In the lower section (>6.5m) there were extensive gravel and
carbonate nodules present throughout as well as some isolated mud lenses.
Long Arm: The stratigraphy of the three Long Arm cores differed from the Clear and Back

Lake cores, except for the upper section which extended from the surface to a depth of 1.8
metres. This mud layer (0-1.8m) was greyish brown in colour (2.5Y 5/1.5) and contained
high organic matter (6.2-8.2%). Below this section, there was a mud sequence that had
extensive laminations of fine sands extending from 1.8-3 metres below the surface in cores ‘a’
and ‘b’ and 1.8-4 metres in core ‘c’. This mid section had a horizontal basal contact. A cyclic
sequence of upward fining facies of sand through to sandy mud, with scattered mottling,
carbonate and low organic matter (3.3-4.2%) was present below the surface, 3-5.8 metres in
core ‘a’, 3-5 metres in core ‘b’ and 4-6.2 metres in core ‘c’. The lower section of the three
Long Arm cores (‘a’ 5.8-9.8m, ‘b’ 5-9m and ‘c’ 6.2-10.2m) were dominated by sand
(yellowish brown 10yr 6/4), mottling (yellowish red 10yr 7/3), low organic matter (2.7-4.2%)
and extensive carbonates throughout.
Floodplain: Each floodplain core displayed distinctly different stratigraphic character from

those in the other geomorphic regions. The upper section (0-2 m) of each floodplain core had
a mud layer similar to that of the other geomorphic regions, albeit with lower organic matter
content (4.8-7.2%) and a dark grey colour (7.5 yr 4/1). This uppermost section had a sharp
horizontal basal contact.

Below this upper section, each of the floodplain cores had a

distinctly different lithofacies character. Core ‘a’ had a mud layer (greyish brown 2.5Y 5/1.5)
which contained extensive laminations of fine and medium sands throughout and similar
levels of organic matter to the upper section (4.9-6.2%). There were no other distinguishing
features within this core. Core ‘b’ contained two upward fining sequences of mud through to
sand between 1.8 and 4.9 metres, with gradual horizontal basal contacts and uniform organic
matter content (4.57-4.8%). The bottom section of this core was dominated by bleached
(white 10R 8/1) sands that had well-sorted individual grains with medium levels of organic
matter (4.2-6.7%).

No carbonates were present within this section of the core.

By

comparison, the mid section (3-8.5 m) of floodplain core ‘c’ had two upward fining sequences
of muds through to sands. Throughout the mud layers there were laminations of fine sands
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which contained low organic matter content (2.9-4.1%). The bottom sequence of this core
was dominated by extensively mottled (light reddish brown 2.5 6/3) sand (yellowish brown
10yr 6/4). The levels of organic matter in the sand ranged between 4.1 and 5.0%.
Depositional Units: Based on the analysis of the lithofacies described above, six broad

depositional units were identified. They consisted of three major units (surface, cyclic and
sand) and three minor units (backwater, billabong and dune) (Figure 4.1b). The surface unit
was evident across all of the Narran cores to a maximum depth of 2.2 metres below the
surface with an average depth of 1.7 metres. This unit was characterised by dark muds (black
2.5Y 4/1 to dark grey 7.5YR 4/1) that had high organic content (mean 8.9%) and sharp basal
contact. A cyclic unit was present in all of the cores except floodplain core ‘a’. This unit was
located between 1.4 and 8.9 metres below the surface with an average depth of 2.4 metres. It
was characterised by highly variable upward fining and upward coarsening sequences of muds
through to sands that had both sharp and gradual basal contacts. These sediments ranged in
colour from yellow/brown (10yr 5/4) to light brown/grey (2.5yr 6/2) with low organic matter
(mean 4.3%). The sand unit was present in all the cores except floodplain cores ‘a’ and ‘b’
and was located between 3.1 and 14 metres below the surface, with an average depth
extending to 10 metres. This unit was dominated by sand particles (pale brown 10yr 7/3), that
were extensively mottled (yellowish red 5yr 4.5/6) and had low organic matter (4.1%).
Carbonates nodules were present throughout this section. The sand depositional unit was the
lowermost unit of Clear Lake, Back Lake and Long Arm.
The three minor depositional units; backwater, billabong and dune, occurred in isolated
pockets of the Narran cores (justification of the use of names to described minor depositional
units is outlined in the Discussion). The backwater unit, situated 1.8-4.1 metres below the
surface with an average depth of 1.1 metres, was present in the Long Arm cores. It was
characterised by laminations of fine sands in a mud layer, greyish brown (2.5Y 5/1.5), with
high organic matter (5.3%) and was separated from the ‘surface’ unit by a gradual horizontal
basal contact. The billabong unit was present in the floodplain core ‘a’ between 1.4 and 10
metres below the surface. This unit was dominated by a mud layer (greyish brown 2.5Y
5/1.5) with laminations of fine to medium sands and organic matter (5.2%) throughout,
characteristic of billabong stratigraphy. The dune unit was present in the floodplain core ‘b’
between 3.3 and 6.2 metres below the surface. The well-rounded and sorted bleached sands
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(white 10R 8/1) of this unit indicated aeolian deposition; these are characteristic of dune
stratigraphy (Selley 1985).
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the cores is joined to highlight differences in age.

photos of sediment cores are in appendix 2). Sediment dates are plotted to establish a chronology. The age of the surface and backwater units of

Figure 4.1. The stratigraphy of the Narran system. (a) Stratigraphy of the Narran cores; and, (b) common depositional units (Cross sectional
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4.3.2 Sediment Dating

Sediment dating was undertaken in two phases.

Initially, Optically Stimulated

Luminescence (OSL) was undertaken to determine the age of the surface and backwater
depositional units. Dates were determined at a depth between 1.3 and 2.5 metres below the
surface. The ages ranged from 4,200 (±800) to 62,000 (±7,000) years (Table 4.1). The age of
the surface unit differed between the lakes, Clear Lake 62,000, (±7,000), Back Lake 43,000,
(±5,000) and the floodplain cores. The floodplain cores ranged from 4200 (±800) in core ‘a’,
15,000 (±3,000) in core ‘b’, and 25,000 (±4000) years in core ‘c’. The ages for the backwater
unit ranged from 62,000 (±9,000) to 78,000 (±12,000) years at a depth between 2.5 and 4.1
metres below the surface.
Concentrations of

238

Uriniam (238U),

226

Radium (226Ra) and

210

Lead (210Pb) for the initial

phase of sediment dating were consistent with minor secular disequilibrium (Table 4.1). All
samples except Clear Lake ‘b’, Long Arm ‘b’, Floodplain ‘a’ and Floodplain ‘c’ had slight
238

U deficiencies consistent with minor post depositional uranium mobility. For all samples,

dose rates were calculated using the as measured radionuclide contents, assuming upper Uchain equilibrium results and only a minor (< 4%) decrease in calculated age for all samples.
Radionuclide concentrations for samples were highly variable; this indicated that age based on
the central tendency of the data was not appropriate, except for Clear Lake ‘c’. In settings
where there were no post-depositional disturbance of the samples, use of the ‘front edge’ of
the De (Gy) distribution was most appropriate (Olley et al. 1999; Lepper and McKeever 2002;
Wallinga 2002) and identified using the ‘minimum age model’ of Galbraith et al (1999).
However, in relation to the samples from Floodplain core ‘b’ and Clear Lake core ‘b’,
bioturbation processes, or light exposure of the samples, may have introduced some bleached
grains into the distribution, thereby invalidating the use of the minimum De grains. For these
two samples, the distributions were interpreted as having two components; a primary
positively skewed mode, associated with the original depositional event, and a contaminated
mode, which probably resulted from the inclusion of grains bleached during sampling.
Therefore these lowermost grains were excluded from the analysis. A depositional De was
assigned, based on the front edge of the primary mode. For samples Back Lake ‘b’ and Back
Lake ‘c’, no obvious data concentration was observed with Des occurring from less than 10
Gy to 700 Gy, therefore these samples were not able to be dated. The De distributions
appeared to be the result of layer mixing in the deposit or through inadvertent light exposure.
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Clear Lake ‘c’ was distinguished by having a very poor recovery ratio (< 1%), which
suggested that the quartz in this deposit had a different provenance from the other samples.
The second phase of sediment dating was undertaken using Isothermal Luminescence (ITL)
to determine the age of the cyclic and sand deposition units. Dates obtained from this process
ranged in age from 330,000 (±35,000) years, at a depth of 4.047 metres in Back Lake core ‘b’
to 440,000 (±80,000) years at a depth of 4.67 metres also in Back Lake core ‘b’. These dates
corresponded to the basal contact of the cyclic depositional unit, and to the upper section of
the sand depositional unit (Table 4.2). The sample at the base of the cyclic unit had a low
dose component that suggested bioturbation. The age was determined without the lower two
aliquots. Concentrations of 238U and 226Ra were consistent with minor secular disequilibrium
in both samples, displaying slight
uranium mobility.
radionuclide content.

238

U deficiencies, consistent with minor post depositional

For both samples, dose rates were calculated using the as measured
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11.2
18.8
12.7
11.6
7.93
14.2
17.5
24.4
16.0
23.8
16.2
18.7

U

±
±
±
±
±
±
±
±
±
±
±
±

218

1.38
2.59
1.91
2.22
1.64
1.51
1.44
2.09
1.94
1.70
1.87
1.71

34
25.1
17.9
29.6
14.7
14.2
23.1
26.8
21.5
22.2
17.2
27.1

Ra

210

Pb

232

Th

40

K

D.R.
(Gy ka-1)
± 1.00 28.9 ± 1.64
30 ± 0.52 344 ± 7.99 2.11 ± 0.16
± 0.50 25.9 ± 3.10
37 ± 0.72 519 ± 13.00 2.73 ± 0.21
± 0.41 18.1 ± 2.13 28.0 ± 0.93 314 ± 9.64 1.84 ± 0.14
± 0.50 27.0 ± 2.45
35 ± 0.79 486 ± 11.7 2.59 ± 0.20
± 0.33 17.3 ± 1.91 27.0 ± 0.59 459 ± 11.8 2.22 ± 0.16
± 0.28 12.3 ± 1.74 24.1 ± 0.40 424 ± 10.0 2.03 ± 0.15
± 0.39 27.7 ± 1.70 20.3 ± 0.40 194 ± 5.83 1.54 ± 0.13
± 0.46 24.4 ± 2.54
36 ± 0.77 329 ± 8.90 2.17 ± 0.18
± 0.39 19.4 ± 1.79
35 ± 0.88 292 ± 7.90 1.95 ± 0.16
± 0.40 23.1 ± 1.93
34 ± 0.69 310 ± 8.49 2.06 ± 0.17
± 0.34 19.9 ± 2.21 27.6 ± 0.51 356 ± 8.81 2.02 ± 0.15
± 0.42 28.3 ± 2.13 27.8 ± 0.67 373 ± 8.76 2.18 ± 0.17

226

±
±
±
±
±
±

62
64
78
4.2
15
25

9
9
12
0.8
3
4

± 5

43

62 ± 7
5.9 ± 0.7

Age (ka)

to 1 decimal place. Values above 30 (and their uncertainties) rounded to nearest integer.

All radionuclide values are in Bq kg-1. Values less than 10 (and their uncertainties) reported to 2 decimal places. Values between 10 and 30 (and their uncertainties) rounded

218
226
210
232
40
Depth
De (Gy)
Age (ka)
U
Ra
Pb
Th
K
D.R.
Core (m)
(Gy ka-1)
BL’b’ 4.047 8.36 ± 0.88 10.2 ± 0.20 10.1 ± 1.00 14.6 ± 0.30 249 ± 6.00 1.28 ± 0.09 425 ± 30 330 ± 35
BL’b’ 4.67 14.1 ± 1.00 15.0 ± 0.20 16.4 ± 1.20 24.3 ± 0.50 337 ± 8.00 1.78 ± 0.13 758 ± 125 440 ± 80

Table 4.2. Sediment dates and radionuclides for Isothermal Luminescence (ITL) samples (BL= Back Lake, with its associated cores).

to 1 decimal place. Values above 30 (and their uncertainties) rounded to nearest integer

All radionuclide values are in Bq kg-1. Values less than 10 (and their uncertainties) reported to 2 decimal places. Values between 10 and 30 (and their uncertainties) rounded

Core
CL’a’
CL’b’
CL’c’
BL’a’
BL’b’
BL’c’
LA’a’
LA’b’
LA’c’
F/P’a’
F/P’b’
F/P’c’

Depth
(m)
1.826
2.089
2.862
2.391
1.75
1.71
2.323
3.147
3.94
3.087
1.336
1.817

Long Arm, F/P = Floodplain, each with their associated cores).

Table 4.1. Sediment dates and radionuclides for Optically Stimulated Luminescence (OSL) samples. (CL= Clear Lake, BL= Back Lake, LA =
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4.3.3 Sediment Texture

The size of particles in the Narran cores ranged from clay (<2µm) to sand (2mm) and were
present in varying proportions. Sediments ranged from clayey silt to sand in texture (Figure
4.2). Overall, silts were the dominant size class (2mm - 63µm) averaging 53.63% by weight
(range: 17.5% - 74.3%), this was followed by sands (>63µm) which comprised 23.8% by
weight (range: 0.27% - 78.6%). Clay sized particles (<2µm) contributed 22.53% by weight
(range: 3.18% - 66.87%). The median grain sizes (D50) of Narran sediments were highly
variable and ranged from 2.21µm to 471.43 µm with a mean of 36.04µm and Coefficient of
Variance (CV) of 1.74. Sediments ranged from poorly to very poorly sorted (1.68-3.57ø) and
were strongly fine-skewed to strongly coarsely skewed (-0.38-0.71 ø) with very platykurtic to
leptokurtic (0.57-1.33 ø) distributions.
Geomorphic regions:

There were minimal differences in the textural character of

sediments across the geomorphic regions of Clear Lake, Back Lake, Long Arm and the
Floodplain (Table 4.3). The sand content was higher in the lakes (Clear Lake, Back Lake and
Long Arm) compared to the Floodplain. By comparison, the silt content was similar across
regions whilst clay content was higher in the Floodplain than the lakes. Median grainsize
differed between geomorphic regions. Long Arm had the highest median grain size and the
Floodplain had the lowest (Table 4.3).
Within Geomorphic regions:

Sediment texture varied between the cores of each

geomorphic region (Table 4.4). The sand content of Clear Lake was higher in core ‘b’ than
cores ‘a’ and ‘c’. In contrast, Back Lake and Long Arm had similar sand, silt and clay content
in each of their three cores. The sand, silt and clay content of the three floodplain cores
differed widely. Core ‘b’ had higher sand and lower silt composition than ‘a’ and ‘c’.
Median grain-size differed between the sediment cores of each geomorphic region (Table
4.4). The median grain size of Clear Lake ‘b’ was greater than twice that of Clear Lake ‘a’
and ‘c’. Back Lake had an increase in median grain-size and variability from cores ‘a’
through to ‘c’. In Long Arm median grain size of core ‘a’ was greater than cores ‘b’ and ‘c’;
however, all cores were highly variable. The Floodplain cores also showed variation in
median grainsize between cores, with an increase from cores ‘a’ through to ‘c’.
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Depositional units: Sediment texture varied between the six identified depositional units

(Table 4.5). Sediments in the surface depositional unit ranged from sandy silt to silty clay
with a dominance of clayey silt (Figure 4.3). Low sand (7.7%) and high silt (64.8%) content
were characteristic of this unit. Sediments in the cyclic depositional unit ranged from clayey
silt to silty sand. This unit was characterised by higher sand and lower silt content in
comparison to the surface unit. The sand depositional unit ranged from clayey silt to sand
with a dominance of sandy silt. The sand content (35.1%) was twice that of the cyclic unit
whilst the silt content was lower than the cyclic and surface units. All but one sample in the
backwater unit was classed as clayey silt, the remaining samples were sand. Low sand and
high clay content was characteristic of this unit. The billabong depositional unit was tightly
grouped; samples ranged from clayey silt to silty mud. Low sand and relatively high clay
content characterised this unit. Finally, the dune depositional unit ranged from clayey silt to
silty sand with high sand and relatively low clay content.
Median grain-size differed between depositional units (Table 4.5). Overall, the dune unit
had the highest median grain size whilst the billabong unit had the lowest. The surface and
cyclic units had lower median grainsize and variability compared to the sand unit.
Textural profiles:

All 12 sediment cores showed a decrease in sand content and a

corresponding increase in the silt and clay content toward the surface (Figure 4.4). Although
these patterns indicated an overall upward textural fining towards the surface, there were
variations within the individual cores. In Clear Lake the percentage concentration of sand, silt
and clay changed abruptly. The Long Arm cores exhibited a gradual decrease in sand content
towards the surface although core ‘c’ was notable for a spike in percentage sand at a depth of
four metres below the surface. The Floodplain cores showed three distinct patterns. Core ‘a’
remained relatively constant, with a very slight decrease in sand content towards the surface.
Sediment core ‘b’ was highlighted by an abrupt change and an increase in clay content
towards the surface; while core ‘c’ exhibited a gradual decrease in sand content towards the
surface.
Changes in median grain-size profiles in the cores indicated three dominant patterns towards
the surface of each core. These were constant, increase and decrease in median grain-size
(Figure 4.4). Clear Lake had a relatively uniform median grain-size. Several scattered
increasing spikes occurred in core ‘b’ at a depth of four metres. Back Lake was similar; two
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increasing spikes occurred at a depth of between five and seven metres below the surface in
core ‘c’. Long Arm was different with an overall decrease in median grainsize towards the
surface and the presence of extended increasing spikes between four and nine metres. The
Floodplain consisted of two different trends; core ‘a’ was constant down core while cores ‘b’
and ‘c’ exhibited an abrupt decrease at five and nine metres, thereafter remaining constant.
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Figure 4.2. The textural composition of sediments extracted from the Narran system classified by geomorphic regions. Particle size fractions
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Figure 4.3. The textural composition of sediments extracted from the Narran system classified on depositional units. Particle size fractions
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Floodplain).

Physical

% Sand
% Silt
% Clay
D10
D20
D50
D80
D90
St
Sk
Kt

Clear Lake
Mean CV
0.68
25.9
0.26
48.0
0.43
26.1
0.45
2.0
0.47
3.6
2.01
36.0
1.10
186.1
0.96
305.3
0.19
2.6
N/A
0.0
0.25
0.8

Back Lake
Mean CV
0.49
23.9
0.15
59.5
0.28
16.6
0.26
2.7
0.36
5.5
0.94
27.0
1.08
111.0
0.82
229.9
0.13
2.3
N/A
0.0
0.20
1.0

Long Arm
Mean CV
0.72
31.5
0.29
51.7
0.60
16.8
0.88
4.0
1.17
10.0
1.41
59.4
212.4 1.15
348.5 0.95
0.13
2.3
2.00
0.1
0.11
0.9

Floodplain
Mean CV
1.14
13.8
0.17
54.2
0.33
31.9
0.59
1.7
0.88
3.2
2.33
21.5
2.17
101.0
1.86
164.0
0.14
2.2
N/A
0.0
0.11
0.9

Table 4.3. Means and coefficient of variance (CV) of sediment texture for each geomorphic region (Clear Lake, Back Lake Long Arm and
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% Sand
% Silt
% clay
D10
D20
D50
D80
D90
St
Sk
Kt

% Sand
% Silt
% Clay
D10
D20
D50
D80
D90
St
Sk
Kt

Physical

Physical

Core 'c'
CV
Mean
0.85
18.5
0.17
59.2
0.35
22.3
0.41
2.2
0.41
4.1
0.53
17.9
1.25
147.6
1.27
274.4
0.22
2.3
N/A
0
0.13
0.8

Core 'c''
CV
Mean
0.86
26.6
0.27
53.9
0.58
19.4
0.69
3.2
0.99
7.6
1.67
60.2
1.37
218.5
1.13
352.2
0.17
2.3
3.00
0.1
0.11
0.9

Clear Lake
Core 'b'
CV
Mean
0.61
31.7
0.27
41.9
0.50
26.4
0.48
2.1
0.51
3.7
1.77
53.7
0.95
243
0.84
360
0.19
2.7
N/A
0
0.29
0.7
Long Arm
Core 'b'
CV
Mean
0.72
28.2
0.24
53.5
0.55
18.3
0.73
3.3
1.01
7.8
1.09
38.5
0.95
152.7
0.80
260.3
0.13
2.3
2.00
0.1
0.11
0.9

Core 'a'
CV
Mean
0.47
19.6
0.11
50.5
0.24
30
0.25
1.6
0.26
2.7
0.45
11
0.76
80.9
0.55
196.2
0.12
2.6
-0.50
-0.2
0.11
0.9

Core 'a'
CV
Mean
0.57
39.5
0.35
47.6
0.57
12.9
0.87
5.4
1.11
14.6
1.17
77.2
0.95
259.5
0.78
423.4
0.13
2.4
2.00
0.1
0.10
1.0

Core 'a'
CV
Mean
0.42
6.7
0.08
55.5
0.13
37.8
0.17
1.2
0.15
2.0
0.21
6.7
0.13
27.0
0.19
48.7
0.05
2.1
-1.00
-0.1
0.11
0.9

Core 'a'
CV
Mean
0.55
20.4
0.13
61.6
0.31
18
0.31
2.6
0.40
4.8
0.74
18.3
0.71
77.1
0.60
191.2
0.13
2.3
-2.00
-0.1
0.18
1.1

Table 4.4. Means and coefficient of variance (CV) of sediment texture within geomorphic regions.
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Floodplain
Core 'b'
CV
Mean
0.93
25.6
0.29
45.9
0.49
28.5
0.65
2
0.86
4.3
1.68
59.5
1.51
264.6
1.33
385.6
0.19
2.6
N/A
0
0.11
0.9

Back Lake
Core 'b'
CV
Mean
0.41
25.5
0.14
59.4
0.17
15.1
0.25
2.8
0.36
6.1
0.38
29
0.57
106.6
0.72
213.2
0.13
2.3
2.00
0.1
0.10
1

Core 'c'
CV
Mean
0.99
14.8
0.15
56.8
0.37
28.4
0.63
1.9
0.89
3.6
1.51
17.3
1.77
91.9
1.59
164.6
0.14
2.2
N/A
0
0.11
0.9

Core 'c'
CV
Mean
0.49
25.7
0.17
57.9
0.31
16.4
0.22
2.7
0.32
5.7
1.11
32.9
1.23
142
0.91
273.7
0.13
2.4
2.00
0.1
0.20
1
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Physical

dune).

% Sand
% Silt
% Clay
D10
D20
D50
D80
D90
St
Sk
Kt

Surface
CV
Mean
0.68
7.7
0.12
64.8
0.40
27.5
0.35
1.7
0.49
3.5
0.58
16.3
0.36
38.5
0.30
54.1
0.05
2
1.00
0.2
0.11
0.9

Cyclic
CV
Mean
0.71
16.8
0.16
56.7
0.39
26.5
0.37
1.9
0.41
3.4
1.04
15.2
0.77
63.0
0.69
139.2
0.13
2.3
N/A
0.0
0.10
1.0

Sand
CV
Mean
0.48
35.1
0.26
48.9
0.51
16.0
0.72
3.6
1.08
8.3
1.44
55.2
0.95
240.9
0.74
410.1
0.12
2.6
N/A
0.0
0.22
0.9

Backwater
CV
Mean
1.66
10.4
0.16
56.2
0.37
33.4
0.94
1.6
0.90
2.9
2.00
20.0
2.15
73.7
2.06
118.0
0.14
2.1
N/A
0.0
0.11
0.9

Billabong
CV
Mean
0.22
7.6
0.08
55.6
0.10
36.8
0.15
1.3
0.14
2.1
0.17
7.0
0.10
27.9
0.14
51.3
0.05
2.1
-1.00
-0.1
0.11
0.9

Dune
CV
Mean
0.52
44.3
0.35
37.9
0.62
17.7
0.45
2.9
0.57
7.0
1.05
119.1
0.87
532.9
0.74
755.4
0.14
2.9
1.00
0.2
0.25
0.8

Table 4.5. Means and coefficient of variance (CV) of sediment texture of each depositional unit (surface, cyclic, sand, backwater, billabong and
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% clay), median grain size (D50).

Figure 4.4. Physical character of the sediment cores Clear Lake, Back Lake, Long Arm and the Floodplain– Sediment texture (%sand, % silt and
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Figure 4.4. Continued
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4.3.4 Sediment Geochemistry

Geochemical concentrations of the Narran sediments were highly variable (CV: 0.14-0.97).
Strontium was the most abundant element with an average concentration of 213.36 mg/g.
This was followed by cobalt (mean 18.24 mg/g; CV 0.97), lead (mean 14.80 mg/g; CV 0.30),
aluminium (mean 7.94 mg/g; CV 0.14) and titanium (mean 0.53 mg/g; CV: 0.21). These
concentrations are indicative of the background geological conditions of the Narran
catchment.
Geomorphic Regions: The sediment geochemistry varied between geomorphic regions

(Clear Lake, Back Lake, Long Arm and Floodplain) (Table 4.6). The highest concentrations
of cobalt and strontium occurred in Back Lake and the lowest in the Floodplain.
Concentrations of aluminium, lead and titanium were consistent between regions.
Within Geomorphic Regions: The sediment geochemistry of the lakes was similar (Table

4.7). All nine-lake cores had low variability and low concentrations of aluminium, lead and
titanium. Clear and Back Lakes had higher concentrations of cobalt in core ‘a’ and the
highest concentrations of strontium in core ‘b’.

The geochemistry of the Floodplain

sediments was different to the lakes. Concentrations of aluminium, lead, strontium and
titanium were all low and variable compared to the lake sediment. Cobalt concentrations were
more variable with the highest variability occurring in core ‘c’ on the distal section of the
Floodplain.
Depositional Units: The geochemistry of each major depositional unit (surface, cyclic and

sand) was distinct (Table 4.8). The sand and cyclic units had consistently low concentrations
of aluminium, lead and titanium and high concentrations of cobalt and strontium. The surface
depositional unit was characterised by low variability in all five geochemical elements.
The three minor depositional units (backwater, billabong and dune) exhibited different
patterns in geochemical concentrations compared to the three major units (Table 4.8). The
backwater unit had low concentration and variability of aluminium, cobalt, lead and titanium.
This unit had the highest concentration of strontium of all the Narran deposits. The billabong
unit was similar to the backwater unit; it also displayed low concentrations of aluminium,
lead, strontium and titanium. It also had high variability in cobalt concentrations. The dune
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depositional unit was characterised by low concentration and variability of all geochemical
elements. This unit had the lowest concentration of strontium (Table 4.8).
Geochemical profiles: The geochemical profiles displayed a range of patterns from the base

of the 12 sediment cores to the surface. Overall, 65% of element concentrations remained
constant towards the surface, whilst 18.3% increased. Decreases and compound patterns
accounted for 11.6% and 5% respectively (Figure 4.5). Concentrations of aluminium (Al) and
cobalt (Co) were dominated by constant trends towards the surface. Strontium (Sr), titanium
(Ti) and lead (Pb) demonstrated a combination of patterns towards the surface (Figure 4.5).
Although constant patterns in element concentrations were dominant between sediment cores,
several cores exhibited distinct variations. All geochemical elements in Back Lake Core ‘a’
and Floodplain core ‘c’ were constant, whereas Clear Lake core ‘a’ and Floodplain core ‘b’
exhibited an overall increase in element concentrations. Back Lake core ‘c’ and Long Arm
core ‘c’ indicated compound patterns in element concentrations (Figure 4.5)

Note: * denotes geochemical elements with a high solubility

Geochemical Al
Co
Pb
Sr
Ti
* Ba
* Ca
* Cu
* Fe
* K
* Mg
* Mn
* Na
* P
* Zn
% OM
% CARB

Clear Lake
Mean CV
0.14
7.9
0.76
19.9
0.27
14.5
0.76
210.8
0.20
0.5
1.89
410.0
1.67
1.5
0.23
33.5
0.17
4.2
0.21
1.4
0.73
1.1
0.82
567.1
0.33
0.6
0.51
417.3
0.26
67.2
0.50
4.6
1.36
2.2

Back Lake
Mean CV
0.13
7.5
0.95
15.1
0.33
13.2
0.89
275.6
0.20
0.5
1.30
521.9
1.34
2.9
0.35
33.0
0.18
4.0
0.20
1.5
0.63
1.6
0.93
446.1
0.67
0.3
0.64
439.2
0.24
62.4
0.38
4.8
1.38
3.2

Long Arm
Mean CV
0.11
8.3
0.75
19.5
0.25
15.0
207.5 0.66
0.20
0.5
472.4 1.22
1.56
1.6
0.20
29.4
0.12
4.1
0.29
1.4
0.25
1.2
703.1 1.04
0.33
0.6
420.4 0.75
0.25
58.1
0.40
4.7
1.29
1.7

Table 4.6. Mean and coefficient of variance (CV) of chemical variables for each geomorphic region.
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Floodplain
Mean CV
0.16
8.1
1.30
18.9
0.31
16.7
0.18
153.3
0.14
0.7
0.69
467.9
1.13
0.8
0.19
28.3
0.26
3.5
0.30
1.0
0.14
0.7
1.60
838.3
0.33
0.6
0.35
294.9
0.27
64.9
0.29
4.8
0.70
1.0
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Clear Lake
Core 'b'
CV
Mean
0.17
7.5
0.53
18.1
0.30
15.1
0.85
232.9
0.20
0.5
0.52
323.9
1.79
1.4
0.27
35.2
0.18
4
0.25
1.2
0.91
1.1
0.92
648.1
0.33
0.6
0.44
326.3
0.28
62.3
0.58
3.8
1.26
2.3

Note: * denotes geochemical elements with a high solubility

Geochemical Al
Co
Pb
Sr
Ti
* Ba
* Ca
* Cu
* Fe
* K
* Mg
* Mn
* Na
* P
* Zn
% OM
% CARB

Core 'a'
CV
Mean
0.05
8.5
1.03
25.6
0.25
14.7
0.64
167.4
0.20
0.5
2.40
710.7
1.50
0.6
0.11
31.4
0.11
4.6
0.19
1.6
0.33
0.9
0.55
496.5
0.17
0.6
0.44
422.1
0.22
66.8
0.40
4.3
0.25
0.8

Core 'c'
CV
Mean
0.08
8.3
0.66
19.5
0.15
13
0.41
197.9
0.20
0.5
0.62
357.8
1.29
2.4
0.16
31.4
0.14
4.3
0.19
1.6
0.23
1.3
0.34
451.1
0.33
0.6
0.36
605.6
0.18
77.8
0.33
6.4
1.41
2.9

Core 'a'
CV
Mean
0.08
8
0.89
24.7
0.28
15
0.73
190.6
0.00
0.5
1.29
756.1
1.07
1.4
0.34
32
0.11
4.4
0.21
1.4
0.25
1.2
1.04
596.5
0.17
0.6
0.57
527.1
0.24
58.8
0.26
4.7
1.44
1.6

Table 4.7. Mean and coefficient of variance (CV) of chemical variables within geomorphic regions.
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Back Lake
Core 'b'
CV
Mean
0.15
7.3
0.25
10.7
0.23
11.2
0.95
319.5
0.20
0.5
0.27
301.3
1.10
3.1
0.37
41
0.21
3.8
0.20
1.5
0.72
1.8
0.69
381.8
0.00
0.1
0.61
392.9
0.28
65
0.35
5.1
1.16
5

Core 'c'
CV
Mean
0.15
7.3
0.38
10.4
0.37
13.1
0.82
314.5
0.20
0.5
1.17
484.7
1.24
4.1
0.16
28.1
0.19
3.7
0.13
1.6
0.71
1.7
0.62
367.7
0.00
0.2
0.58
399.4
0.22
63.5
0.46
4.6
1.34
3.2
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Core 'a'
CV
Mean
0.13
8.2
0.89
25.4
0.35
14.5
0.64
201.4
0.20
0.5
1.52
587.9
1.86
2.1
0.23
28.2
0.15
4.0
0.31
1.3
0.15
1.3
1.23
939.8
0.50
0.4
1.01
362.1
0.24
54.0
0.30
4.6
1.29
2.1

Long Arm
Core 'b'
CV
Mean
0.07
8.1
0.23
14.0
0.19
14.9
0.80
237.0
0.20
0.5
0.46
382.8
0.93
1.4
0.17
32.0
0.08
4.0
0.27
1.5
0.33
1.2
0.53
575.7
0.29
0.7
0.55
452.4
0.24
60.0
0.52
4.6
1.29
1.7

Note: * denotes geochemical elements with a high solubility

Geochemical Al
Co
Pb
Sr
Ti
* Ba
* Ca
* Cu
* Fe
* K
* Mg
* Mn
* Na
* P
* Zn
% OM
% CARB

Table 4.7. Continued.
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Core 'c''
CV
Mean
0.10
8.6
0.38
18.4
0.18
15.4
0.42
187.8
0.20
0.5
0.82
438.3
1.07
1.4
0.16
28.3
0.10
4.2
0.29
1.4
0.33
1.2
0.52
584.4
0.29
0.7
0.82
449.0
0.26
60.4
0.38
5.0
1.14
1.4

Core 'a'
CV
Mean
0.07
8.2
0.66
15.1
0.27
16.5
0.11
163.2
0.17
0.6
0.22
397.6
0.89
0.9
0.21
28.3
0.08
3.9
0.08
1.2
0.13
0.8
0.84
632.3
0.14
0.7
0.16
287.6
0.10
69.0
0.20
5.6
0.50
1.0

Floodplain
Core 'b'
CV
Mean
0.20
9.5
0.47
11.2
0.23
15.5
0.29
127.1
0.17
0.6
0.96
653.3
0.50
0.4
0.22
26.8
0.63
2.7
0.50
0.8
0.33
0.6
1.07
288.3
0.33
0.3
0.59
226
0.49
48
0.22
5.5
0.14
0.7

Core 'c'
CV
Mean
0.08
7.4
1.37
25.4
0.34
17.4
0.14
156.4
0.14
0.7
0.47
446.2
1.38
0.8
0.21
28.9
0.14
3.6
0.20
1
0.14
0.7
1256.6 1.49
0.17
0.6
0.33
331.5
0.23
68.9
0.28
3.9
0.90
1
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Cyclic
CV
Mean
0.11
7.9
1.18
20.0
0.32
15.7
0.72
216.7
0.17
0.6
1.14
455.7
1.76
1.7
0.30
31.4
0.13
4.0
0.23
1.3
0.40
1.0
1.51
840.8
0.33
0.6
0.37
370.4
0.19
69.8
0.35
4.3
1.40
1.5

Note: * denotes geochemical elements with a high solubility

Geochemical Al
Co
Pb
Sr
Ti
* Ba
* Ca
* Cu
* Fe
* K
* Mg
* Mn
* Na
* P
* Zn
% OM
% CARB

Surface
CV
Mean
0.06
8.5
0.17
12.4
0.17
14.0
0.33
195.5
0.20
0.5
0.17
344.0
0.57
1.4
0.32
36.6
0.07
4.2
0.24
1.7
0.18
1.1
0.36
494.8
0.50
0.4
0.41
734.2
0.07
81.2
0.15
7.1
0.50
1.2
Mean
7.7
20.2
14.2
221.8
0.5
515.8
2.1
30.1
4.0
1.3
1.4
586.0
0.5
328.7
54.2
4.1
2.9

Sand
CV
0.14
0.88
0.32
0.93
0.20
1.48
1.57
0.21
0.20
0.23
0.71
1.18
0.40
0.66
0.24
0.41
1.38

Backwater
Mean CV
0.12
8.2
0.30
15.7
0.20
15.9
332.2 0.59
0.17
0.6
359.0 0.18
0.79
1.4
0.23
31.4
0.08
3.9
0.13
1.6
0.33
1.2
702.0 0.36
0.22
0.9
506.0 0.27
0.12
71.1
0.34
5.3
0.91
1.1

Table 4.8. Mean and coefficient of variance (CV) of sediment variables of each depositional unit.
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Billabong
Mean CV
0.08
8.0
0.72
15.2
0.29
16.7
0.10
166.7
0.17
0.6
0.23
400.8
0.90
1.0
0.17
26.8
0.08
3.9
0.08
1.3
0.13
0.8
0.86
669.8
0.14
0.7
0.14
277.1
0.10
67.5
0.13
5.2
0.45
1.1

Dune
Mean CV
0.25
10.3
0.43
6.7
0.31
13.9
100.6 0.23
0.14
0.7
908.6 0.94
0.00
0.2
0.24
22.9
0.92
1.2
0.60
0.5
0.25
0.4
0.68
46.1
0.50
0.2
102.9 0.54
0.58
26.6
0.23
6.2
0.13
0.8

72

G:S
G
S
S

Clear
Lake
‘a'

Constant

F

Clear
Lake
‘b'
F
S
F

A)

B)

G:S
G
G

Clear
Lake
‘c'

Decrease

S
F

Back
Lake
‘a'
F
S

Gradual

Increase

Decrease

Compound

F

Back
Lake
‘b'
G
S
G:S

Increase

S

Back
Lake
‘c'
G:F
S

Abrupt
Long
Arm
‘a'
F
G:S
G
S
F
Compound

F

G:S

Long
Arm
‘b'

Fluctuating

Long Floodplain Floodplain Floodplain
Arm
‘c'
‘a'
‘b'
‘c'
A
S
F
S
S
F
G
S
G
S
F
G:F
G:F
F

Spikes

Patterns of change in down core element concentration

Constant

Trends of down core element concentration

73

Geochemical profiles for each sediment core (Geochemical stratigraphies are presented in appendix 3)
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Figure 4.5. Core profiles of sediment geochemistry at the within geomorphic region level of organisation. Each geochemical element displayed
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Organic matter and carbonate content of the sediment cores showed a high level of
variability with no clear patterns between or within geomorphic regions (Tables 4.6 & 4.7).
The average organic matter content was 4.72% (range: 0.76%-8.82%); geomorphic regions
exhibited similar average proportions (Table 4.6). Sediment cores also exhibited similar
organic matter content and variability (Table 4.7). Percentage carbonate content showed high
variability (Range: 0.007%- 6.508%) both between and within geomorphic regions.
Several patterns were identified between and within the depositional units (Table 4.8). The
percentage organic matter was higher in the surface unit and lower in the sand unit.
Relatively high concentrations were also observed in the backwater, billabong and dune units.
The carbonate content was higher in the sand depositional unit and lower in the dune unit. In
contrast, the surface, cyclic, backwater and billabong units all had similar carbonate content.
Organic matter and carbonate content showed variability between and within the profiles of
the 12 cores. Organic matter decreased abruptly between two and four metres below the
surface. Fluctuating organic matter was observed below this depth in all cores. Carbonate
content showed two patterns. Clear Lake, Back Lake and Long Arm were constant towards
the surface with numerous spikes and fluctuations. In contrast, the Floodplain exhibited a
constant concentration with no spikes or increases.

4.3.5 Geochemical Dispersion

The Index of Multivariate Dispersion (IMD) showed that of the three major units, the
surface unit had the most consistent geochemical character with an IMD of 0.557. In contrast,
the sand and cyclic units had IMD’s of 1.101 and 1.123 respectively. Of the three minor
units, the billabong had the most consistent geochemical character with an IMD of 0.725,
while the backwater and dune units had IMD’s of 1.016 and 1.253 respectively.
The three major depositional units (surface, cyclic and sand) exhibited differences in the
dispersion of geochemical elements across geomorphic regions (Table 4.10). In the sand
depositional unit, Clear and Back Lakes had the highest dispersion indices, while Long Arm
had the lowest. In the cyclic and surface depositional units, Back Lake and Long Arm had the
highest dispersion indices while Clear Lake and the Floodplain had the lowest.
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Table 4.9. Index of Multivariate Dispersion (IMD) for the depositional units (surface, cyclic,

sand, backwater, billabong and dune) using stable geochemical elements (Ti, Al, Sr, Co and
Pb). A high similarity (low dispersion) corresponds to a low value whereas larger values
correspond to higher dispersion (Clarke and Warwick 1994).
Depositional Unit
Surface
Cyclic
Sand
Backwater
Billabong
Dune

Dispersion Index
0.557
1.123
1.101
1.016
0.725
1.253

Table 4.10. Index of Multivariate Dispersion (IMD) for the three major depositional units

(surface, cyclic and sand) at the spatial scale of geomorphic regions (Clear Lake, Back Lake,
Long Arm and Floodplain) using stable geochemical elements (Ti, Al, Sr, Co and Pb). A high
similarity (low dispersion) corresponds to a low value whereas larger values correspond to
higher dispersion (Clarke and Warwick 1994).
Surface
Cyclic
Sand

Clear Lake
0.88
0.913
1.144

Back Lake
1.071
1.284
1.033

Long Arm
1.084
1.277
0.759

Floodplain
0.901
0.893
0.957
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4.3.6 Depositional Processes

Depositional processes ranged from bed-load to pelagic deposition, and quiet water slow
deposition (Figure 4.8). Deposition of the sand unit was mostly through bed-load transport
with some pelagic deposition. In contrast, the sediments in the cyclic unit were characterised
by graded and uniform suspension and some pelagic deposition. Sediments in the surface unit
were dominated by pelagic deposition. Deposition of sediment in the minor units differed.
The backwater unit displayed a dominance of pelagic deposition with some graded
suspension, whilst the billabong unit was dominated by pelagic deposition.
dune unit ranged from bed-load transport to pelagic deposition.

In contrast, the
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Figure 4.6. Bivariate plots of textural data in the Narran system. Plots are described using

the envelopes of (a) Stewart (1958) to differentiate river, wave and quite water depositional
environments; (b) Sly (1977 & 1978) to interpret differences between low energy and highenergy environments; and (c) Passega (1957 & 1964) as an indicator of depositional
environments (C/M diagrams).
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4.4 Discussion
Two models of sediment accumulation are inferred from the stratigraphy of the twelve
Narran sediment cores analysed in this thesis as described in section 4.3.1. A lake model
describes sedimentation in Clear Lake, Back Lake and Long Arm. This model outlines four
distinct phases of sediment accumulation corresponding to the sand, cyclic, backwater and
surface units. This contrasts the floodplain model that highlights five distinct phases of
sediment accumulation in the Narran system and these phases correspond to the sand, dune,
cyclic, billabong and surface units.

Combined, these two models highlight a complex

depositional history within the Narran terminal floodplain system and one that differs to that
previously presented for terminal floodplain systems (Kelly and Olsen 1993; Nichols and
Fisher 2007)
4.4.1 Lake Stratigraphic Model

The basal unit of the lake model corresponds to the sand unit of the Narran lake cores and
this unit was deposited between 440 and 330 ka ago. This unit represents a period of
relatively higher energy regimes depositing well sorted coarse to medium sands. These sands
were deposited as bed-load material, as shown by their position within the Passega diagram
(Figure 4.7). Sands of comparable texture and stratigraphy have also been described by
Martin (1991) in other regions of the upper Darling catchment, albeit much older. These
sands may therefore represent the upper section of a much thicker sand unit present
throughout most of the region. Indeed, similar bed-load dominated sand systems have been
recorded in other rivers of the Murray Darling and Lake Eyre Basin, most notably by Schumm
(1968) and Page and Nanson (1996). In both the Murrumbidgee and Lake Eyre studies, bedload sand dominated transport was inferred to reflect a more humid, temperate climate
compared with the current climatic regime. In particular, Schumm (1968) noted that the
stratigraphy of these deposits in the Murrumbidgee was consistent with a higher energy,
unstable sand braided channel system. Thus, 440 ka ago the Narran River and its terminal
floodplain system may have functioned differently to its current hydrological and sediment
transport regime. In addition it may have differed from its floodplain morphology because of
the influence of a different climatic regime.
Approximately 330 ka ago a marked change in the character of accumulating sediments
within the Narran system occurred. This is demonstrated by the presence of three upward
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fining sequences composed of fine sands, silts and clay sized material. These sequences were
deposited between 330 and 78 ka ago and overall, the texture of sediments within each
sequence became finer towards the surface, suggesting an overall reduction in the flow
energies of the Narran system during this period. The upward fining sequences may have
resulted from either channel migration or regular changes in flow energies to the Narran
system. Evidence of significant channel migration along the six river channels of the Lower
Balonne is limited. The study of Brunner (2000) suggests channel morphology to be highly
stable despite the presence of localised cut-off’s on the contemporary floodplain surface of the
Lower Balonne. The evidence for alternating rainfall-runoff regimes for most of eastern
Australia is compelling. Many studies, including Pittock (1984), Pickup et al. (1988), Riley
(1988), Nicholls (1992) and Erskine and Warner (1988) to name but a few, have documented
regular alternating flood and drought-dominated flow regimes along eastern Australia
associated with the El Nino-Southern Oscillation (ENSO) or glacial/inter-glacial oscillations
(Thoms and Sheldon, 2000a). Flood-dominated regimes refer to time periods during which
there is a marked upward shift in the whole flood frequency curve. These are periods of high
flood activity that transport most of their sediment load as bed load. By comparison droughtdominated regimes are periods where there is a marked downward shift of the whole flood
frequency curve, whereby periods of lower flood activity and the predominance of suspended
sediment transport regimes dominate (Erskine and Warner, 1998).
The three upward fining sequences contained in the floodplain cores of the Narran system
may reflect fluctuating flow and sediment regimes associated with regular climatic changes.
Each upward fining sequence within the Narran cores extend up to four metres in depth and
the character of each are similar to those observed in the Cooper Creek region of Central
Australia (Rust and Nanson 1996; Nanson et al. 1988). In Cooper Creek, Rust and Nanson
(1996) and Nanson et al. (1988) suggest these upward fining sequences were also a result of
climatic fluctuations influencing sediment supply over periods of 10’s ka.
The contacts between each successive upward fining sequence in the Narran cores are well
defined, being horizontal and abrupt with no evidence of any post depositional alteration.
This implies that the Narran system has been functioning as a long-term sediment sink
throughout this period, rather than as a temporary sediment store subject to both deposition
and erosion. Thus, sediments within the cyclic unit of the Narran system provide a relatively
continuous and undisturbed record of depositional processes.
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The nature and character of sediments accumulating in the lakes of the Narran system then
changed approximately 78 ka ago. This is noted by the 1-2 metre surface unit of fine silts and
clays in Clear Lake, Back Lake and Long Arm. The overall stratigraphy of these ‘surface’
sediments is comparable to the backwater deposits described by Pickup et al. (1988), in the
Finke River, central Australia. In the Finke River, relatively infrequent higher magnitude
flood events transported silt and clay sized sediments to topographic lows and depressions
located in the distal regions of the Finke floodplain. These floodplain depressions are similar
in morphology to the lakes of the Narran system. The presence of fine silts and clays with
distinct laminations indicated that water pooled within these areas of low relief for extended
periods (Pickup et al. 1988). For a backwater unit to form in the lakes of the Narran system,
high magnitude low frequency flood events will have supplied fine sediment to this region.
This contrasts to the regular high to low frequency flow regimes that characterised the upward
fining sequences of the lakes as previously described. It is hypothesised that this regular flow
regime was replaced by an irregular, higher magnitude lower frequency-flooding regime. The
presence of this surface unit supports the concept of an overall reduction in transporting
energies of the Narran River between 440 to 78 ka ago. This surface unit of fine silts and
clays is present across the entire contemporary landscape of the Narran system and is
significantly different to the other major sand and cyclic units that are present in the lake
cores. Moreover, the stratigraphy and texture of the surface unit sediments display a high
degree of consistency suggesting that this part of the Narran landscape has been relativity
stable for the last 78 ka years.
The character of the boundary between each of the major depositional phases also lends
evidence to suggest the morphology of the Narran lakes has changed over the past 440 ka.
The position of the boundary separating the sand and cyclic units suggests that at least 440 ka
ago Clear Lake, Back Lake and Long Arm were all one large basin. During the period of
cyclic deposition (330 to 78 ka ago) with its three upward fining sequences, a change in the
morphology of the lakes occurred. A divide between Clear Lake, Back Lake and Long Arm
developed creating two lake basins. The boundary between the Clear Lake-Back Lake basin
and Long Arm was very prominent 330 ka ago (Figure 4.9). It is hypothesised that the
boundary was a ‘berm-like’ structure that was approximately two metres high. Between 330
and 78 ka ago there was the separation of Clear Lake and Back Lake into a three-lake system.
The position of the boundary that separates the cyclic and surface units in Clear and Back
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Lakes and the backwater and surface units in Long Arm, suggests that morphologically, the
Narran landscape functions as a three-lake system. The morphological change from one large
basin to two smaller basins then into three lakes represents a divergence in this part of the
Narran system.

Clear Lake

Back Lake

Long Arm

Depositional
units
Surface
Backwater
78 ka

Water

330 ka

Cyclic

14 m

440 ka

Sand
7 km
Figure 4.9. A lake stratigraphic model for the Narran system. This model highlights the

change in morphology of the lakes from one large basin into three smaller basins

4.4.2 Floodplain Stratigraphic Model

The stratigraphic model of the Narran floodplain differs from that of Clear Lake, Back Lake
and Long Arm. While these lakes have demonstrated a relativity uniform evolution from a
high energy to a low energy environment, the Floodplain section of Narran displays a more
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complex depositional history, although the upper surface unit of the Floodplain is similar to
the lakes.
Sediments contained in the surface unit of the Narran Floodplain are dominated by clay and
silt sized particles. These are similar in character to that observed in the lake model and their
texture represents a low energy depositional environment. The age of the Floodplain surface
unit is dated at approximately 4.2 ka directly adjacent to the Narran River channel, through to
25 ka in the distal sections of the Floodplain. These ages are consistent with the general
process of floodplain sedimentation, where deposits adjacent to the river channel are relatively
younger than those in distal floodplain sections (Nanson and Croke 1992).
Below the Floodplain surface unit, each of the Floodplain cores displays a markedly
different depositional history. Coarse sand similar to those observed at depth in the lake
model is the basal unit of the distal floodplain section and the similarity between this unit and
the lowermost unit of the lake model suggests that this may be part of an underlying unit of
the Narran system.
A palaeo-dune represents the basal unit of the mid section of the Floodplain. The character
of these sediments is in contrast to the other stratigraphies of the Narran system. The
formation of aeolian features such as dunes is common within floodplains of arid and semi
arid regions (Chen 1995; Page et al. 2001) and are noted in the models of terminal floodplain
development (Kelly and Olsen 1993; Nichols and Fisher 2007). The palaeo dune present
within the Narran Floodplain is possibly an artefact of a dry and windy climate (Selley 1985).
This suggests that at some point in the history of the Narran system the landscape was arid or
semi-arid in nature.

The textural character of the Narran palaeo-dune sediments are

comparable to those observed in the lunettes on the eastern side of Clear Lake, Back Lake and
Long Arm, which suggests that aeolian depositional processes were an important driver of
sediment deposition within the Narran system.
The distal and mid sections of the Floodplain displays a series of distinct upward fining
sequences. These sequences differ from those observed in the lake model in terms of the
depth of each sequence. The upward fining floodplain sequences are approximately one
metre in extent in comparison with four metres in the lake model. The stratigraphy of the
floodplain upward fining sequences are indicative of vertically accreting floodplain deposits,
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and are similar in character to those reported in the Lower Balonne Floodplain by Thoms et
al. (2006). Overall, the contacts between each upward fining floodplain sequence are gradual

which is in contrast to the sharp contacts observed within the upward fining sequences of the
lake model.
Finally, the sedimentary deposits located adjacent to the Narran river channel are
characteristic of a billabong. The stratigraphy of this feature is similar to other billabongs
within the Murray Darling Basin (Ogden 1996; Reid 1997; Erskine et al. 1992). Billabongs
often form in meander cut-offs which in-fill with fine sediments. The presence of this
billabong within the stratigraphic model of the Narran floodplain suggests that at some point
in its history the Narran River has experienced a period of channel change.

4.4.3 Sediment accumulation in the Narran system

The two stratigraphic models presented here demonstrate a series of unique sequences.
Through different processes and trajectories of change, the lakes and Floodplain have
converged from unique initial states (e.g. sand basin, dune, backwater and billabong) to form
a uniform surface. In addition, the morphology of the lakes demonstrates a change from a
large basin to three lakes, whereas the Floodplain has converged from a dune, billabong and
floodplain to become a uniform surface.
It is apparent that sediments contained within both the lakes and floodplain has experienced
some form of post depositional influences. The presence of carbonate nodules and iron
stained sediments suggests this has occurred. First, at some point there have been high levels
of iron and calcium present within the Narran deposits and these elements have been highly
mobile through the sediment deposit; and second, the ground water table may have
experienced periodic fluctuations. For iron staining to have occurred within the Narran
deposit, sediments must have experienced long periods of inundation by groundwater
followed by long periods of drying (Durrance et al. 1978). In contrast, for carbonate nodules
to have developed, sediment must have experienced periods of wetting by the groundwater
table followed by a rapid period of drying (Pimental et al. 1996; Dunagan and Turner 2004).
The lack of carbonate nodules within the Floodplain deposits suggests that this part of the
Narran landscape has been subject to different environmental processes. In particular, this
pattern suggests that the Floodplain has either not experienced the same level of mobility of
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calcium, has experienced a different wetting and drying regime of the groundwater table to
that of the lakes or a combination of both.
It is apparent that the stratigraphic models developed for the terminal floodplain region of
the Narran River do not conform to the conceptual models of terminal floodplain
sedimentation proposed in the literature by Kelly and Olsen (1993), Sadler and Kelly (1993),
Tooth (2005), and Nichols and Fisher (2007). As described in the literature review (section
2.3) the conceptual models suggest terminal floodplains are created by a series of terminal
splays migrating within a broad unconfined valley trough. This study proposes that the
terminal region of the Narran River did not form this way. This study suggests that the
Narran system has formed a series of longitudinal lakes. The presence of lakes rather than
splays infers a degree of confinement and landform stability.

It is suggested that this

confinement is a result of the geological setting of the Narran system. A series of structural
lineaments have confined the lakes to a small trough (Thoms et al. 2004a) thereby reducing
mobility. The conceptual models of terminal floodplain sedimentation also suggest that
sediment character will be similar between the splays and the adjacent floodplain. This is
primarily due to the mobility of the terminal splays (Nichols and Fisher 2007).

The

stratigraphic models of the lakes and floodplain demonstrate that this does not occur within
the Narran system.

4.4.4 Climatic influences on the Narran system

The Narran stratigraphic model for a terminal floodplain system highlights the role of
changing climatic conditions, a key driver of change within the sedimentary deposits of the
Narran system over the past 440 ka. Climate induced change has long been recognised as an
important driver of the structure and function of Australian inland river systems (Butler 1958;
Bowler 1978). Many riverine landscapes of eastern Australia are an artefact of climatic
conditions that are greater than 100 ka old (Bowler 1978). The results of this study suggest
that 440 to 330 ka ago the Narran system experienced wetter climatic conditions than those of
the current climatic regime. This interpretation is comparable to other regional evidence of
this time (Bowler 1975; Bowler 1978; Bowler 1982; Rust and Nanson 1986; Nanson et al.
1988; Nanson et al. 1992; Page and Nanson 1996). The Pleistocene era (1.8 million to 10 ka
ago) was characterised by wetter climatic conditions throughout the northern Murray Darling
Basin (Nanson et al. 1988). The gradual onset of aridity in this area began 700 ka ago
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(Bowler 1982). The presence of aeolian facies within the sedimentary deposits of the northern
Murray Darling Basin have been associated with the onset of aridity (Zhisheng et al. 1986;
Chen 1995; Tooth 2000a; Tooth 2000b). Therefore, it can be suggested that the aeolian
material deposited at depth on the Floodplain, and the series of lunettes present in the
contemporary landscape on the eastern side of the lakes, may have been deposited during the
early stages of aridity approximately 700 ka ago.
The presence of upward fining sequences present in the lakes suggests a change occurred in
the climatic conditions of the Narran system approximately 330 ka ago. The character of
these sequences are similar to those described in sedimentary deposits in central Australia
(Page and Nanson 1996) and the southern Murray Darling Basin during this time (Bowler
1978; Schumm et al. 1996).

These sedimentary deposits have been associated with

fluctuating climatic conditions during the mid to late Pleistocene era. These fluctuations
occurred over periods of 10’s ka and are consistent with the wet/dry climatic oscillations of
glacial and interglacial fluctuations described by Nanson et al. (1992) and Magee et al.
(1995). A third change in the climatic condition of the Narran system took place 78 ka ago.
This was associated with a reduction in the variability of climatic conditions and the growing
aridity of eastern Australia. Evidence of this change is apparent in the continued reduction in
the particle size of sediments deposited within the surface depositional unit of both the lakes
and Floodplain. This climatic regime is still present within the Narran landscape and supports
the notion proposed by Nanson et al. (1992) of growing stability in the climatic condition
across eastern Australia over the last 70 ka.

4.5 Summary
The stratigraphy and the character of sediments that have accumulated in the Narran
terminal system show a difference between the lakes and Floodplain. The textural and
stratigraphic character of the lakes and floodplain began to converge 78 ka ago.
Morphologically, the lakes have diverged from one large basin into three over the past 440 ka,
while the Floodplain has converged from multiple features, such as a billabong, dune and
floodplain to form a uniform surface.
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Sedimentation within the Narran system does not conform to the published models of
terminal dryland systems which suggest terminal floodplain systems to be dominated by a
series of splays that migrate within the confines of a valley trough. In the Narran system, a
series of terminal lakes have existed as stable morphological features for at least 440 ka. The
overall stability of the Narran system is a result of its geological setting whereby a series of
structural lineaments have confined the lakes to a small regional trough. This confinement
has enabled the lakes to persist in the landscape for an extended period of time. The results of
this chapter indicate that the Narran system has experienced a fluctuating transition from a
high-energy to a low-energy environment. This change is associated with the glacial/interglacial cycles and the growing aridity of eastern Australia. The antiquity of the system could
be considerably greater than 440 ka, given that this age is at approximately 6m down a 10+metre sediment core.
.

Catchment influences on
the Narran system

Chapter 5: Catchment influences on the Narran system

The Narran River (Image: A. Mostead)
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5.1 Introduction
The aim of this chapter is to consider catchment influences on the accumulation of sediment
within the Narran system. In particular, this chapter focuses on the quantity of sediment that
has accumulated in the Narran system, influence of post-depositional processes, sediment
provenance and patterns of sedimentation in space and time.
Establishing the amount of sediments stored within the floodplains of a catchment is
important when attempting to determine the response of riverine landscapes to external
catchment influences, such as climatic and landuse modifications.

Sediment stores are

sensitive to changes in erosion and catchment conditions (Walling 1983; Phillips 1991). The
sediment yield of a catchment is the total sediment output from a basin over a specified period
of time (Knighton 1998) and it is influenced by both natural (e.g. climate and geology) and
anthropogenic (e.g. landuse ) factors. Sediment yields provide an index of denudation of the
upstream catchment (Walling and Webb 1983; Ali and De Boer 2007). In many countries,
land use has increased the supply of sediment to river systems during the past 200 years
(Wasson et al. 1996). In addition to this, there has been a contaminant increase in rates of
floodplain sedimentation (Taylor 1996; Thoms et al. 2000).
The character of floodplain deposits can be used to infer the provenance of sediment.
Successful determination of sediment provenance requires characterisation of the source areas
combined with the ability to differentiate these within a sediment sink (Ernst 1970; Cullers et
al. 1988; Collins et al. 1997). The two sub-catchments of the Narran system, the Condamine

and the Maranoa, have distinct geological and geochemical differences. These provide a
means by which to identify the sediment in respect to the potential source areas (Cossart et al.
2008, Thoms et al. 2008, Rayburg and Thoms 2008). The Condamine is rich in basaltic
source rocks while sedimentary rocks dominate the Maranoa catchment. Previous studies
have shown distinct variations in the geochemistry of sediments associated with different
catchment geologies (Brennan 2001).
Post-depositional processes, such as groundwater movement, can alter the physical and
chemical character of sediments (Bauluz et al. 2000), thus impeding the interpreting
catchment influences from these sediments. Determining the provenance of sediments within
a riverine landscape using geochemistry is common (Collins et al. 1997). This must be
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undertaken with elements that are insensitive to secondary modification processes (Rollinson
1993). This chapter considers the influence of groundwater on the geochemistry of sediments
within the Narran system and the suitability of these sediments for provenance analysis.
Floodplains are nested hierarchical systems (Frissel et al. 1986; Thorp et al. 2006; Dollar et
al. 2007). In order to study them they must be viewed in a hierarchal context whereby every

geomorphic system consists of an array of smaller lower level systems, while at the same time
being part of a higher-level system (de Boer 1992). Despite the acknowledgement of the
spatial and temporal complexity of floodplain systems, few studies consider multiple scales in
patterns of sedimentation (Passmore and Macklin 2000; Thoms et al. 2007a). The final
section of this chapter considers patterns of sedimentation at multiple spatial and temporal
levels within the Narran system.
A multi-proxy and multi-scale approach to consider the possible influences of the broader
catchment on sedimentation within the Narran system is undertaken in this chapter. The
research questions posed in this chapter are:
I. What are the sediment yields of the Condamine-Balonne catchment?
II. Has post-depositional groundwater movement influenced the geochemistry of
sediments?
III. Has there has been a change in the provenance of accumulated sediments?
IV. What do these patterns tell us about catchment influences?
V. Has the character of sediments accumulating in the Narran system varied over space
and time?

5.2 Methods
5.2.1 Rates of sedimentation

To establish the rates of sedimentation within the Narran system, and determine sediment
yields for the upstream catchment, the quantity of deposited sediment was calculated using the
depth of each depositional unit from individual sediment cores, sediment dates established in
Chapter Four and the density measurements of depositional units adapted from Juma (1993)
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(Table 5.1). Sediment yields were calculated for the three major depositional units (surface,
cyclic and sand) using the following equation:

Sediment yield = Weight of accumulated sediment (kg)
(kg km2 yr-1)
Time of deposition (ka)

÷

Catchment Area (km²)
(Condamine and Maranoa)

Table 5.1. Sediment bulk density of the different depositional units (adapted from Juma

1993)
Depositional Unit

Dune
Sand
Cyclic
Surface, Backwater, Billabong

Textural
Bulk Density (kg/m3)
composition
Silty Sand
1400
Sandy Mud
1300
Sandy Silt
1150
Clayey Silt
1100

5.2.2 Post-depositional processes

To determine the possible influence of post depositional processes on sediments within the
Narran system, a comparison of geochemical similarity matrices was undertaken using the
RELATE procedure in PRIMER v.6. The matrices were derived from elements that have low
and high solubility. The assembled data matrices used in this analysis contained 318 samples.
The first association matrices included all 15 geochemical variables and the second only
included the five insoluble geochemical variables (Table 5.2). Association matrices were
derived using the Gower metric distance measure.

It is a range standardised measure

recommended for non-biological data sets which contain different units of measurement
(Belbin 1991). The association matrices of each data set were compared using the Mantel
test. This produces a Rho value, which describes the significance of this relationship. A Rho
value of 1 suggests that the two matrices are highly similar, while a value of 0 suggests that
they are different (Clarke and Warwick 1994).
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Table 5.2. Geochemical elements determined in sediments (of the <63µm fraction) for the

Narran system. High and low solubility states are provided for each element.
Low Solubility

High Solubility

Aluminium (Al)
Cobalt (Co)
Lead (Pb)
Strontium (Sr)
Titanium (Ti)

Barium (Ba)
Calcium (Ca)
Copper (Cu)
Iron (Fe)
Potassium (K)
Magnesium (Mg)
Manganese (Mn)
Sodium (Na)
Phosphorous (P)
Zinc (Zn)

5.2.3 Sediment provenance

Previous studies on the source and dispersal of contemporary sediments across the Lower
Condamine-Balonne floodplain, noted that titanium and aluminium are good discriminators of
sediment provenance (Brennan 2001).

Sediments from the Condamine have higher

concentrations of aluminium (Al) while the Maranoa has higher concentrations of Titanium
(Ti). Average Ti and Al concentrations for the Condamine catchment are 1.67 mg/g and
17.72 mg/g respectively. The concentrations for the Maranoa catchment are 0.903 mg/g for
Ti and 19.08 mg/g for Al. The Ti/Al ratio for the Condamine catchment is 0.094 and the
Maranoa catchment is 0.047. These elements were used to differentiate the provenance of
sediments deposited within the Narran system because of their low solubility and the
difference between the two sub-catchments.
,
5.2.4 Spatial and temporal patterns in sedimentation

To elicit possible spatial and temporal patterns of sedimentation within the Narran system a
suite of multivariate statistical techniques were employed at a number of levels of
organisation (Figure 5.1). The data set assembled included 318 samples and 14 sediment
variables (Table 5.3). Multivariate analyses were performed on the assembled data matrix
using the PATN statistical analysis package (Belbin 1993) and the PRIMER V6.0 statistical
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Initially, an association matrix was

derived using the Gower metric distance measure. This is a range standardised measure
recommended for non-biological data sets containing different units of measure (Belbin,
1991). Subsequent ordination, principal axis correlation, and analysis of similarity were
undertaken on the Gower Metric association matrix. Similarity percentages were performed
on the initial assembled data matrices.
Relationships between samples in the association matrices were explored through ordination
using Semi-Strong-Hybrid Multidimensional Scaling (SSHMS) (Belbin 1991). Ordination
results were reported for 2-dimensional solutions as stress levels were less than 0.2. This
indicated that the multi-dimensional solutions were not random. A Principal Axis Correlation
(PCC) was conducted to identify relationships between sediment variables and their position
of samples in ordination space. A Monte-Carlo permutation test (Belbin 1993) was also
performed to test the significance of the correlation values. Variables with an R2 value greater
than 0.8 were considered to have a strong association with sediment character while values
greater than 0.5 had a moderate association with sediment character.
A one-way ANOSIM (Clarke 1993) was conducted on the Gower association matrix to test
for similarities between a priori groups. ANOSIM compares the similarity among samples
within groups, with the similarity among samples between groups, and generates an R statistic
between 0 and 1. The probability of observed results being determined by chance alone was
established by comparing variance, determined under 1000 Monte Carlo randomisations
(simulations under a null hypothesis) (Manly 1997).

One thousand randomisations are

regarded as an acceptable minimum for significance testing at the 0.05 probability level
(Marriott 1979). An R statistic <0.3 implies little or no separation among the groups, R 0.3 to
0.75 indicates that the groups are different but overlapping and R >0.75 indicates a clear
separation of groups (Clarke and Gorley 2001).
SIMilarity PERcentages (SIMPER) (Clarke and Warwick 1994) analysis was also used to
determine what percentage contribution each sediment characteristic made to the similarity,
within a priori groups.
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Narran Floodplain Wetland Complex

Levels of organisation

Riverine Landscape

Clear Lake

Spatial Level 1

Geomorphic Regions

Spatial Level 2

Within a geomorphic region

Back Lake Long Arm Floodplain

‘a’

‘b’ ‘c’

(Sediment cores)

Temporal Level 1 Depositional Units
(Within a core)

Backwater Billabong Dune
Surface Cyclic Sand
(Major depositional units)
(Minor depositional units)

Figure 5.1. Hierarchal study design used to investigate sedimentation in the Narran system at

a range of spatial and temporal scales.

Table 5.3. Fourteen sediment variables used for multivariate analysis of sediment character

and their abbreviations.
Variable type
Texture

Chemistry

Variable name
Percent Weight of Sand
Percent Weight of Silt
Percent Weight of Clay
10th percentile
20th percentile
50th percentile
80th percentile
90th percentile
Aluminium (mg/g)
Cobalt (mg/g)
Lead (mg/g)
Strontium (mg/g)
Titanium (mg/g)
% Organic Matter

Abbreviation
Sand
Silt
Clay
D10
D20
D50
D80
D90
Al
Co
Pb
Sr
Ti
%OM
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5.3 Results
5.3.3 Rates of sedimentation

Rates of sedimentation within the Narran system ranged between 0.005 and 0.71 mm year -1
over the period represented by the derived sedimentary records. The sand depositional unit
was deposited at a rate of 0.005mm year-1, while the cyclic unit was deposited at the higher
rate of 0.008mm year-1. The rate of sedimentation for the surface unit differed between the
lakes and Floodplain and with distance from the river channel across the Floodplain. Rates
for deposition in the surface unit of the lakes ranged from 0.053 mm year-1 in Clear Lake to
0.055 mm year-1 in Long Arm, whereas the Floodplain rates ranged from 0.71 mm year-1
adjacent to the river channel (core ‘a’) to 0.07 mm year-1 on the distal section of the
Floodplain (core ‘c’).
A total of 414,559,071 tonnes of sediment has accumulated in the Narran system over the
past 440 ka (Table 5.5). The amount of sediment varies between each region relative to the
volume of the area (Tables 5.4 and 5.5). The three major depositional units (surface, cyclic
and sand) had a total mass of 362,785,608 tonnes accounting for 87.5% of the accumulated
sediment. The surface unit had the lowest mass of the three major units, while the sand unit
had the highest mass within the Narran system, this accounts for 44.56%. The dune unit had
the largest mass of the three minor units.
As a result, sediment yields for the Narran system have ranged from 3.9 to 13.9 kg km2 yr-1.
The sediment yield for the sand unit is 3.9 kg km2 yr-1 with the cyclic unit slightly higher at
4.16 kg km2 yr-1. The yield of the surface unit is the highest at 13.9 kg km2 yr-1.
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Clear Lake
Back Lake
Long Arm
Floodplain
Total

Surface
22,066,737
12,110,185
6,299,629
25,280,028
65,756,579

Cyclic
37,873,283
10,546,325
6,645,717
57,221,967
112,287,292

Sand
89,009,9645
60,790,976
25,423,680
9,517,118
985,831,419

adapted from Juma 1993. Units of measure are in tonnes (1000kg).
Backwater
N/A
N/A
3,052,442
N/A
3,052,442

Billabong
N/A
N/A
N/A
17,684,133
17,684,133

Dune
N/A
N/A
N/A
31,036,889
31,036,889

Total
950,039,665
83,447,485
41,421,467
140,740,13
1,215,648,754

Table 5.5. The mass (tonne) of sediment contained in the depositional units of each geomorphic region using the bulk density measurements

Clear Lake
Back Lake
Long Arm
Floodplain

Surface
Cyclic
Sand
Backwater Billabong
Dune
20,060,670
32,933,290
57,425,784
N/A
N/A
N/A
11,009,259
9,170,717
39,219,984
N/A
N/A
N/A
5,726,935
5,778,884
16,402,374
2,774,947
N/A
N/A
22,981,844
49,758,232
6,140,076
N/A
16,076,484
22,169,206

Table 5.4. Volumes of sediment contained in the depositional units of each geomorphic region. Units of measure are in m3.
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5.3.2 Post-depositional Processes

A comparison of the high and low solubility matrices for the three major depositional units
indicates that they are similar; Rho values ranged from 0.747 to 0.835 (Table 5.6). The
greatest difference in the solubility matrices occurred between the sand and cyclic units.
There was little difference between the high and low solubility matrices of the surface unit or
in the minor units of backwater and billabong. In contrast, the dune unit differed between
matrices.
A comparison of high and low solubility matrices of geomorphic regions nested within
depositional units varied in their degree of similarity with Rho values ranging from 0.429 to
0.86 (Table 5.7). The influence of soluble elements on the high and low solubility matrices of
the sand unit was minimal in Clear Lake, Back Lake and Long Arm whilst significantly
different in the Floodplain. The greatest influence of soluble elements in the cyclic unit was
in Long Arm and the Floodplain. Clear and Back Lakes had a lower influence of soluble
elements. Finally, the surface unit indicated a difference in the matrices in Back Lake while
Clear Lake, Long Arm and the Floodplain were similar.
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Table 5.6. Mantel test comparisons between soluble (n= 15) and insoluble (n=5) geochemical

matrices classified at the depositional units level of organisation. A Rho value near 1 suggests
the two similarity matrix patterns are highly similar and a value near 0 indicates there is no
relationship between the two matrices (Clarke and Warwick 1994).
Depositional Unit
Surface
Cyclic
Sand
Backwater
Billabong
Dune

Rho statistic
0.835
0.747
0.773
0.875
0.858
0.487

p value
0.001
0.001
0.001
0.001
0.001
0.012

Table 5.7. Mantel test comparisons between soluble (n= 15) and insoluble (n=5) geochemical

matrices. Depositional units nested are within geomorphic regions. A Rho value near 1
suggests the two similarity matrix patterns are highly similar and a value near 0 indicates there
is no relationship between the two matrices (Clarke and Warwick 1994).

Surface
Cyclic
Sand

Clear Lake
Rho
p value
Statistic
0.001
0.85
0.001
0.85
0.001
0.77

Back Lake
Rho
p value
Statistic
0.002
0.675
0.001
0.867
0.001
0.771

Long Arm
Rho
p value
Statistic
0.001
0.855
0.001
0.706
0.001
0.773

Floodplain
Rho
p value
statistic
0.001
0.758
0.001
0.652
0.294
0.429
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5.3.3 Sediment Provenance

The provenance of sediments that have accumulated in the Narran system have varied over
space and time, as indicated by the range of Ti/Al ratios (0.038 – 0.137). In particular, at the
largest spatial scale, there was a difference in the Ti/Al ratio between Clear Lake, Back Lake
Long Arm and the Floodplain (Figure 5.2 & 5.3).
The sand unit of the lakes had a Ti/Al ratio that ranged from 0.43 to 0.101 with a mean of
0.63. This indicated that both sub-catchments contributed sediment at different times (Figure
5.2). Clear Lake was dominated by high Ti/Al ratios in the bottom section of the sand unit (914m), associated with Condamine derived sediment, and low ratios in the upper section, (59m) associated with Maranoa derived sediment. Back Lake was dominated by Maranoa
derived sediment five to ten metres below the surface and Condamine derived sediment four
to five metres. Long Arm had uniform ratios five to nine metres below the surface.
Condamine derived sediment (Ti/Al ratios range: 0.046 – 0.112, mean: 0.075) characterised
the cyclic depositional unit of the lake cores at a depth of two to five metres below the
surface, (Figure 5.2). The Clear Lake cores had a peak in Condamine derived sediment (Ti/Al
ratio 0.112) at 3.4 meters below the surface with an abrupt reduction at a depth of two meters.
Back Lake and Long Arm exhibited similar patterns in dominant source area but had a
reduced magnitude of change. The influence of Condamine derived sediment peaked at a
depth of three meters below the surface in Back Lake and at four metres in Long Arm. The
surface unit of all the lakes cores (0-3m) had low Ti/Al ratios (0.053-0.064).

This

corresponded to a dominance of Maranoa derived sediment (Figure 5.2).
Each of the Floodplain cores had a different Ti/Al profile (Figure 5.3). Core ‘a’ had a
uniform ratio that ranged from 0.06 to 0.075.

This indicated that both sub-catchments

contributed sediment, while there was a noted peak in Condamine derived sediment at a depth
of 5.3 metres below the surface. Core ‘b’ fluctuated between the Condamine and Maranoa
catchment (Ti/Al ratio 0.045 to 0.082) between 3.5-6 metres below the surface. Core ‘c’ had
two spikes in Condamine derived sediment at 4.1 and 7.5 metres below the surface (ratios
0.111 & 0.115 respectively).
The upper three metres of all the Floodplain cores contained Ti/Al ratios that ranged from
0.062 – 0.081 (Figure 5.3). Cores ‘a’ and ‘b’ had a mean of 0.064 & 0.073 and core ‘c’ had a
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mean of 0.079. This suggested that there was an increased dominance of Condamine derived
sediment from core ‘a’ through to core ‘c’.
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to establish a chronology.

diagrams plotted. Dotted line in the centre indicates the mean of the Condamine and Maranoa Ti/Al ratios (0.0709). Sediment dates are plotted

Narran system indicating the variability of sediment provenance. Each core has the corresponding lithofacies (left) and depositional unit (right)

Figure 5.2. Down core plots of Ti/Al ratios for sediment extracted from the middle of core ‘b’ of Clear Lake, Back Lake and Long Arm of the
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in the centre indicates the mean of the Condamine and Maranoa Ti/Al ratios (0.0709). Sediment dates are plotted to establish a chronology.

variability in sediment provenance. Each core has the corresponding lithofacies (left) and depositional unit (right) diagrams plotted. Dotted line

Figure 5.3. Down core plots of Ti/Al ratios for sediment extracted from cores along the Floodplain of the Narran system indicating the
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5.3.4 Spatial and temporal patterns in sedimentation
5.3.4.1 Spatial Level 1 - Geomorphic regions

Sediment character differed significantly between the four geomorphic regions of the
Narran system (ANOSIM: Global R=0.239, p=0.001). Pairwise tests showed no statistical
difference between Clear Lake, Back Lake and Long Arm (R<03). There was a difference
between the Floodplain, Back Lake and Long Arm (R>0.3), albeit with minor overlap (Table
5.8). The ordination plot confirmed the separation between Back Lake, Long Arm and the
Floodplain, while some overlap occurred between Clear Lake and the Floodplain (Figure
5.4a). Two groups of sediment character were clearly depicted. Clear Lake, Back Lake, and
Long Arm formed one group; and the Floodplain and Clear Lake formed the other (Figure
5.5a). The PCC indicated that sand content, D90 and D80, were more strongly associated with
the positioning of samples in ordination space (R2>0.8). Clay, silt, D50, D20 and D10 had a
moderate association (R2>0.5) (Figure 5.4d). D90, D80 and D50 showed an association with the
position of each geomorphic region. D10, D20 and silt showed an association with the position
of the floodplain and clay was associated with the position of Long Arm.
SIMPER analysis highlighted that strontium, D80 and D90 made the greatest contribution to
the assemblage similarity within each geomorphic region; however the percentage
contribution varied between regions. Clear Lake, Back Lake and Long Arm had all three
variables contributing to the 90% similarity within the geomorphic regions while the
Floodplain had only two (Figure 5.6a).

Table 5.4. Summary of One-way ANOSIM Pairwise test at the geomorphic region scale

(Global R: 0.239 p=0.001). Degree of difference established according to criteria of Clarke
and Gorley (2001), NS = not separable (R<0.3), * = overlapping but different (R>0.3), ** =
well separated (R>0.75).

Clear Lake
Clear Lake
Back Lake
Long Arm
Floodplain

0.212
0.052
0.293

Back Lake
NS
0.134
0.419

Long Arm
NS
NS
0.335

Floodplain
NS
*
*
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b)

Clear Lake ‘a’
Clear Lake ‘b’
Clear Lake ‘c’
Back Lake ‘a’
Back Lake ‘b’
Back Lake ‘c’
Long Arm ‘a’
Long Arm ‘b’
Long Arm ‘c’
Floodplain ‘a’
Floodplain ‘b’
Floodplain ‘c’

Cores
d)

Sand
D90
D80
D50
D10
D20

Clay

Silt

Depositional Units

PCC

Figure 5.4. Two-dimensional MDS ordination and PCC of sediment data from the Narran

system at different levels or organisation (2D Stress: 0.12): a) Geomorphic Regions; b) Cores
(within geomorphic regions); c) Depositional Units; and d) Principal Axis Correlation (PCC).
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(a) Geomorphic regions (ANOSIM: Global R=0.239, p=0.001)
Floodplain

Back Lake

Clear Lake

Long Arm

(b) Cores (ANOSIM: Global R=0.270, p=0.001)
Back Lake

‘b’

Long Arm

Clear Lake

‘a’

‘b’

‘c’

‘a’

‘b’

Back Lake

‘c’

‘a’

Floodplain

‘c’

‘a’

‘b’
‘c

‘b
c’’

(c) Depositional units (ANOSIM: Global R=0.134, p=0.001)
Surface
Cyclic
Backwater

Sand

Billabong

Dune

Figure 5.5. Sediment composition groups for the three spatial scales of geomorphic regions,

within geomorphic regions and depositional units.

The dotted lines indicate units with

similarity in sediment character whereas separation of groups indicates no similarity. (a)
Geomorphic regions; (b) Cores (within geomorphic regions); and (c) Depositional units.
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Figure 5.6. SIMPER analysis highlighting the sediment variables contributing to the 90%

similarity with each level of organisation. The percentage contribution gives the average
contribution that sediment characteristics make to the total similarity (a) Geomorphic
Regions; (b) Within geomorphic regions; and (c) Depositional Units.
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5.3.4.2 Spatial Level 2 - within Geomorphic Regions

Sediment character of the cores within each geomorphic region differed significantly
(ANOSIM: Global R=0.270, p=0.001). Pairwise tests showed Back Lake cores ‘b’ and ‘c’
were significantly different from the other lake cores (R2>0.3). There was no statistical
difference between the sediment cores of Clear Lake, Back Lake ‘a’ and Long Arm (R2<03).
Floodplain cores ‘a’ and ‘b’ were different from each other but both were similar to The
Floodplain core ‘c’ (R2<03) (Table 5.9). Ordination of sediment cores confirmed this and
showed a cluster of samples associated with the sediment cores of Clear Lake and Long Arm.
The Floodplain cores were separated from the lakes but demonstrated some overlap between
them (Figure 5.4b). At the level of organisation of within geomorphic regions, two sediment
character groups were identified: Clear Lake (‘a’, ‘b’ and ‘c’), Back Lake (‘a’, ‘b’ and ‘c’) and
Long Arm (a, b, c) formed the first whilst the Floodplain (‘a’, ‘b’ and ‘c’) formed the second
(Figure 5.5b). The PCC highlighted that silt had a moderate association with the position of
the Floodplain core ‘b’ while clay had a moderate association with the position of each of the
Long Arm cores. SIMPER analysis demonstrated that five sediment characteristics provided
the greatest contribution to assemblage similarity within the sediment cores (Figure 5.6b).
The influence of D90 contributed significantly to the similarity of all sediment cores.
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established according to criteria of Clarke and Gorley (2001), NS = not separable (R<0.3), * = overlapping but different (R>0.3), ** = well

Table 5.5. Summary of One-way ANOSIM Pairwise test at the geomorphic unit scale (Global R=0.270, p=0.001). Degree of difference
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5.3.4.3 Temporal Level 1 - Depositional Units

The sediment character of the individual depositional units were significantly different from
one another (ANOSIM: Global R=0.134, p=0.001). Pairwise tests revealed the strongest
difference to be between the surface depositional unit and those of the backwater, billabong
and dune units (R2>0.3). Similarly, the cyclic and sand units differed from the dune unit
(R2>0.3), while the backwater, billabong and dune units were also statistically different from
each other (R2>0.75) (Figure 5.4c). At this level of organisation, four-sediment character
groups were identified but these contained some overlap of depositional units. The first group
consisted of the surface, cyclic and sand units, the second of the backwater, cyclic and sand
units, the third of the billabong, cyclic and sand units; and finally the fourth group consisted
of the dune unit (Figure 5.5c).
SIMPER analysis showed that five sediment characteristics contributed to the 90%
similarity within the depositional units (Figure 5.6c). There was an increase in the percentage
contribution of strontium from the sand unit through to the surface unit. In contrast, D90
decreased in contribution from the surface unit through to the sand unit.

Strontium

contributed to the within group similarity of the dune unit only.

Table 5.6. Summary of One-way ANOSIM Pairwise test at the stratigraphic unit scale

(Global R=0.134, p=0.001). Degree of difference established according to criteria of Clarke
and Gorley (2001), NS = not separable (R<0.3), * = overlapping but different (R>0.3), ** =
well separated (R>0.75).

Surface
Surface
Cyclic
Sand
Backwater
Billabong
Dune

0.148
0.170
0.409
0.439
0.867

Cyclic
NS
0.103
0.090
0.001
0.727

Sand
NS
NS
0.227
0.162
0.558

Backwater
*
NS
NS
0.700
0.617

Billabong
*
NS
NS
*
0.877

Dune
**
*
*
*
**
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5.3.4.4 Depositional Units nested within Geomorphic Regions
5.3.4.4.1 Surface

There was a significant difference between the surface depositional unit of the four
geomorphic regions (Global R 0.553, p=0.001) (Figure 5.7a).

Pairwise tests showed a

difference in the sediment character between the lakes and the Floodplain (R2>0.3). No
separation existed between Long Arm and either Clear or Back Lakes (R2<0.3) (Table 5.11a).
PCC showed that clay, D10, D20, D50, D80 and D90 had a strong (R2>0.8) association with the
spatial position of the samples in ordination space. Sand, titanium, cobalt, silt and percentage
organic matter had a moderate association with the positioning of the groups (R2>0.5) (Figure
5.7b). At the surface depositional unit, there were three sediment character groups: (1) Clear
Lake and Long Arm, (2) Back Lake and Long Arm, and (3) Floodplain (Figure 5.9a). The
percentage contribution of sediment characteristics was different between the lakes and the
Floodplain. Strontium made the greatest contribution to the similarity within geomorphic
regions (Figure 5.8a).
5.3.4.4.2 Cyclic

There was a significant difference between the cyclic depositional units of the Floodplain
and the lakes (Global R: 0.467, p=0.001) (Figure 5.7c). Pairwise tests showed a difference in
the sediment character of the cyclic unit of the Floodplain and that of the lakes (R2>0.3). No
separation existed between Back Lake and either Clear Lake or Long Arm (R2<0.3). PCC
showed that sand, D10, D20 and D80 had a strong association with the positioning of the
geomorphic regions in ordination space (R2>0.8).

While clay, D90, D50, titanium and

percentage organic matter were moderately associated with the positioning of geomorphic
regions (R2>0.5) (Figure 5.7d). The cyclic unit had three sediment character groups, (1) Clear
Lake and Back Lake, (3) Back Lake and Long Arm, and (3) Floodplain (Figure 5.9b). The
percentage contribution of variables was different between the lakes and the Floodplain. The
Floodplain had four sediment characteristics contributing to the similarity at the 90th
percentile whereas Clear lake had three sediment characteristics, Back Lake and Long Arm
only had two (Figure 5.8b).
5.3.4.4.3 Sand

There was a significant difference between the sand depositional unit of the various
geomorphic regions (Global R: 0.253, p=0.001).

Pairwise test showed some separation

between Back Lake and Long Arm and between Back Lake and the Floodplain (R2>0.3)
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(Table 5.11c) (Figure 5.7e). PCC showed that sand and D80 had a strong association with the
position of geomorphic regions in ordination space (R2>0.8), while silt, clay, D10, D20, D50 and
D90 had a moderate association (R2>0.5) (Figure 5.7f). The sand depositional unit had one
sediment character group that incorporated Clear Lake, Back Lake, Long Arm and the
Floodplain (Figure 5.9c).
Three sediment characteristics contributed to the similarity of the sand unit within
geomorphic regions. D80 and D90 were similar across all regions while strontium contributed
to the similarity between Clear and Back Lakes (Figure 5.8c).

Table 5.7. Summary of One-way ANOSIM Pairwise test at the depositional units nested

within geomorphic regions. Surface (Global R: 0.553 p=0.001), Cyclic (Global R: 0.467
p=0.001) and Sand (Global R: 0.253 p=0.001). Degree of difference established according to

criteria of Clarke and Gorley (2001), NS = not separable (R<0.3), * = overlapping but
different (R>0.3), ** = well separated (R>0.75).

(a) Surface (Global R: 0.553 p=0.001)
Clear Lake Back Lake
Clear Lake
*
Back Lake
0.581
Long Arm
0.192
0.288
Floodplain
0.620
0.898
(b) Cyclic (Global R: 0.467 p=0.001)
Clear Lake Back Lake
Clear Lake
NS
Back Lake
0.271
Long Arm
0.335
0.247
Floodplain
0.357
0.627
(c ) Sand (Global R: 0.253 p=0.001)
Clear Lake Back Lake
Clear Lake
NS
Back Lake
0.245
Long Arm
0.147
0.324
Floodplain
0.171
0.376

Long Arm
NS
NS

Floodplain
*
**
*

0.785

Long Arm
*
NS

Floodplain
*
*
*

0.702

Long Arm
NS
*
0.001

Floodplain
NS
*
NS
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Figure 5.7. Two-dimensional MDS ordination of the three major depositional units (Surface,

Cyclic and Sand) nested within geomorphic regions and corresponding PCC analysis: Surface
(a & b); Cyclic (c & d); and Sand (e & f).
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Results of SIMPER analysis highlighting the sediment characteristics

contributing to the assemblage similarity within depositional units.

The percentage

contribution gives the average contribution that each sediment characteristic makes to the total
similarity within each depositional unit.
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(a) Surface (Depth 0-2.1m) (ANOSIM: Global R 0.553, p=0.001)
Clear Lake

(b)

Back Lake

Floodplain

Cyclic (Depth 1.5-5.2m) (ANOSIM: Global R 0.467, p=0.001)
Clear Lake

(c)
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Sand (Depth 2.8-14m) (ANOSIM: Global R 0.253, p=0.001)
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Figure 5.9. Sediment composition groups for the three major depositional units (Surface,

Cyclic and Sand) and geomorphic regions. The dotted lines indicate units with similarity in
sediment character whereas separation of groups indicates no similarity (a) Surface; (b)
Cyclic; and (c) Sand.
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5.4 Discussion
The following discussion of catchment influences on sedimentation within the Narran
system is separated into three sections. The first focuses on the yield of sediment from the
two catchments over the last 440 ka. The second discusses the provenance of sediment that
accumulated in the Narran system and provides a model of catchment influences on
sedimentation. In the third section, spatial and temporal patterns of sedimentation within the
Narran system are postulated.
5.4.1 Sediment yields

A large volume of sediment (Table 5.4) has accumulated in the Narran system over the last
440 ka. However, rates of sedimentation are very low and are substantially less than those
reported in other floodplain systems around the world (Table 5.8). Rates of sedimentation
within the Narran system are low even when compared to other rates within the Condamine
Balonne catchment. For example, Thoms et al. (2007) found that in the Lower Balonne
Floodplain, immediately upstream of the Narran Lakes Ecosystem, rates of sedimentation
were up to 110.6 mm year

-1

that is 156 times greater than the maximum recorded in the

Narran system. These low rates of sediment accumulation in the Narran system cannot be
attributed to the small size of the upstream catchment because the yields for the Narran system
are also extremely low. The highest sediment yield recorded for the Narran system was 13.9
kg km2 yr-1. This is up to three orders of magnitude lower than those described in the
literature for dryland systems (Fournier 1960; Walling and Webb 1983).
Conceptual models of sediment yields based on empirical evidence from different
topographic and climatic regions suggest sediment yields should be highest where annual
effective precipitation is approximately 300 mm per year (Langbein and Schumm 1958). This
pattern occurs because in wetter climates, such as tropical systems, increased vegetation
growth reduces the runoff and sediment yields, while in drier climates, such as deserts, the
reduced rainfall means less runoff and lower sediment yields (Tooth 2000b). Average rainfall
for the Narran system is 480 mm per year, yet the yields are still extremely low.
Low sediment yields within the Narran system could be attributed to two processes – a low
supply of sediment from the upstream catchment or the inefficient delivery of sediment to the
Narran system. The study of Thoms et al. (2007) showed that rates of sedimentation in the
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Lower Balonne Floodplain, up stream of the Narran system, are very high in comparison to
other floodplains (cf. Table 5.8). Therefore, there appears to be no shortage of sediment being
supplied from the upper catchment. Accordingly, the low sediment yields are more likely
because of the inefficient delivery of sediment from the Lower Balonne Floodplain to the
Narran system.
The inefficient delivery of sediment to the Narran system may be due to a number of
factors. First, the lower Balonne has a low bed gradient, 0.2 to 0.3 km-1. Low bed gradients
have been associated with low sediment yields because of their low stream energies and their
reduced capacity to transport sediment.

Second, the Lower Balonne has a broad C2

floodplain (cf., Nanson and Croke, 1992). During major flows, floodwaters disperse across a
large area (19,880 km2), this leads to reduced flow velocities and enhanced sediment
deposition (rates up to 110.6 mm year-1) therefore significantly reducing sediment transport
capacities to downstream reaches. In addition, broad floodplains have a greater capacity to
absorb the sediment load from the upper catchment (Nanson and Croke 1992). Finally,
surface roughness, such as floodplain vegetation (Thoms et al., 2000), also contributes to the
high trap efficiencies of floodplains like the Lower Balonne surfaces. These three factors may
be contributing to the inefficient delivery of sediment to the Narran system and enhancing the
role of the Lower Balonne floodplain as a significant sediment sink and long-term sediment
storage area for sediment supplied from upstream catchment areas. The ineffective delivery
of sediment from the upper catchment to the Narran system may be an important factor
contributing to the stability and persistence of this terminal system in the landscape.
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Table 5.8. A comparison of the rates of sedimentation between the Narran system and other

floodplains systems (Modified from Walling et al. 1992 and Thoms et al. 1999a).

Beatton River
River Culum
Gallena River
Lower Mississippi
River Tyne
Yom River
River Murray

Sedimentation rate (mm year-1)
0.005 - 0.71
16.3 Pre European settlement
110.6 Post European settlement
8.0
0.49
19.0
6.0-7.5
0.5
3.1
18.5-26.5

Barmah forest floodplain
River Severn
Avon

21.8
1.4
5.0

River system
Narran system
Lower Balonne floodplain

Notes

Foster (2000)
Nanson (1980)
Walling et al. (1992)
Magilligan (1992)
Kessel et al. (1974)
Macklin et al. (1992)
Bishop (1987)
Thoms and Walker
(1992)
Thoms (1995)
Brown (1987)
Shotton (1978)

5.4.2 Catchment influences on the Narran system

Post depositional modifications to sediments that have accumulated in floodplain settings
often preclude their use for detailing the environmental history of sediment basins (Ernst
1970; Rollinson 1993). Each of the twelve cores extracted from the Narran system displayed
extensive iron staining of the sediments located at depth, with the cores also containing
significant carbonates nodules. This suggests post-depositional changes have occurred within
the sedimentary deposit of the Narran system.

The movement of groundwater through

sedimentary deposits has the potential to alter the chemical composition of sediments by
enriching, depleting or transporting soluble elements. This creates difficulties when using
sediment geochemistry to infer sediment provenance (Bauluz et al. 2000).

However, a

statistical analysis of sediment geochemistry for the Narran cores comparing patterns between
high and low solubility elements, revealed no significant difference between the two data sets
(cf. Tables 5.6 and 5.7). Therefore, although post-depositional processes may have influenced
the physical appearance of the sediments, it has not altered the spatial pattern of the soluble
geochemical elements within the cores. Consequently, the use of sediment geochemistry to
infer provenance is not impeded.
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The provenance of sediment that has accumulated in the Narran system over the last 440 ka
has varied between the Condamine and Maranoa catchments. This is evident in the variability
of the Ti/Al ratios of the sediment within each of the Narran cores. Between 440 to 78 ka ago,
the relative contribution of the sediment originating from the Condamine and Maranoa subcatchments changed seven times (Figures 5.2 & 5.3). In addition, the overall magnitude of
each fluctuation reduced over this period, suggesting an increased stability in sediment
delivery and perhaps the rainfall runoff regime of the upstream regional catchment. However,
approximately 78 ka ago a change occurred, which resulted in a marked difference in the
provenance of sediment accumulating in the lakes compared to that accumulating on the
Narran floodplain. Clear Lake, Back Lake and Long Arm began to receive sediment derived
predominantly from the Maranoa catchment while the Narran floodplain received sediment
from both catchments although sediments accumulating in the distal floodplain region exert a
greater influence of Condamine derived sediment.

This pattern of diverging sediment

provenance has remained since 78 ka ago.
This model of sediment provenance builds upon the stratigraphic model of the Narran
system outlined in chapter four. The stratigraphic model proposes the character of the
sediment deposited in the Narran system between 440 and 330 ka ago was representative of a
high-energy fluvial environment and the provenance of these sediments was highly variable
between the two sub-catchments of the Maranoa and Condamine. This may suggest that the
higher energy regime of the Narran system during this time was regional and not associated
with the dominance of a particular sub-catchment.
Between 330 to 78 ka ago, it is suggested that the Narran system was dominated by
relatively more fluctuating energy conditions, from high to low energy environments. This
type of fluctuating energy regime has been associated with the glacial/interglacial climatic
cycles and the growing influence of aridity upon the Narran system during this time (Nanson
et al. 1992). During this period, the relative contribution of sediment accumulating in the

Narran system from the two sub-catchments began to stabilise. This stability in sediment
contributions from the Condamine and Maranoa sub-catchments were represented by only
one transition from a Condamine to a Maranoa dominated sediment regime (Figures 5.2).
This stability in the sediment supply system of the upstream catchment is contrary to the
energy regime of the Narran system at the time.
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Since 78 ka ago the Narran system has displayed a high degree of stability in sediment
texture and geochemical character. During this period, the texture of sediment accumulating
in Narran is representative of a low energy depositional environment across both the lakes
and floodplain. However, the provenance of the sediment accumulating in the lakes differs to
that of the floodplain. Sediments accumulating in the lakes are indicative of those from the
highly weathered sedimentary sandstones of the Maranoa catchment, compared to those
sediments accumulating on the Floodplain which appear to be derived from both subcatchments (Figures 5.2 & 5.3).

However, highly weathered basaltic sediments of the

Condamine catchment are more prominent in the distal section of the Narran floodplain.
In terminal floodplain systems like the Narran, splays tend to receive sediment
predominately from in-channel flows whilst adjacent floodplain surfaces receive sediment
from overbank flows (Kelly and Olsen 1993; Sadler and Kelly 1993; Tooth 2005; Nichols
and Fisher 2007). The spatial pattern of sediment, derived from the two sub-catchments, for
the Narran system, over the last 78 ka, suggests that in-channel flows supplying sediment to
the lakes were predominantly from the Maranoa sub-catchment whilst those flows resulting in
floodplain inundation were generated from either the Condamine catchment or a contribution
from both catchments. This suggests that floods from the Condamine Catchment were of a
higher magnitude.
The provenance of sediment within the backwater and billabong further supports the
proposition that within channel floods were dominated by the Maranoa catchment while
larger floods were dominated by the Condamine catchment. The provenance of sediment
within the backwater suggests that both catchments were required to be in flood in order for
sediment to reach the distal section of Long Arm. In contrast, the billabong had a dominance
of Maranoa derived sediment, which suggests that it was connected to the main channel
trough.
The provenance of sediments that have accumulated in the Narran system over the last 78
ka supports the findings of previous studies. Brennan (2000) noted that the contemporary
sediment regime within the Lower Balonne Floodplain is a combination of sediment from
both the Maranoa and Condamine catchments.

However, the findings of sediment

provenance for the Narran system, whilst supporting Brennan (2000), contradicts other
research undertaken on sediment provenance along the Darling River at the basin scale.
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Woodyer et al. (1979) suggested that the contemporary sediment regime of the Darling River
is derived from basaltic source areas. In contrast, both Douglas et al. (1995) and Olley and
Caitcheon (2000) noted that the sediment along the Darling River is a combination of
weathered granite and sedimentary rocks, with <5% of the contemporary sediment derived
from basaltic origin.
The stratigraphic model for the Narran system also noted the presence of aeolian facies
which may have been associated with the onset of aridity approximately 700 ka ago
(Zhisheng et al. 1986; Chen 1995; Tooth 2000a; Tooth 2000b). The Ti/Al ratios of sediments
within the palaeo dune are highly variable (Figure 5.3). Aeolian material is comprised of
reworked fluvial deposits and terrestrial soils from areas hundreds of kilometres away (Chen
1995; Page et al. 2001; Selley 1985).

This results in a complex pattern of sediment

provenance. Terrestrial soils within the Narran system and surrounding landscape were not
measured for provenance analysis. As such, it can only be hypothesised that the dune
represents sediments from the broader landscape.

5.4.3 Spatial and temporal patterns in sedimentation
Implications of changes in the energy and sediment supply conditions on the spatial and
temporal patterns of sedimentation within the Narran system are discussed in this section.
Interactions between where sediment is derived from, how it is supplied and then accumulated
within the terminal Narran system over the last 440 ka has resulted in a complex depositional
environment. Overall, there has been a divergence in the character of sediment accumulating
in the Narran system and this has occurred in association with morphological changes within
the lakes and floodplain. The Narran lakes have diverged from a relatively uniform basin into
three separate basins, each with a unique sediment character. The character of sediment
accumulating across the Narran system 440 ka ago was relatively uniform. This uniformity
was associated with textural characteristics, predominantly sand (Figures 5.7f and 5.8c),
suggesting that relatively higher energy conditions played a dominant role in the supply and
depositional processes within the Narran system up to 330 ka ago.
The textural and geochemical character of the sediment that accumulated in the lakes and
floodplain began to diverge between 330 and 78 ka ago (Table 5.7b). Multivariate analyses of
this accumulated sediment demonstrated that sediment geochemistry had the greatest
influence on this separation (Figures 5.7d and 5.8b). A change in sediment geochemistry
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implies large scale variations in sediment provenance had a relatively more important role in
influencing sediment character within the Narran system during this time than the energy
regime. This is in direct contrast to the pervious period of deposition i.e., prior to 330 ka
years. This pattern of divergence in sediment character is parallel to the transition in the
morphology of the Narran system from a single large basin to one with a distinct floodplain
and separate smaller lake basins.
Since 78 ka ago, the character of sediment accumulating across the Narran system has
continued to diverge. Multivariate analyses noted a degree of separation in the textural
character of sediment deposited to Clear Lake, Back Lake and Long Arm suggesting that an
energy gradient may have influenced the character of sediment being deposited to the lakes.
In contrast, sediment geochemistry separated the lakes from the Floodplain suggesting that
large-scale variations in sediment provenance influenced the character of sediment being
deposited within the Narran system at the larger spatial scale. It is likely that this continued
separation in the character of sediment deposited to the various regions of the Narran system
reflects the transition into a Floodplain and three separate lakes
The backwater, billabong and dune further support the notion that the provenance of
sediment and the way in which it has been transported has influenced different parts of the
landscape at different times. The backwater and billabong, whilst similar in stratigraphy, are
statistically different in sediment character.

This difference is associated with sediment

provenance and further supports the idea that large scale variations in sediment provenance
has been a controlling process on sedimentation of the Narran system over the last 78 ka.
The complexity of sedimentation within the terminal feature of the Narran River did not
emerge during the stratigraphic, textural or geochemical analysis.

The interpretation of

sediment character within a nested hierarchy has allowed the complexity of sedimentation to
emerge. This approach has demonstrated that different processes, such as sediment transport
and provenance, have influenced sedimentation of the Narran system at different times. These
patterns support the earlier hypothesis that morphologically, the Narran system has diverged
from a large basin into three lakes.
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5.5 Summary
Large volumes of sediment have accumulated in the Narran system over the last 440 ka,
despite this, the Narran system is characterised by low rates of sedimentation. As a result
sediment yields are also very low for this environmental setting. Rates of sedimentation
within the Narran system are 156 times lower than those reported for the Lower Balonne
Floodplain, directly upstream of the Narran system. The low bed gradient and extensive
surface area of the Lower Balonne Floodplain significantly reduces the supply of sediment to
the Narran system by acting as a large sediment sink. The ineffective delivery of sediment to
the terminal feature of the Narran River may be an important factor in the stability and
persistence of Narran in the landscape
The relative contribution of sediment from the Condamine and Maranoa sub-catchments to
the Narran system has varied over time. A reduction in the variability of these two sediment
contributing areas took place approximately 78 ka ago, and this resulted in a separation of the
geochemical character of the lakes and floodplain.

Under contemporary catchment

conditions, the three lakes of the Narran system predominantly receive sediment derived from
the Maranoa sub-catchment, whilst the Floodplain receives sediment from a combination of
both catchments although there is an increase in Condamine derived sediment in the distal
sections of the Floodplain. It is suggested that these changes in the character of sediments
deposited within the Narran system over the last 440 ka have been associated with alternating
wet and dry climatic periods and the growing influence of aridity across eastern Australia.
Overall, sedimentation within the Narran system has displayed a complex response to
catchment and climatic influences. Different processes have influenced sedimentation within
the Narran system at different times and in different parts of the landscape. Relatively high
energy conditions played a relatively dominant role in the supply and depositional processes
within the Narran system up to 440 ka ago. From 330 to 78 ka ago large scale variations in
sediment provenance had a relatively more important role in influencing sediment character
within the Narran system. Since 78 ka the increased stability of regional climatic conditions
has resulted in uniformity in sediment textural character across the Narran landscape, whilst
stability in catchment conditions has resulted in a difference in the provenance of sediment
deposited to the lakes and the Floodplain. Overall, the character of sediments within the
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Narran system has diverged over time from one uniform basin into three lakes and a
Floodplain.

Synthesis
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An aerial view of the Narran floodplain featuring Clear lake (Image: A. Mostead)
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6.1 Introduction
Knowledge of the accumulation of sediment within terminal dryland floodplains is limited
(Nash et al. 2007). The research presented in this thesis was motivated by a need to address
this limited knowledge. Furthermore, the need to utilise information on the stratigraphy and
sediment character of the Narran system to determine the environmental history of a
significant Australian floodplain system was identified. There were two aspects to this thesis.
The first examined spatial and temporal patterns in sediment character within the Narran
system over the last 440 ka; and the second considered processes that may have produced
these patterns. A multi-proxy approach couched within a hierarchical framework was applied
to this study of sedimentation within the Narran system. This enabled morphostratigraphic
patterns to be established at different scales and to consider different environmental drivers
that may have caused them. The results of this research do not support previous conceptual
models of terminal floodplain development (Kelly and Olsen 1993; Sadler and Kelly 1993;
Tooth 2005; Nichols and Fisher 2007). It demonstrates that terminal floodplains may exhibit
a different response to catchment and climatic influences at different levels of organisation or
scale. Moreover, it highlights the value of geochemical data to infer catchment influences
even when there is evidence of post-depositional change within the sedimentary deposits.
Thus, this thesis represents a contribution to the science of floodplain sedimentation by
providing a different perspective on the accumulation of sediments within a terminal dryland
floodplain.
There are four sections to this synthesis chapter. First, a morphostratigraphic model of the
Narran system is presented.

Second, the conceptual knowledge of the structure and

functioning of terminal dryland floodplains is discussed in light of the results of presented in
this study. Third, the efficiency of the approach used in this study is evaluated, and finally,
future trajectories of change for the Narran system are postulated.

6.2 The morphostratigraphy of a terminal floodplain: the Narran
system
The three lakes and associated floodplain located at the terminus of the Narran River are
relatively stable geomorphic features. This stability over the last 440 ka is primarily a result
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of its geological setting. The regional geology of the Narran system is characterised by a
series of structural lineaments (Thoms et al., 2004a) that have confined Clear Lake, Back
Lake and Long Arm to a trough like depression (Figure 6.1). In addition, the stability of the
Narran system is supported by very low rates of sedimentation; a result of the high trap
efficiency of the Lower Balonne Floodplain immediately upstream of the Narran system. The
high trap efficiency of the Lower Balonne Floodplain is the result of low bed gradients and an
extensive vegetated surface.

Despite the stability of the regional Narran landscape,

morphostratigraphic changes within the Narran system are clearly evident as far back as 440
ka ago (Figure 6.2). The lake basin that now contains Clear Lake, Back Lake and Long Arm
was once a single basin that has diverged into three separate lake basins. The stratigraphy of
each of these three lakes has evolved at the same rate over time.

By comparison, the

Floodplain has undergone a more spatially complex morphostratigraphic development, with
notable differences in stratigraphy and sediment character with distance from the main river
channel. Adjacent to the river channel there is evidence of a palaeo-billabong that has since
in-filled, while in the mid–sections of the Floodplain a palaeo-dune sequence was found.
However, the stratigraphy in the upper section of each of the Floodplain cores was similar
Variations in sediment texture and geochemistry within the Narran system have occurred in
parallel with the morphostratigraphic development. These sediment texture and geochemical
changes are the result of changes in catchment and climatic conditions. Climatic induced
changes in the flow regime of the Narran system resulted in a change from a high-energy bedload transporting system to a low energy system characterised by pelagic deposition. This
reflects the growing aridity of eastern Australia over the past 500 ka. The reduction in energy
over the last 440 ka has included periods of fluctuation, both high and low, associated with
glacial/inter-glacial climatic oscillations. In addition, the relative contribution of sediment
originating from the Condamine and Maranoa sub-catchments has also fluctuated between
440 and 78 ka ago. The magnitude of these fluctuations was reduced over this period,
suggesting an increase in the stability in the rainfall runoff regime of the catchments. For the
last 78 ka, the lakes have received relatively more sediment derived from the Maranoa subcatchment, while the Floodplain has received sediment from both sub-catchments.
Condamine derived sediment has a greater influence on the Floodplain with increased
distance from the river channel. This pattern indicates that to inundate the lakes only, the
Maranoa River needs to flood, whereas for inundation of the Floodplain both sub-catchments
are required to be in flood.

Narran River

Figure 6.1. Morphostratigraphic model of the Narran system.
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78ka years ago: A distinct change in sedimentation
occurred 78 ka years ago. This is associated with a
reduction in the variability of both sediment texture and
geochemistry. The lakes diverged from two to three
floodplain lakes. Long Arm has functioned as a
backwater during this time. A convergence in the
sedimentary sequences of the floodplain occurred 25ka
years ago resulting in a similarity in the textural
character of the lakes and floodplain. The provenance
of sediment between the lakes and floodplain have
diverged. The Lakes receive sediment from the
Maranoa whereas the floodplain receives sediment from
both provenance with greater influence of the
Condamine on the distal section of the floodplain. The
reduction in variability and divergence in sediment
provenance is associated with a reduction in climatic
variability
Present: The contemporary Narran system consists of
three floodplain lakes (Clear Lake, Back Lake and Long
Arm) and floodplain. These units have been stable in
regards to texture and geochemistry for 78ka years.
Flows in the Narran River are low energy, transporting
mostly fine silts and clays with inundation occurring on
average once every two years. Consequently, the lakes
and floodplains is similar in physical character. The
lakes and floodplain have maintained a divergence in
sediment provenance

110ka

•Highly variable sediment
provenance
•High energy deposition

Process 2

Pattern 2

•Highly variable sediment
provenance
•Variable depositional
processes from high energy
to low energy
252ka

330ka years ago: An abrupt change in sedimentary
patterns occurred 330ka years ago. This period is
characterised by cyclic sedimentary sequences
suggesting variability in sediment source-supply
conditions from high energy to low energy and
fluctuating sediment provenance. This period has low
sediment yields and demonstrates a divergence in the
morphology of the lakes from one large basin to two
basins. A separation in the sedimentary character
between the lakes and floodplain occurred at this time.
The variability in sedimentary sequences is associated
with fluctuating climatic conditions of wet and dry.

Process 1

Pattern 1

Process 3

Pattern 3

•Reduction in variability of
sediment provenance
•Reduction in variability and
energy associated with
depositional processes
78ka

440ka years ago: The Narran system was a large
single sand dominated basin infilling with sediments
derived from both the Condamine and Maranoa
catchments with low sediment yields. The sediment
character during this time displayed a high degree of
similarity between the lakes and floodplain. This
period is representative of a climate that was humid
and is associated with the formation of lunettes on the
eastern side of Lakes and the palaeo dune present in
the mid section of the floodplain
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Process 4

Pattern 4

•Stability in sediment
provenance
•Stability in low energy
depositional processes

Figure 6.2. Pattern and process of sedimentation within the Narran system.
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6.3 Terminal dryland floodplains
Previous models describing the accumulation of sediments within terminal floodplain
systems suggest the evolution of these systems is dominated by mobile aggrading terminal
splays (Kelly and Olsen 1993; Nash et al. 2007; Nichols and Fisher 2007). As sediment
accumulates across each splay, elevation increases and once the threshold of the splay slope is
exceeded the splay migrates to a new topographic low within the broad valley trough. Splays
are highly mobile features that display a high degree of sediment mixing, resulting in a
uniform mix of sediment character and stratigraphy between individual splays and the
surrounding landscape (Nichols and Fisher 2007).
Sedimentation in the Narran system does not support a migrating splay model nor does it
conform to the floodplain classification scheme of Nanson and Croke (1992). The Narran
terminal system has formed as a series of terminal lakes that are confined within a structurally
controlled and relatively narrow valley floor trough.

This relatively high degree of

confinement; a result of its geological setting, also confines and restricts sediment deposition.
A number of different processes have influenced the nature of the sediment that has
accumulated within the Narran system. Sediment transporting energy has reduced over time
as indicated by the change from a sand-dominated to a mud-dominated environment. Post
depositional processes have influenced the appearance of the Narran deposits, as
demonstrated by extensive mottling and iron staining within the lakes, without significantly
altering the chemical character of the sediments. Finally, a reduction in the variability of
sediment provenance has resulted in increased spatial variability in deposition. This is evident
by a divergence in the geochemical signatures of the lakes and floodplain approximately 78 ka
ago. This study has provided a different perspective on the accumulation of sediment within
terminal floodplains.

It suggests that terminal floodplains can be stable morphological

features that display variability in sediment character over space and time.

6.4 The efficacy of the approach used in this study
The need to increase our understanding and modelling capability of complex systems has
been an emerging trend in the past 10 years (Wu and David 2002; Thorp et al. 2006). An
important component in the study of complex systems is that pattern and process may not be
directly related (Murray and Fonstad 2007). Floodplains are an example of a complex system
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(Bateman et al. 2007; Thorp et al. 2006; Dollar et al. 2007). The emerging concepts of
complex systems, which include undertaking a multi-proxy approach within a hierarchal
framework, have not been previously applied to investigations of sedimentation within
terminal floodplains. The hierarchal multi-proxy approach used in this thesis has allowed
patterns of sedimentation, and the processes influencing these, to emerge at different levels of
organisation within a terminal floodplain system.
If the research presented in this thesis was constructed using a single approach, such as
stratigraphy, the interpretation would have been markedly different to that of a purely textural
or geochemical approach. This can be demonstrated if the patterns that are exhibited by each
approach are outlined separately. The stratigraphy demonstrates convergence over time from
a sand basin with the presence of a dune, billabong and cyclic units, towards an upper surface
unit that appears uniform across the system. Sediment texture indicates that there has been a
reduction in energy across the landscape. Sediment geochemistry demonstrates a reduction in
temporal variability in sediment provenance and an increase in spatial variability in
provenance across the system.
The use of multivariate statistics within a hierarchical framework has enabled patterns in
sediment character to emerge in a logical manner. This approach offered a number of
advantages which had not previously been used in the interpretation of sedimentation in
terminal floodplains. It has bypassed the necessity for a large number of individual analyses
that compare one variable against another. The consideration of a range of variables has
facilitated greater interrogation of data and provided increased scope to generate hypotheses
of change. For example, even though PCC associations are not casual, they highlight factors
that could be investigated in mechanistic studies of floodplain sedimentation.

Finally,

multivariate statistical analyses enabled patterns and inference of processes to be elicited in a
quantitative rather the qualitative manner.
By using a multi-proxy approach, a more complete interpretation of sedimentation has been
established.

While not a traditional approach, this thesis has highlighted the utility of

combining standard sedimentological techniques and multivariate statistics within a hierarchal
framework to investigate the sedimentation of a complex system.
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6.5 Trajectories of environmental change for the Narran system
Human induced land use change in the upper Condamine-Balonne catchment has resulted in
increased erosion and sediment supply (Thoms et al. 2002). Previous research has suggested
that the increased sediment load is held within the temporary sediment stores of the Lower
Balonne Floodplain (Foster 2000; Brennan 2001; Thoms et al. 2007a).

Rates of

sedimentation are up to an order of magnitude greater post European than pre European
settlement (Thoms et al. 2002). The results of this thesis have demonstrated that the increased
sediment load of the Condamine-Balonne catchment has yet to result in a dramatic increase in
the Narran system. A change in the processes influencing sedimentation has the potential to
disturb this stability and transform the Narran system from a stable state into a variable state.
This is referred to as self organised criticality (Bak et al. 1987; Bak et al. 1988) and has been
demonstrated in the geomorphic processes of river systems (Fonstad and Marcus 2003;
Murray and Fonstad 2007)
The Lower Balonne Floodplain system has experienced long periods of construction (100’s
– 1000’s of years) followed by short periods of erosion, before returning to periods of
construction once again (Thoms et al. 2007a).

Hypothetically, if the sediment stores

described above were to experience a period of erosion and the sediment was subsequently
deposited in the Narran system, it would be significantly greater than anything experienced in
the last 440 ka. An increased sediment load of this magnitude has potential catastrophic
implications for the stability and longevity of the Narran system in its current morphological
form. Such an increased sediment load could cause the lakes (Clear Lake, Back Lake and
Long Arm) to infill and exceed their geomorphic threshold and sediment to be deposited in a
new topographic low within the valley trough. This would be similar to the conceptual model
of terminal dryland floodplain systems (Nichols and Fisher 2007), where splays migrate
within the confines of the valley trough once their geomorphic threshold is exceeded.

6.6 Summary
This research has provided a different perspective on sedimentation within terminal
floodplains. They are not exclusively mobile features migrating within the confines of a
valley trough as suggested in the literature. Rather this research shows they can evolve as
stable features confined by the underlying geology under certain conditions, such as
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confinement and low sediment supply. The reduced mobility of the terminal system means
that a high level of spatial variation in stratigraphy and sediment character can be maintained.
The utility of using a multi-proxy approach within a hierarchical framework to establish
empirical models of floodplain sedimentation has been demonstrated in this thesis. This
approach has allowed for patterns of sedimentation and the processes influencing these to
emerge in a logical manner.

In addition this research has demonstrated the utility of

combining traditional stratigraphic methods with emerging tools of complex systems to
convey a high resolution of floodplain sedimentation.
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Appendix 1

Appendix 1

160

Appendix 1

161

Appendix 1

162

Appendix 1

163

Appendix 1

164

Appendix 1

165

Appendix 1

166

Appendix 1

167

Appendix 1

168

Appendix 1

169

Appendix 2

170

Determination and interpretation of sediment provenance in a sedimentary sequence
affected by post-depositional changes
R. Cossart, M. C THOMS & M. A Reid
Riverine Landscapes Research Laboratory, University of Canberra, Australian Capital
Territory 2601, Australia
rob.cossart@canberra.edu.au
ABSTRACT
Post-depositional alteration of flood plain sedimentary deposits is a problem for the
interpretation of environmental change. In particular groundwater movement can alter the
physical and chemical character of these deposits. This study considers the potential influence
of post-depositional change on the geochemical character of sediments contained within the
Narran flood plain, in semi-arid Australia, and the implications for interpreting environmental
change. A series of 12 cores, ranging in length from 6 to 15 m, were collected from a number
of different geomorphic regions across the flood plain. Stratigraphic analysis of the individual
cores revealed extensive mottling and iron staining of sediments in all cores along with the
presence of well developed carbonate nodules between 5 and 15 m below the surface. At this
level of resolution it would appear that post-depositional processes have significantly
influenced the geochemical character sediments within this flood plain deposit. However, a
statistical comparison of the low and high solubility elements noted only small differences in
the geochemistry of sediment within and between the different stratigraphic units of the
individual cores. It appears that although the flood plain deposit has experienced postdepositional influences, as evident through the stratigraphic analysis, this has had little overall
influence on sediment geochemistry. This highlights the importance of being scale aware
when interpreting the environmental history of flood plain environments. In addition the study
demonstrates the utility of integrating standard sedimentological and numerical techniques in
unravelling environmental histories, possible post depositional processes and groundwater
influences in flood plain depositional environments.
Key words: flood plain deposits; post depositional processes; multivariate analyses;
groundwater
INTRODUCTION
An understanding of sediment provenance can provide a rich source of information in
sediment-based palaeo-environmental reconstruction. This is particularly so where catchments
exhibit strong spatial patterns in the physical and chemical character of source materials. In
these situations changes in the relative yields of sediment from different parts of the
catchment can reveal much about changes in catchment runoff processes, climate, disturbance
and land use.
Sediment sourcing through the matching of the geochemical signatures of sediment
with that of different source areas within the catchment has been made more precise by the
development of multiple source mixing models that allow the simultaneous inclusion several
trace elements in models (Foster, 2000). The use of several elements increases confidence in
matching geochemical signatures of sediments to those of source areas; however, any
provenance estimates derived through the use of multiple source mixing models are
potentially compromised where post-depositional processes have acted to alter sediment
geochemical signatures. Post-depositional changes to geochemical signatures can occur where
groundwater movement or infiltration of surface water through sediment profiles result in the
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removal or addition of soluble trace elements (Bauluz et al., 2000), thus distorting the
geochemical signature and preventing the accurate characterisation of sediment provenance.
In this study we report on the results of sediment provenance estimations for a 450 ka
sediment record from a terminal flood plain lake system in a semi-arid region of eastern
Australia. The record under investigation displays evidence of post-depositional chemical
changes in the form of carbonate nodules and iron staining (Cossart, 2008). The degree to
which these processes affected sediment geochemical signatures was determined through
multivariate statistical comparison of signatures based on low and high solubility elements.
Subsequent provenance estimations were based on the signatures of low solubility elements,
and indicated strong temporal variation in dominant source areas which are hypothesised to
reflect variation, at a range of temporal scales, in continental scale rainfall patterns.
THE STUDY AREA
The Narran Lakes system is a dryland flood plain complex situated at the terminus of the
Narran River, a distributary river of the Condamine Balonne River in SE Australia (Fig. 1).
The climate in the region is semi-arid, with a mean annual rainfall of 480 mm (1938–2004),
high inter-annual variability in rainfall (Cv = 238%) and mean annual evaporation in excess of
1.8 m. Two principal tributaries meet to form the Lower Balonne some 250 km upstream from
the Narran Lakes: the Condamine River, which rises in the eastern highlands of southern
Queensland, and the Maranoa, which rises in the Carnavon Range further west (Fig. 1). The
climates of the two subcatchments differ in that the Condamine catchment, particularly in the
east, is humid with relatively predictable rainfall, while the Maranoa catchment is more arid
and is subject to less predictable rainfall (Thoms, 2003). The two catchments also contrast in
their geology, with the Condamine catchment headwaters dominated by tertiary volcanic
rocks, while the Maranoa is dominated by Cretaceous sandstone.

(c)
(a)
(b)
Fig. 1 The Narran Lakes system: a) Location of the Lower Balonne region; b) location of the Narran
lakes system c) location of sediment cores within the Narran lakes.

The Narran Lakes system consists of a suite of geomorphic units including a flood
plain (divided into the southern and northern sections), four lakes (Narran Lake, Clear Lake,
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Back Lake and Long Arm), a delta and a complex channel network (Fig. 1). These features
create a complex yet subtle topography. This study focuses on the northern flood plain and the
northern lakes (Clear Lake, Back Lake and Long Arm).
METHODS
Three cores were taken from each of four geomorphic regions of the Narran Lake system: the
flood plain, Clear Lake, Back Lake and Long Arm (Fig. 1). Coring was carried out in
April/May 2005, during a period when the system was dry, using a piston driven coring rig
(Geoprobe Macro-Core Soil Sampler). The cores were up to 14 m in length and were dated to
a maximum of 450 ka using Optically Stimulated Luminescence (OSL) dating (Cossart,
2008). The stratigraphy of each core was described using a lithofacies classification scheme
modified from Lewin (1996) and Miall (1985). Lithofacies were based on texture, layering,
basal contact, colour and presence of nodules and lenses with the sediments being classified as
either mud, sandy mud (<50% sand), muddy sand (>50% sand) and sand. Basal contacts were
described as sharp or gradual with structural patterns such as laminating and cross bedding
noted. Specific characteristics such as lenses, nodules, carbonates, organic matter and mottling
were recorded. Sediment colour was determined from dry samples using the Munsell Soil
Colour Chart.
A total of 318 sediment samples were taken from the cores for geochemical analysis at
depths determined on the basis of the lithofacies (Cossart, 2008). Samples were oven dried for
72 h at field temperature (~32ºC), disaggregated and dry sieved (<2000 µm) prior to analysis.
Sediment geochemistry was determined for the <63 µm fraction only. This sediment fraction
was selected because the majority of trace elements are bound to minerals of this size through
absorption or direct incorporation into the lattice (Ernst, 1970). Fifteen geochemical variables
were measured at the ALS Chemex laboratories using geochemical digestion – four acid (near
total) – ICP Atomic Emission Spectrometry (ICPAES).
Table 1 Stable (relatively insoluble) and soluble elements determined for the geochemical analysis of
the <63 µm fraction of sediments extracted from the Narran system.

Stable Elements
Aluminium (µg/g)
Titanium (µg/g)
Strontium (µg/g)
Lead (µg/g)
Cobalt(µg/g)

Soluble Elements
Barium (µg/g)
Calcium (µg/g)
Copper (µg/g)
Iron (µg/g)
Potassium (µg/g)
Magnesium (µg/g)
Manganese (µg/g)
Sodium (µg/g)
Phosphorous (µg/g)

The influence of post-depositional processes on sediment geochemistry was
determined by comparing resemblance matrices of sediment samples characterised by the
concentrations of the five stable elements with resemblance matrices of the same samples
characterised by sample concentrations of all 15 elements. Comparisons of matrices were
made for each of the six stratigraphic units across samples grouped by the stratigraphic units
determined by lithofacies analysis (Cossart, 2008). Matrices were generated using the Gower
metric distance measure and compared using the RELATE procedure in PRIMER v.6. The
resemblance matrices of each data set were compared using the Mantel test, which produces a
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Rho value that describes the significance of this relationship. A Rho value of 1 suggests that
the two matrices are highly similar, while a value of 0 suggests that they are different (Clarke
& Warwick, 1994).
Sediment provenance was subsequently investigated by reference to the geochemistry
of the Narran sediments, principally in relation to titanium (Ti) and aluminium (Al). These
elements were used because they are relatively stable or insoluble, and hence less prone to
post-depositional movement, and because they characteristically differ in their relative
concentration in the Condamine (where Ti/Al = 0.094) and Maranoa (where Ti/Al = 0.047)
subcatchments.
RESULTS
Core stratigraphy
All cores except flood plain “a” and “b” are characterised by a basal unit with high sand and
low organic content (sand unit) (Fig. 2). This unit is overlain in all but the flood plain “a” core
by a unit containing several distinct upward fining sequences (cyclic unit) (Fig. 2).
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Fig. 2 Sedimentary sequences of the Narran Lakes cores. The stratigraphy and common depositional
units of cores from the major geomorphic units are displayed along with the core profiles of Ti/Al
ratios.
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Finally, the surface of all cores (surface unit) is characterised by uniform muddy sediment
with high organic and low sand content and sharp basal contacts (Fig. 2). In addition to these
three major units, which are found in most cores, three other distinct minor stratigraphic units
were also identified in some cores; these are described as the backwater unit, the dune unit
and the billabong unit. The backwater unit overlies the cyclic unit in the Long Arm cores and
is characterised by laminations of fine sands in a greyish brown mud layer with high organic
content (Fig. 2); the dune unit forms the basal unit in flood plain “b” and is characterised by
well-rounded and sorted bleached sands (Fig. 2). The billabong unit forms the basal unit in
flood plain “a” and is characterised by a greyish brown mud layer containing laminations of
fine to medium sands, with moderate organic content throughout (Fig. 2).
Evidence of post-depositional changes
Post-depositional changes to the sediments are suggested by mottling or iron staining of
sediments in sections of the sand and cyclic layers of the Clear Lake, Back Lake and Long
Arm cores as well as in the dune unit of the flood plain “b” core. Similarly, carbonate nodules,
ranging in size from 1 to 20 mm in diameter are present in the cyclic and sand units of the
Clear Lake, Back Lake and Long Arm cores (Fig. 2).
Comparison of total and insoluble geochemistry of sediments
The resemblance matrices calculated from all 15 and just the five stable elements are
statistically similar for the sand, cyclic, surface, billabong and backwater units, with Rho
values for these comparisons ranging from 0.747 up to 0.875 (Table 2). In the case of the dune
unit, matrices derived from the full set of 15 elements set and the stable subset of five
elements showed greater dissimilarity, suggesting that post-depositional changes to sediment
geochemistry may have been more substantial within this unit (Table 2).
When the major depositional units are nested within geomorphic regions the pattern is
largely similar, although the difference between the stable element geochemistry and the full
element geochemistry for the sand unit of the flood plain cores suggests post-depositional
changes were more substantial in those sediments than in the sediments of the other major
units and geomorphic regions (Table 3).
Table 2 Mantel test comparisons between resemblance matrices calculated using the full set of
elements (n = 15) and the insoluble subset of elements (n = 5) for each depositional unit.

Depositional
Unit
Surface
Cyclic
Sand
Backwater
Billabong
Dune

Rho
statistic
0.835
0.747
0.773
0.875
0.858
0.487

p value
0.001
0.001
0.001
0.001
0.001
0.012
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Table 3 Mantel test comparisons between resemblance matrices calculated using the full set of
elements (n = 15) and the insoluble subset of elements (n=5) for the major depositional units nested
within geomorphic regions.

Clear Lake
Rho
p
Statistic value
Surface 0.85
0.001
Cyclic 0.85
0.001
Sand
0.77
0.001

Back Lake
Rho
p value
Statistic
0.675
0.002
0.867
0.001
0.771
0.001

Long Arm
Rho
Statistic
0.855
0.706
0.773

Flood plain
p value Rho
statistic
0.001 0.758
0.001 0.652
0.001 0.429

p value
0.001
0.001
0.294

Sediment provenance
The Ti/Al ratios of Narran sediments range from 0.038 to 0.137. The average Ti/Al ratios for
sediments from Clear Lake are fairly consistent across the three cores and fluctuate about
0.071, the value expected if contributions from each sub-catchment were equal (Fig. 2). In the
case of the Back Lake and Long Arm sediments, there is also consistency across the cores;
however, the Ti/Al ratios are slightly lower in these sediments than in Clear Lake, suggesting
marginally greater inputs of Maranoa-sourced sediments in these sequences. There is greater
variation in Ti/Al ratios among the Flood plain cores. For the Flood plain core “a”, sediment
Ti/Al ratios are mostly above 0.071, suggesting a dominance of Condamine-derived
sediments. The dominance of Condamine-derived sediments is even greater in the Flood plain
“c” core where Ti/Al ratios are mostly greater than 0.08. In contrast, the Ti/Al ratios in the
Flood plain core “b” fluctuate about 0.071, suggesting that the contribution from Condamine
and Maranoa source areas has been roughly equal.
Stratigraphic variation in Ti/Al ratios, and hence sediment provenance, is also evident
through the various cores. The records from Clear Lake are characterised by high Ti/Al ratios,
and hence predominantly Condamine-derived sediment, in the bottom section of the sand unit
(9–14 m), with low Ti/Al ratios, and hence predominantly Maranoa-derived sediment, in the
upper section (5–9 m). Through most of the cyclic unit of the Clear Lake records (5–2 m), the
Ti/Al ratios are very high, suggesting a strong dominance of Condamine-derived sediments
over this period. Ti/Al ratios subsequently decline at the top of the cyclic unit and remain
consistently below 0.06 through the surface unit of Clear Lake.
Fluctuations in Ti/Al ratios are less pronounced in the Back Lake and Long Arm
records. In the case of Back Lake, the Ti/Al ratios remain relatively close to 0.07 through the
sand and cyclic units, suggesting roughly equal input of sediments from both subcatchments
over this period, although values are consistently below 0.06 between around 8 m and 7 m,
suggesting greater input of Maranoa sediments. As for Clear Lake, Ti/Al ratios are
consistently below 0.06 throughout the Back Lake surface unit.
In Long Arm, relatively low Ti/Al ratios through the sand unit and the lower part of
the cyclic unit suggest sediments were predominantly derived from the Maranoa over this
period. A change in sediment provenance is evident in the upper portion of the cyclic unit in
Long Arm, with an increased Ti/Al ratio from around 4.5 m to 3.5 m indicating a shift to
predominantly Condamine-derived sediments during this time. This increase is short-lived,
however, and the Ti/Al ratio subsequently declines through the backwater unit and remains
consistently below 0.06 through the surface unit.
Each Flood plain core has a different Ti/Al profile (Fig. 2). In Flood plain core “a” the
Ti/Al ratio is characterised by large peak at a depth of around 5 m, indicating that sediment
inputs were strongly dominated by Condamine sources during this time. The Ti/Al ratios
through the remainder of the core are mostly between 0.06 and 0.075, indicating that both
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subcatchments contributed a roughly equal proportion of sediment for most of the record. The
Ti/Al profile in the Flood plain “b” core is broadly similar, although it differs in that it lacks
any substantial peak; thus, sediment inputs to this record appear to have been derived in
roughly equal proportions from each subcatchment over the full record. A substantially
different profile is evident in the Flood plain “c” core. In this core, Ti/Al ratios increase from
relatively low values in the basal sand unit to values of around 0.1 through most of the cyclic
unit, suggesting a strong dominance of Condamine source inputs through the cyclic unit. As
for most records, the Ti/Al ratios subsequently decline in the surface unit of the Flood plain
“c” core, indicating increased input of sediment from Maranoa sources under the most recent
depositional regime.
DISCUSSION
Large volumes of sediment (414 559 071 tonnes) have accumulated in the Narran system over
the last 440 ka; the rate of accumulation of sediments, however, has been low compared to
other flood plain systems (cf., Walling et al., 1997; Thoms, 2003). Sedimentation rates varied
between 0.005–0.71 mm year-1 for the various geomorphic units within the Narran system,
with a progressive increase over time. During the period of ‘sand’ deposition, beginning 440
ka years ago, sedimentation rates were 0.005 mm year-1, this increased to an average of 0.008
mm year-1during the period of “cyclic” deposition between 330 and 78 ka. Finally, the
“surface” depositional unit, 78 ka to present, was deposited at rates ranging from 0.053 to 0.71
mm year-1 for the different regions of the Narran system. In general, rates of sedimentation on
the flood plain were greater than the lakes (mean of 0.012 mm year-1). The rates across the
flood plain also appear to decrease with distance from the river channel. For example, the
surface unit at the core “a” site was deposited at a rate of around 0.71 mm year-1 compared to
a rate of 0.07 mm year-1 at the core “c” site. Overall the rates of sediment accumulation are
156 times lower than those reported for the Lower Balonne Flood plain immediately upstream
of the Narran system (Thoms et al., 2007). This disparity suggests that the low rates of
sediment accumulation Narran System result from inefficient delivery of sediment from
upstream rather than low yields from source areas and that this inefficient sediment transport
is an important factor contributing to the stability and persistence of Narran in the landscape
(Cossart, 2008).
The Ti/Al profiles from the lake and flood plain cores suggest that the relative
contribution of Condamine and Maranoa derived sediment to the Narran system has varied
over the last 440 ka years and that the relative contribution of sediment from each source area
has also varied spatially across the various geomorphic regions. Overall, and particularly over
the last 78 ka years, the lakes have received relatively more sediment from the Maranoa
subcatchment. In contrast, the flood plain, particularly more distant from the river channel,
has received relatively more sediment from the Condamine sub-catchment. It is possible that
this pattern reflects the need for synchronous high flows from both subcatchments to occur for
sediments to be deposited on the more distal parts of the flood plain.
Variation in sediment provenance within the different geomorphic units may reflect
climatic influences on the supply of sediment to Narran system. Sediments of the sand unit,
which accumulated between 440 to 330 ka, fluctuated between the Condamine and Maranoa
catchment and were indicative of relatively a high-energy environment. This period is
representative of humid climatic conditions that existed for much of the Pleistocene in the
Murray Darling Basin (Nanson et al., 1988). Sediments that accumulated between 330 to 78
ka – the cyclic unit – were predominantly from the Condamine catchment with limited
contributions from the Maranoa. This reduction in provenance variability contrasts to the
variability in fluvial energy of this unit. The regular fining upward sequences of the cyclic
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unit correspond to the regular wet and dry oscillations that have been reported for much of SE
Australia (cf. Rust & Nanson, 1988). Thus, variation in transporting energy was only
associated with the eastern, Condamine, region of the catchment. Since 78 ka there has been a
marked reduction in fluvial energy and an overall increase in the predominance of Maranoaderived sediment accumulating in the Narran Lakes. However, sediments accumulating on the
flood plain are mainly from the Condamine catchment. The differential sediment provenance
between the lakes and flood plain is similar to that reported by Rayburg & Thoms (2008), who
showed that sediments in rarely flooded areas were predominantly derived from the
Condamine sub-catchment while sediments in frequently flooded areas were predominantly
derived from the Maranoa sub-catchment.
The observed patterns in sediment provenance within Narran are consistent with those
recorded by Brennan (2001), who demonstrated that finer sediments accumulating on the
lower Balonne Flood plain originate in the Maranoa catchment whereas coarser sediments
originate in the Condamine. The underlying geology of the Maranoa catchment (sandstone
bedrock) and the presence of sands within the active Maranoa River channel (Galloway,
1974) might suggest that coarser material would be derived from the Maranoa catchment;
however, Brennan (2001) hypothesised that the observed converse pattern was due to lower
discharges, stream power and potential sediment transport energy in the Maranoa subcatchment and the higher stream energy and transport capacity in the Condamine catchment.
Much of the information gained from this study has relied on the capacity to match
geochemical signatures within the Narran system to those from upstream catchments. Initial
analysis of the stratigraphy of the Narran cores suggested substantial post-depositional
changes had occurred within the sediments, as indicated by extensive mottling and iron
staining of the sediments and the presence of carbonates nodules. The movement of subsurface water has been reported to significantly alter the chemical composition of the
sediments (Bauluz et al., 2000). However, a comparison of different suites of geochemical
signatures demonstrates there to be no statistical difference in the collective of soluble and
non soluble elements of the Narran sedimentary deposit. Whilst the actual processes creating
this situation remains unclear, it appears that post-depositional processes may have had little
effect on the sediment geochemistry of the Narran cores thereby allowing sediment
provenance investigations to proceed.
CONCLUSIONS
Sedimentation within the Narran system has displayed a complex response to catchment and
climatic influences. There has been a gradual reduction in the energy contributing to the
supply and deposition of material within the basin. There have also been substantial
fluctuations in sediment provenance over time as well as spatial variation in the relative
contributions from each sub-catchment to the sediment accumulating within the various
geomorphic regions. During the most recent depositional regime, represented by the “surface”
unit that is present in all cores, a relatively constant pattern has evolved whereby the
sediments deposited in the lakes are derived predominantly from the Maranoa sub-catchment,
while those deposited on the flood plain, particularly those areas more distant from the main
river channel, contain a greater proportion of material from the Condamine sub-catchment.
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