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know the past, you can’t understand the present and plan properly for the future.” 
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Abstract 
Despite the increasing threat of flooding due to climate change, there is limited understanding of the 

level of contamination of flood deposits, and their risk to humans and the environment. It is expected 

that sediment cores can provide a better understanding of the contaminants deposited by floods, 

because sediment cores can preserve both the pollution and flood histories of aquatic systems. This 

PhD thesis aims to use sediment cores to identify pollutant levels (heavy metal concentrations) in 

sediments deposited by past fluvial floods. The Yarra River, which flows through a metropolitan area 

(Melbourne) in South-East Australia is used as a case study, and contaminant levels within fluvial flood 

deposits during the 20th century are identified in sediment cores from two floodplain lakes (billabongs). 

 

First, overall pollution trends within the Yarra River billabongs are explored. It is found that current 

sediment quality trigger values used in Australia do not reflect background heavy metal 

concentrations in the Yarra River billabongs. This highlights the need to use sediment cores to identify 

the background conditions of aquatic systems, when developing environmental management targets, 

instead of relying on generic trigger values. Also, urban stormwater from purely residential 

catchments appears to result in heavy metal pollution of aquatic systems. Although the installation of 

a stormwater treatment wetland has coincided with a slight decrease in heavy metal levels within one 

of the billabongs, background levels have not been restored.   

 

Second, two methods for identifying discrete flood deposits within sediment cores are presented. One 

method utilises the elemental composition of sediments, a flood proxy not previously sufficiently 

explored, to identify flood layers. The historical flood records reconstructed using billabong sediment 

cores can be used to infer that flooding frequency of the Yarra River has decreased through the 20th 

century. These reconstructed records were checked using measured flow data 

 

An uncertainty framework for using sediment cores to obtain historical pollution records is also 

presented. The greatest source of uncertainty is the assumption that all metals entering the aquatic 

system are deposited on the sediment bed. Observations during a 12-month field monitoring period 

indicate that whilst there may be a discrepancy between the total mass of metal inputs and total mass 

of metals deposited on the bed sediment, they vary throughout the year in a similar manner. These 

results suggest that sediment core heavy metal profiles are indicative of historical pollution trends in 

the aquatic system.  
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The thesis also demonstrates how high resolution historical pollution and hydrologic trends, both 

reconstructed using sediment cores, can be used together to determine the pollution sources of 

aquatic systems. This shows that the main source of pollution in billabongs can vary greatly even if 

these billabongs are close to each other spatially. Whilst one billabong had higher heavy metal 

concentrations in flood-deposited sediments, the other had higher concentrations in sediments that 

were not deposited by floods. Cumulative distribution functions of heavy metal concentrations (lead 

and zinc) in sediments deposited by Yarra River floods at the two billabongs over the 20th century are 

also presented. These functions could be used to help predict the contaminant deposition by future 

floods of the Yarra River at the two billabongs.  

 

The methods presented in this thesis can be applied to other river catchments to better understand 

their sources of contamination; in particular, the importance of flooding in the deposition of 

contaminants in floodplains and billabongs. Furthermore, having these data of heavy metal 

concentrations in flood deposits will better equip us for the future, enabling us to better understand 

the risks associated with fluvial floods, and the management strategies that are required.  
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1.1 Introduction 

River floods in both urban and rural areas are a threat to society. Traditional flood risk management 

measures have focused on protecting infrastructure and society from the large volumes of water that 

are mobilised (Emdad Haque, 2000; Merz et al., 2010; Ockenfeld et al., 2005; Wheater, 2002). 

However, the poor quality of flood waters, and the pollutants that can be deposited in inundated areas 

after flood waters recede are also of increasing concern (Ockenfeld et al., 2005). Following the 

dispersal of pollutants in areas inundated by the 2002 Elbe River flood (Abraham and Wenderoth, 

2005; Wölz et al., 2011), researchers and government organizations around the world have begun to 

consider human health risks from contact with flood water and flood sediment deposits (Hilscherova 

et al., 2007; Pulkrabová et al., 2008; Schulz et al., 2009; Stuyt et al., 2007; Umlauf et al., 2005; ten 

Veldhuis et al., 2010). There are conflicting studies however, with some research suggesting that 

fluvial flood waters have not deposited contaminants in inundated areas (e.g., Maliszewska-

Kordybach et al., 2012). Thus, there is still not enough known about the quality of flood waters and 

the risk of these flood events to both humans and the natural environment from a water quality point 

of view. 

 

Whilst long term datasets and established prediction methods exist for estimating flood flow rates 

(including flood frequency analysis, rainfall-runoff models and hydrodynamic models); knowledge of 

pollutant levels in flood water is limited (Sauer et al., 2007; Wheater, 2002; Zonta et al., 2005). Indeed, 

Cánovas et al. (2008) recognize that more accurate water quality sampling of floods is needed to 

assess the importance of these events from a risk management perspective. Most water quality 

datasets are relatively short, spanning 30-50 years (Benito et al., 2004) and large flood events are 

often not included in these short records. This is not only due to their infrequency (Walling et al., 1996) 

but also due to the difficulties associated with obtaining safe and accurate measurements during flood 

flows (Zak et al., 2009; Zonta et al., 2005). Although there are studies that have sampled flood waters 

(Caetano et al., 2006), or flood-deposited sediments (Albering et al., 1999; Brown and Chanson, 2012), 

these studies often include only a handful of flood events.  

 

With climate change looming, threatening increased flooding frequency around the globe (Cofalla et 

al., 2012; Kundzewicz et al., 2008; Whitehead et al., 2009), it is essential that these data and 

knowledge gaps are filled. Adequate and cost effective mitigation strategies are possible only if the 

risks associated with the quality of flood waters are adequately characterised and the main factors are 

understood. While the implementation of long-term monitoring schemes should be encouraged and 
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are occurring (Zonta et al., 2005), it will take many decades to collect enough data to implement 

statistical analyses for flood water and sediment quality estimation. 

 

This problem could be overcome by using sediment cores to trace flood and pollution history (Brown 

et al., 2000; Walling et al., 1996; Wolfe et al., 2006). Sediment cores from the beds of lakes, estuaries 

and oceans can retain the depositional history of that environment. Cores have therefore been used 

to piece together the past in a wide range of studies, such as the reconstruction of fire histories (e.g., 

Whitlock et al., 2010), studies of megafaunal extinction (e.g., Rule et al., 2012; Turney et al., 2008), 

and historical ecology of aquatic systems (e.g., Leahy et al., 2005). Sediment cores also have the 

potential to preserve historical flood deposits and in fact, they have already been used to conduct 

flood frequency analysis for the prediction of flood flow rates (Baker, 2008; Benito et al., 2004; Wolfe 

et al., 2006). It is therefore hypothesized that information from sediment cores can be used to identify 

the quality of sediments deposited by fluvial floods, and thereby understand the water quality of flood 

events.  

 

The main aim of this PhD is to use sediment cores to identify the historical pollutant concentrations 

within sediments deposited by overbank fluvial floods. The Yarra River (located in Victoria, Australia) 

is used as a case study. A dataset of the quality of flood deposits is developed using the contaminant 

levels detected in flood-deposited sediments in sediment cores from two billabongs (also known as 

oxbow lakes or floodplain lakes) in the Yarra River catchment (Bolin Billabong and Willsmere Billabong, 

both within metropolitan Melbourne).  As such, the main outputs of this project are:  

 a demonstration of how pollution mitigation methods can be assessed using these data from 

sediment cores, 

 an uncertainty framework for developing historical pollution trends of aquatic systems using 

sediment cores,  

 a demonstration of how sediment cores can be used to obtain these data of contaminants in 

flood deposits,  

 a better understanding of the importance of fluvial flood deposits in billabong pollution, and 

 a dataset of heavy metal concentrations in past flood sediment deposits. 
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1.2 Thesis structure 

The thesis consists of eight chapters in total (as depicted in Figure 1.1 and discussed briefly below). 

The four main chapters of this thesis (Chapters 4 to 7) contain publications that have been published, 

accepted with major revisions, or are currently under internal review. Where necessary, additional 

discussions have also been included to supplement these publications (in Chapters 4, 5 and 7). The 

reference lists provided at the end of Chapters 4, 5 and 7 therefore includes the references from both 

the publications and from the additional discussions. The supplementary material accompanying 

these publications are provided in Appendix A. The structure of this thesis reflects the plan of the 

project.  

 

 

 

Figure 1.1: Thesis structure 
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Chapter 1: Introduction 

This chapter outlines and justifies the thesis topic by first highlighting the need for more understanding 

of the contaminants levels deposited by fluvial floods. It then proposes the use of sediment cores from 

billabongs to gain this understanding. This chapter also provides an outline of the thesis and a 

discussion of the thesis scope. 

 

Chapter 2: Literature review 

This chapter provides an overview of existing methods used to identify pollutant concentrations in 

flood deposits. It then discusses how sediment cores from aquatic environments are currently used to 

identify historical trends in pollutant fluxes and flood frequencies, and knowledge gaps in the use of 

sediment cores for identifying these historical pollution and flood trends.  

 

Chapter 3: Research objectives, hypotheses and case study justification  

This chapter presents the four main research objectives for the project alongside their corresponding 

research questions and hypotheses. Also presented in this chapter is a justification of the use of the 

Yarra River catchment and its billabongs as a case study. 

 

Chapter 4: Identifying historical pollution trends in the Yarra River billabongs 

This chapter discusses the historical pollution trends in the Yarra River billabongs, which have been 

identified using sediment cores. It consists of two publications: “Using sediment cores to establish 

targets for the remediation of aquatic environments” (accepted with major revisions to Water Science 

and Technology) and “Digging up the dirty past: evidence for stormwater’s contribution to pollution 

of an urban floodplain lake” (published in Marine and Freshwater Research). The paper accepted to 

Water Science and Technology will be cited through the thesis as Lintern et al., (submitted). This 

chapter also contains a brief discussion that justifies why the Yarra Flats Billabong sedimentary records 

were not used in this thesis.  

 

Chapter 5: Identifying historical trends in the hydrology of the Yarra River billabongs 

This chapter discusses the use of sediment cores to identify the historical trends in hydrology of the 

Yarra River billabongs. This chapter consists of a publication currently under internal review for 

submission to Science of the Total Environment, titled “Using sediment cores to identify historical 

changes in floodplain lake hydrology”. This publication will be cited throughout the thesis as Lintern 

et al. (in preparation-a). The second half of this chapter discusses the use of sediment mixing models 

for identifying flood-deposits in sediment cores. 
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Chapter 6: Assessing the uncertainties 

Discussed in this chapter are the uncertainties associated with using sediment cores to understand 

historical pollution trends of water bodies. This chapter is comprised of a publication currently under 

internal review for submission to Quaternary Science Reviews, titled “Uncertainties in historical 

pollution data from sedimentary records”. This publication is cited as Lintern et al. (in preparation-b) 

in the thesis.  

 

Chapter 7: Identifying the relationship between overbank fluvial floods and heavy metal pollution 

in billabongs 

This chapter builds on the findings of the previous three chapters and discusses how sediment cores 

were used to determine the contamination levels of flood-deposited sediments. The first part of this 

chapter is a publication under internal review titled “Recreating historical data from sediment cores; 

to protect aquatic environments”, to be submitted to Water Research. This publication is cited as 

Lintern et al. (in preparation-c) throughout the thesis. The second half of this chapter is not a 

publication. It presents cumulative distribution functions of heavy metal concentrations (lead; Pb and 

zinc; Zn) in flood-deposited sediments in the Yarra River billabongs. It also presents the relationship 

between heavy metal concentrations (Pb and Zn) deposited in the Yarra River billabongs and Yarra 

River flows.  

 

Chapter 8: Final discussion and conclusions 

The final chapter of the thesis first identifies strengths and weaknesses in the thesis, and is followed 

by a summary of the key findings of the thesis. The chapter concludes with suggested areas of further 

research. 

 

1.3  Thesis scope 

This thesis will not be reconstructing historical pollutant concentrations or masses in the water column 

of aquatic systems. Instead, the ‘historical pollution records’ in the title of the thesis are presented as 

pollutant levels in the bed sediments of aquatic systems. The choice of heavy metals as the main focus 

of this thesis is justified in Chapter 2 and Chapter 4.  

 

Above, it was discussed that a dataset of heavy metal concentrations in past flood deposits will be one 

of the main outputs of this thesis. This thesis will not provide a list of historical Yarra River flood events, 

with the pollutants concentration of the sediment deposits of each of these events. Instead an 
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overview of the distribution and general trends in pollutant levels deposited by floods of the Yarra 

River is provided. This will enhance understanding of the importance of flood events in contributing 

pollutants to river floodplains. Furthermore, due to the lack of overbank floods of the Yarra River 

during the PhD candidature, this dataset (and as such, the methodology used to create this dataset) 

is not validated using field measurements of pollutant levels in flood-deposited sediments.   

 

Finally, whilst pollutant deposition by fluvial floods is investigated in this thesis, neither flood 

modelling nor contaminant transport modelling will be conducted. Rather than obtaining data by 

simulating flood events, this thesis intends to demonstrate how historical data can be collected using 

sediment cores, and highlight how these historical data can be used in environmental management 

and flood-risk management. 
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2.1 Introduction 

As discussed in the previous chapter, there is a pressing need to enhance our understanding of 

contaminant deposition by fluvial floods, for the protection of both the natural riparian environment 

and human health. The following literature review has four parts. The first section introduces and 

summarises methods that are currently available for determining pollutant levels in fluvial flood 

deposits. The second and third sections discuss the use of sediment cores from aquatic environments 

to identify historical pollution trends and historical hydrologic trends. These discussions also highlight 

knowledge gaps in the two areas. Finally, previous studies that have attempted to determine the 

quality of historical flood deposits using sedimentary records will be evaluated.  

 

2.2 Methods used to estimate the quality of flood-deposited sediments 

The quality of flood-deposited sediments can be better understood using measured data of 

contaminant levels in the sediments deposited by floods. However, as previously highlighted in 

Chapter 1, measurements of flood-deposited sediments are not available for most sites and the 

datasets that are available often cover only a relatively short time span such as one flood event 

(Abraham and Wenderoth, 2005; Pulkrabová et al., 2008; Wölz et al., 2011), or one decade 

(Hilscherova et al., 2007). More long-term datasets are needed to understand the processes governing 

contaminant deposition by fluvial floods. Even if monitoring projects are implemented now, due to 

the infrequency of floods (Walling et al., 1996), it will be many years before a representative sample 

of flood-deposited sediments can be sampled. Furthermore, long-term monitoring projects can not 

only be cost-prohibitive, but can also be interrupted when economic climates change (Caughlan and 

Oakley, 2001).  

 

Although models could also be used to predict the deposition of contaminants in flood-inundated 

areas, there is a limited availability of models that can meet this objective. Two examples of such 

predictive models that do exist are Telemac2D (Schulz et al., 2009) and TREX (Velleux et al., 2008). 

These are both physically-based distributed models that consist of three modules: hydrologic, 

sediment transport and chemical transport.  

 

Telemac2D was used by Schulz et al. (2009) to predict the lead (Pb), mercury (Hg) and arsenic (As) 

contamination of an area inundated by a hypothetical 200 year Average Recurrence Interval (ARI) 

flood of the Elbe River in Germany. This model consists of a hydrodynamic (Telemac-2D), sediment 

transport (Subief-2D) and water quality component (a user defined model). The results of the 

hydrodynamic module are based on the solution of the Saint-Venant equations. The solution of these 
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equations feeds into the sediment transport component, which takes into account the deposition and 

erosion of sediments. However, this model contains a number of parameters that require calibration 

(e.g., the critical deposition velocity, ud* or the friction velocity, u*). Boundary (pollutant 

concentrations measured in the water column) and initial conditions (pollutant concentrations in the 

top soil of the studied areas) are also required when applying the model. For the Elbe River study, the 

boundary and initial conditions were based on pollutant concentrations measured during a flood of 

the Elbe River in March 2006. Although Telemac2D models the transport and deposition of pollutants 

in rivers and floodplains, it does not address the problem of pollutant generation within the catchment 

and the transport of these pollutants to the stream. This is a problem because pollutant loading can 

be highly variable both temporally and spatially (Ambrose et al., 1993).  

 

In contrast to Telemac2D, TREX (Velleux et al., 2008) simulates the transfer of flow and contaminants 

between the floodplain and the main river channel. Pollutant load generation is predicted using 

Universal Soil Loss Equation (USLE) parameters (such as USLE soil management, erodibility and soil 

cover factors) and parameters representing the association of contaminants to these particulates. In 

the hydrologic module, overland flow is determined using the two dimensional diffusive wave 

approximation, and in-stream flow is approximated using the one dimensional diffusive wave 

approximation. Both overland (2D) and in-stream (1D) physical sediment transport is modelled using 

advection-dispersion and erosion-deposition processes. The chemical transport component of 

contaminants is modelled by the processes of chemical partitioning, advection-diffusion, erosion-

deposition and infiltration.  However, this model still requires boundary and initial conditions. These 

are flow data, catchment soil and bed sediment pollutant concentrations, and water column pollutant 

concentrations.  

 

The limitation of both models is that their application requires extensive field data for not only their 

implementation (initial and boundary conditions), but also for their calibration. Indeed, others have 

highlighted that there is a lack of data for the development, use and calibration of pollutant deposition 

models (Letcher et al., 2002; Newham and Drewry, 2006). This problem could be addressed by 

developing a new method for generating long-term datasets that can be used for initial and boundary 

conditions as well as calibration/validation datasets in the modelling of contaminants in flood-

deposited sediments. 
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2.3 Using sediment cores to identify historical changes in the contamination of 

aquatic systems 

Previous studies have used sediment cores from aquatic systems such as oceans, lakes, floodplains 

and estuaries to understand historical water quality changes (e.g., Cundy et al., 1997; Latimer et al., 

2003; Moriwaki et al., 2005; Yamashita et al., 2000). These investigations involve the extraction of 

sediment cores from the beds of lentic environments and the creation of dated vertical contaminant 

profiles.  

 

2.3.1 Contaminants studied 

Heavy metals 

Heavy metals are defined as metals having a specific density of more than 5 g/cm3 in either the 

particulate or soluble form (Järup, 2003). Heavy metals can accumulate at the beds of aquatic 

environments due to their association with particulate matter (Bábek et al., 2011; Chon et al., 2012; 

Förstner and Wittman, 1981; Kolak et al., 1998) and as a result, a significant amount of the heavy 

metals entering aquatic environments are believed to be retained in the bed sediments. This retention 

of heavy metals in the bed of aquatic systems is of concern due to the fact that they can remain 

indefinitely in the bed sediments, and be later resuspended by physical turbulence, or remobilized 

due to biological and chemical processes within the aquatic system (Hudson-Edwards et al., 1998; 

Zoumis et al., 2001).  

 

 

Figure 2.1: Sources of heavy metals in aquatic environments (Bradl, 2005; Förstner and Wittman, 1981; Li et 
al., 2001; Rice, 1999; Ruiz-Fernández, Sanchez-Cabeza, et al., 2012; Swales et al., 2002; Vane et al., 2011). 

 

Heavy metals are also studied in sediment cores due to their relationship with various anthropogenic 

activities (Figure 2.1). Studies of sediment core heavy metal profiles have therefore been used to 

identify the main factors affecting the pollution of aquatic systems (Harrison et al., 2003; Swales et al., 
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2002; Valette-Silver, 1993). For example, Bellucci et al. (2012) used dated sediment cores from 

Augusta Bay in Italy to assess long-term temporal changes in Hg levels in the bay. They found that the 

Hg levels in the sediment core reached a peak in the 1970s. The decrease in Hg levels after this date 

has been attributed to controls on mercury emission, such as a demercurization plant and improved 

waste treatment processes at nearby factories (Bellucci et al., 2012). 

 

Generally, studies rely on prior understanding of the history of catchments to explain the sediment 

core heavy metal profiles (e.g., Callaway et al., 1998; Meybeck et al., 2007; Santschi et al., 2001).  For 

example, Tang et al. (2008) inferred that high heavy metal concentrations (copper; Cu, Pb, zinc; Zn) in 

sediment cores (dating from the mid-20th century to the end of the 20th century) obtained from 

Victoria Harbour, Hong Kong were primarily due to urbanisation, namely, the deleterious impact of 

surface runoff, sewage discharge and industrial inputs into the harbour. These inferences were based 

on (1) the correlation between the timing of the increase in metals in the sedimentary record to the 

timing of urbanisation and industrialisation known to have taken place in the region, and (2) the 

greater concentrations of heavy metals in cores taken closer to the densely urbanised areas compared 

to cores taken further away.  

 

Sometimes there is limited knowledge about the history of an aquatic system’s catchment. This makes 

it difficult to link pollution profiles to historical catchment changes. In such cases, trends in physical, 

biological and chemical properties of the sediments within the core can be used to help infer the 

historical catchment changes, which can then be linked to the pollution profiles. For example, 

Thevenon et al. (2013) identified a correlation between sediment characteristics (elemental 

composition) in a sedimentary record from three lakes connected to the Aare River in Switzerland, 

and the construction of reservoirs in the river catchment upstream of the lakes. Changes in elemental 

composition in the sediment core that were indicative of decreasing streamflow due to reservoir 

construction, correlated with a decrease in heavy metal concentrations in the sediment core. This was 

interpreted as evidence that upstream sources are the main source of these heavy metals and river 

flow is the main transport process of these metals into downstream lakes 

 

Persistent organic pollutants 

Persistent organic pollutants (POPs) are defined as toxic organic compounds that have the potential 

to bioaccumulate, and that can be subjected to long-range atmospheric transportation and deposition 

(Vallack et al., 1998). Other criteria used to define POPs include a half-life in water greater than two 

months, and in sediment greater than 6 months (International POPs Elimination Network, 2011). POPs 

can have both natural and anthropogenic sources, as summarized in Table 2.1. The presence of these 
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compounds in the environment is of concern because of their detrimental effect on living organisms, 

particularly the endocrine and reproductive systems (Barakat et al., 2012; Burgess et al., 2003).   

 

Table 2.1: POPs and their sources (Barakat et al., 2012; Gevao et al., 1999; Moon et al., 2009; Piazza et al., 
2009; Ravindra et al., 2008; Ruiz-Fernández, Sprovieri, et al., 2012; Taylor et al., 2004; Vallack et al., 1998; 
Vane et al., 2011; Yamashita et al., 2000; Zennegg et al., 2007).  

Contaminant                                                   Source Year of commercialization  

Natural Anthropogenic  

Polycyclic aromatic 
hydrocarbons 
(PAHs) 

Deterioration of organic 
matter in anoxic soils 
(e.g., Perylene) 
Combustion of organic 
matter (forest fires, 
volcanic eruptions) 

Use in pesticides 
Fuel combustion 
Waste incineration 
Industrial processes 

 

Polychlorinated 
biphenyls (PCBs) 

No known sources Use in transformers and 
dielectric capacitors 
Combustion  
Coal and wood burning 
Paints and solvents (ship 
coating, carbon free copy 
papers) 
Softener for plastics and glues 

1929 

Organochlorine 
pesticides (OCPs) 

No known sources Insecticides, fungicides DDT (1939), chlordane (1945), lindane 
(1942), heptachlor (1951) 

Polychlorinated 
naphthalenes (PCNs) 

No known sources Industrial synthesis (use in 
transformers, capacitors) 
Waste combustion 
Wood and coal combustion 
Metallurgical Processes  

1919 

Polychlorinated 
dibenzo-p-dioxins 
and furans 
(PCDD/Fs) 

No known sources Degradation products of 
nonylphenol polyethoxylates 
(used as surfactants) 
Herbicides 
Combustion 

 

Nonylphenols (NPs) No known sources Use in detergents, paints and 
emulsifying agents 

 

 

Due to their persistence in bed sediments, many studies have attempted to identify vertical trends in 

POPs through sediment cores (Blais and Muir, 2001). The substances that have been addressed in such 

studies include: PAHs, PCBs, TPHs, TAHs, OCPs, PCNs, PCDD/Fs, NPs (Gevao et al., 1997, 1999; Latimer 

et al., 2003; Mai et al., 2004; Moon et al., 2009; Taylor et al., 2004; Vane et al., 2011; Wei et al., 2008; 

Yamashita et al., 2000; Zennegg et al., 2007). Studying these pollutants in dated sediment cores allow 

us to understand the impact of various catchment changes over time (such as urbanization, 

industrialization or agricultural practices) on the contamination of aquatic environments by POPs, as 

well as the effectiveness of water quality management strategies (Zennegg et al., 2007).  

Although the trends and patterns of POPs found in dated sediment cores vary depending on the 

specific contaminant and location being studied (Table 2.2), some generalisations can be made about 

these trends. Most studies find an increase in POPs concentrations in the early to mid-20th century, 
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corresponding to their introduction and proliferation, followed by decreasing concentrations in the 

late 20th century. For example, in a study of PCB contamination in Las Matas lagoon in Mexico, Ruiz-

Fernandez et al. (2012) found that there was an increase in PCB levels after 1940 which was attributed 

to the increasing use of synthetic PCBs. There were then decreasing levels after 1990, which were 

linked to the introduction of environmental regulations by the Mexican government in the Las Matas 

lagoon area from the early 1990s. It must be noted however that there are exceptions to this general 

pattern. For example, in a study of dated sediments cores from the Pearl River Estuary (China), there 

was no stabilization or decrease in PCB levels detected at the top of the core and this was hypothesized 

to be a result of the lack of regulation, or the influx of pre-contaminated eroded soils into the estuary 

(Mai et al., 2004).  
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Table 2.2: Vertical trends in POPs levels in sediment cores (Gevao et al., 1999; Hatt et al., 2004; Mai et al., 2004; Moon et al., 2009; Vane et al., 2011; Wei et al., 2008; 
Yamashita et al., 2000; Zennegg et al., 2007).  

Compound Location cored Year of increase in 
pollutant level 

Period of peak pollutant 
level 

Reasons identified for increase  Reasons for decrease 

PAHs Tokyo Bay (Japan) 1907 Early 1980s Fossil fuel combustion Emissions controls 

Clyde Estuary (Scotland) 1915 1950s  Development of industry at Clyde Estuary 
(particularly ship-building)  

Decline of ship-building industry 

PCBs Clyde Estuary (Scotland)  1950s 1965-1977 Industrial activities (use in transformers, paper 
production) 

Ban on PCB manufacture in 1977 

 Espejo de los Lirios (Mexico) 1949 1977, and surface sediment Introduction and use of PCBs in closed and open 
systems. 
Post 1970s industrial development. 

Regulation in late 1970s 

 Pearl River Delta (China) 1930s-1940s Surface sediment Industrial development and import of electrical 
goods containing PCBs 

 

OCPs Homebush (Australia) 1950 1970 Manufacturing of compounds in area.  Regulation of use of OCPs. 

 Hong Kong coastal waters Late 1930s/early 1940s Late 1960s Use of OCPs in China and Hong Kong No significant decrease  

NPs Tokyo Bay (Japan) Mid-1960s Mid-1980s Cleaning products and industrial processing No significant decrease after peak 

 Masan Bay (Korea) 1995 2000 Discharge of wastewater Upgrade of wastewater treatment plant to 
include activated sludge treatment 

PCDDs/ 
PCDFs 

Greifensee (Switzerland) 1930 1960 Increasing road traffic volume, introduction of 
municipal waste incineration, use of 
organochlorine chemicals (e.g., phenols, 
herbicides)   

Municipal waste incineration emission 
controls, extension of wastewater treatment 
plants, ban on use of organochlorine chemicals 

Masan Bay (Korea) 1995 2000 Discharge of wastewater Upgrade of wastewater treatment plant to 
include activated sludge treatment 

PCNs Esthwaite Water (North 
West England) 

Early 1940s Late 1950s/early 1960s Use in insulation and electrical equipment.  
Present as impurities in PCBs. 

Restriction in production and use of PCN in the 
UK 

Tokyo Bay (Japan) 1960s 1980 Use in PCB mixtures, MSWI, floor finishing 
mixtures 

Emissions controls 

   



Chapter 2: Literature review 

18 

  

2.3.2 Practical application of the historical pollution trends identified using sediment cores 

Identifying historical trends of contaminant fluxes into aquatic systems is important because this 

understanding can aid in the restoration and management of polluted aquatic environments. Firstly, 

if the sedimentary records contain sediments deposited prior to catchment disturbance, site-specific 

‘background’ levels of metals and POPs can be determined (Bennion et al., 2011; Förstner and 

Salomons, 1980; Fukue et al., 2006). Current water quality management guidelines in Australia and 

New Zealand (ANZECC/ARMCANZ, 2000) state that the contamination level of aquatic systems should 

be assessed by comparing environmental monitoring data with background contaminant levels (Batley 

and Maher, 2001; Simpson et al., 2005). Recently deposited sediments from pristine lake and rivers 

generally cannot be used to identify these background contaminant levels, as these sites can be 

contaminated by global atmospheric deposition (Heyvaert et al., 2000; Ouellet and Jones, 1983).  

 

When site-specific background conditions are not known, the Australian and New Zealand water 

quality management guidelines recommends the use of default guideline values (ANZECC/ARMCANZ, 

2000). Two values are provided, ‘low’ for low probability of toxic effects and ‘high’ for medium 

probability of toxic effects. Current sediment quality default guideline values are based on a database 

of heavy metal concentrations and their corresponding ecosystem effects from North America (Long 

et al., 1995). Thus, these guidelines are not based on the ecosystem responses in Australia and New 

Zealand, and they do not take into account the natural background levels of heavy metals. Metal 

profiles obtained from sedimentary records can be used to identify site-specific background metal and 

POPs values for aquatic systems. Batley and Maher (2001) argue that background concentrations 

should not be used as sediment quality trigger values because they are not necessarily an indication 

of hazards to organisms within the aquatic system. However if the aim of environmental restoration 

or management projects is to restore the ecosystem and the aquatic community to its pre-disturbance 

state rather than merely protect the organisms that currently reside in the aquatic system, it is crucial 

to recreate the water and sediment quality conditions of that pre-disturbance state (Alve et al., 2009). 

This is especially true if we do not have a good understanding of the ecosystem of that pre-disturbance 

state, and hence cannot identify the level of contaminants that would be toxic to the background 

ecosystem state. 

 

Secondly, sedimentary records can shed light on the main drivers and factors contributing to the 

contamination of aquatic systems. Understanding the importance of each of these factors enables the 

design and implementation of suitable mitigation strategies. Several studies have used sediment core 

heavy metal profiles to assess the success of sewage management improvements, pollution control 

projects and legislation such as the Clean Water Act (Bellucci et al., 2012; von Gunten et al., 1997; 
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Huang and Lin, 2003; Santschi et al., 2001) on reducing the pollution of aquatic environments. In 

particular, sediment cores have the potential to help identify the impact that the expansion of 

residential land uses has on the health of aquatic systems (Gude et al., 2006). However, there have 

not been any studies, that we can find, that have studied contaminant profiles of aquatic systems with 

only residential land uses in its catchment. Furthermore, there have been no situations, to our 

knowledge, where pollutant records from sediment cores have been used to assist in the restoration 

of polluted aquatic environments (Saunders and Taffs, 2009).  

 

2.3.3 Uncertainties associated with sediment core historical pollution trends 

The assumptions and uncertainties inherent in the use of sedimentary records for the identification 

of historical pollution trends in aquatic systems, are most likely what hinder the practical application 

of sediment core pollutant profiles for environmental management. First, it is assumed that the 

amount of a toxic compound found at a certain depth in the sedimentary record accurately represents 

the amount of that compound that entered the aquatic system at a particular point in time. However, 

the association of contaminants to particulate matter, and hence the proportion of contaminants 

settling on the sediment bed is dependent on a number of factors. For example, particles with larger 

surface areas (smaller particles), negative charges and high organic matter tend to have greater 

amounts of heavy metals bound to them (Boyle, 2001a; Foster and Charlesworth, 1996). Additionally, 

chemical properties of the water column (e.g., pH, dissolved oxygen; DO and salinity) can also affect 

the adherence of heavy metals to particulate matter (Boyle, 2001a; Foster and Charlesworth, 1996; 

Hudson-Edwards et al., 1998; Wildi et al., 2004). For example, in anoxic or low pH waters, metals 

previously bound to sediments can be released and be completely lost to the water column (Foster 

and Charlesworth, 1996).  

 

Furthermore, contaminants can be mobilized after settlement (Swales et al., 2002) due to physical 

processes such as resuspension due to wind or benthic organisms (Carper and Bachmann, 1984), 

biological processes such as uptake by aquatic organisms and plants (Wildi et al., 2004) or the 

degradation of organic matter (van den Berg et al., 1999). Similarly, Van Metre and Mahler (2004) 

argue that the levels of POPs found in sediment core samples may underestimate the actual 

concentration of POPs that were in the water column. Indeed, a study of bed sediments from Lake 

Superior, Jeremiason et al. (1998) found that only 2-5% of the PCBs attached to particulate matter 

suspended in the water column permanently accumulated in the bottom sediments. This was 

attributed to the decomposition of organic matter and the release of bound PCBs from surface bed 

sediments. 
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Secondly, it has been identified that deposition and burial of pollutants in the bed of aquatic systems 

may vary spatially within the system. For example, Boyle et al. (1998) obtained six sediment cores 

from Lake Baikal (depth 1620 m and area of approximately 14,000 km2). These sediment cores were 

taken at least 30 km apart from each other and visually, these profiles differed profoundly (Boyle et 

al., 1998). This variability was attributed to the proximity of the cores to different sources of heavy 

metal contaminants. 

 

Thirdly, the dating of sediment cores can have significant uncertainties. These do not just stem from 

uncertainties or errors in sampling and laboratory analysis for radio-isotopic activities or radiocarbon 

dating; there are also errors associated with identifying the age of sediments between the discrete 

chronological markers (Appleby, 2001; Bjorck and Wohlfarth, 2002; Telford et al., 2004). Using First 

Order Error Analysis (error propagation) and Monte Carlo Simulation Analysis, Binford (1990) 

estimated that uncertainties in 210Pb dates can be 1-2 years for 10 year old sediments, 10-20 years for 

100 year old sediments and 8-90 years old for 150 year old sediments. Barnekow et al., (1998) have 

noted an error of approximately 1000 years in the date assigned to bulk sediments that were 

deposited approximately 9000 years ago. 

 

Despite the existence of these uncertainties, there is currently no uncertainty framework for 

reconstructing historical pollutant records using sediment cores. As such, it is necessary to undertake 

a systematic investigation to assess the impact of these uncertainties on the interpretations of 

sediment core contaminant profiles. This will enable us to interpret these contaminant profiles more 

accurately, which is critical when applying them to the design of environmental management and 

restoration strategies.  

 

2.4 Using sediment cores to identify historical changes in hydrology of aquatic 

systems 

A number of studies have used bed sediment cores to identify historical trends in the hydrology of 

lakes (Arnaud et al., 2005; Moreno et al., 2008), rivers (Bábek et al., 2011; Wolfe et al., 2005, 2006) 

and estuaries (Malamud-Roam et al., 2006; Zong et al., 2011). The hydrologic changes have been 

determined by investigating trends in physical, chemical or biological characteristics of the sediments 

through the sedimentary record (sediment characteristics summarised in Figure 2.2 and discussed in 

detail below). These sediment characteristics are indicative of the hydrologic state of the aquatic 

environment, because they are governed by the sources and depositional processes of sediments (e.g., 

Harrison et al., 2003).  
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The temporal scales of these investigations have ranged widely. Studies have investigated trends on 

the scales of several millennia (e.g., Brown et al., 2000; Jones et al., 2012; Nesje et al., 2001), which 

involve the identification of overall or average trends in sediment characteristics. There have also been 

studies that have identified historical hydrologic trends at decadal time-scales, or have attempted to 

identify discrete flood events within the sedimentary records (Czymzik et al., 2010; Dhivert et al., 2015; 

Provansal et al., 2014; Wolfe et al., 2006). These studies use the same sediment characteristics as 

those used in the studies at longer temporal scales, however the trends are investigated at a much 

finer resolution through the sedimentary record.  

 

 

Figure 2.2: Sediment characteristics used to understand changes in hydrology.  

 

2.4.1 Characteristics used to identify changes in hydrology 

Physical properties 

Presence of laminations 

The presence of laminations (or visually distinct layers of sediment), can be used to assist in the 

identification of changes in hydrology (Bábek et al., 2011; D’Haen et al., 2012; Moreno et al., 2008; 

Schillereff et al., 2014; Thorndycraft et al., 1998; Wolfe et al., 2006). These laminations can range in 

thickness from one millimetre (Arnaud et al., 2002; Schiefer et al., 2011) to over several centimetres 

(Moreno et al., 2008). The colour of these layers in the sediments can be indicative of the source and 

type of sediment (e.g., Wolfe et al., 2006). A change in the colour of the sediment may be indicative 

of a shift in origin of the aquatic system both when determining long-term changes in hydrology (e.g., 

Moreno et al., 2008) and pinpointing individual flood layers in sedimentary records (Bábek et al., 2011; 

Wolfe et al., 2006).  
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Particle size distribution 

The particle size of sediments is another commonly used tracer of flood-borne sediment deposits 

(Augustinus et al., 2008; Bábek et al., 2011; Boe et al., 2006; Brown et al., 2000; Daessle et al., 2009). 

Higher energy flows have the power to pick up and transport larger particles over long distances 

(Charlton, 2007). Thus, the presence of coarse grains (e.g., sands) in sedimentary records suggest that 

the sediments were deposited by strong flows (i.e., floods) (Bábek et al., 2011; Brown et al., 2005; 

Hollins et al., 2011; Schillereff et al., 2014; Vasskog et al., 2011). Particle size distributions within 

sedimentary deposits can also be more complex, with several sub-layers of different particle sizes 

(fining upwards) within one layer of flood-deposited sediments (Arnaud et al., 2002; Sandercock and 

Wyrwoll, 2005). This is believed to be a result of the coarse particles settling out of the water column 

first, due to its faster settling velocity, and the finer particles settling more slowly. The particle size of 

sediments has been used and verified using measured flow data as a proxy for high energy fluvial 

activity (e.g., Winter et al., 2001; Wolfe et al., 2006). For example, in 35-cm long sediment cores 

obtained from a shallow floodplain lake in the UK, Winter et al. (2001) found that there were increases 

in average particle size at two points in the cores. Daily discharge data for a nearby site showed that 

there were high discharge events in 1961-1962, and in 1976, which corresponded to the dates 

assigned the sediment core depths at which the excursions in particle size were detected. 

 

Particle sizes of sediment deposits through a core have traditionally been identified using destructive 

methods, where the core is sub-sampled by hand, generally with sub-sampling intervals of at least 0.5 

cm, and each sample is analysed by sieving and/or laser particle diffraction (Bábek et al., 2011; Wolfe 

et al., 2006). However, several studies have also proposed that the elemental composition of 

sediments can be an indication of particle size (e.g., Cuven et al., 2010; Jones et al., 2012; Schillereff 

et al., 2014). The use of elemental composition enables the identification of particle sizes at finer 

intervals through the core than would be possible by sub-sampling of the core by hand. This is due to 

the advent of micro-X-Ray Fluorescence (XRF) core scanning, a non-destructive technique (i.e., not 

requiring sediment sub-sampling) that enables the detection of the elemental composition of 

sediment cores at resolutions as fine as 0.1 mm (e.g., Croudace et al., 2006).   

 

Dypvik and Harris (2001) argued that theoretically, the ratio of zirconium to rubidium (Zr/Rb) should 

correlate positively with grain size due to the fact that zirconium (Zr) is concentrated in coarse-grained 

materials whilst rubidium (Rb) is concentrated in fine-grained materials. Several other previous studies 

have attempted to identify a relationship between elements and grain size by comparing the 

elemental composition of sediments against their particle sizes measured by laser diffraction or 

sieving. Although Wilhelm et al. (2012) identified the ratio of calcium (Ca) to iron (Fe) (Ca/Fe) as a 
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grain size proxy. However, as both Ca and Fe can have authigenic sources, the grain size obtained from 

the Ca/Fe ratio should be validated using other methods (Koinig et al., 2003). Cuven et al. (2010) found 

that silicon (Si) and Zr were associated with very coarse silt and sand, potassium (K) and Fe were 

associated with clay, and titanium (Ti) was associated with silt. Jones et al. (2012) found that the Zr/Rb 

ratio positively correlated with grain size. However, this is an area that needs to be explored further. 

Both the correlations by Cuven et al. (2010) and Jones et al. (2012) are based on a limited number of 

samples (6 and 37, respectively). It is not clear whether the grain size proxies identified in these studies 

accurately represent short term fluctuations in grain sizes through a sediment core. There is therefore 

still a need to determine whether an element or elemental ratio can reliably represent the variability 

in grain size in a sediment core from an aquatic system.  

 

Magnetic susceptibility 

Trends in magnetic properties of sediments through sediment cores have also been used to identify 

historical hydrologic changes, as these characteristics vary depending on the source of the sediments 

(Arnaud et al., 2005; Bábek et al., 2011; Boe et al., 2006; Brown et al., 2000; Cremer et al., 2010; 

Dearing, 1999; Foster et al., 1998; Sandgren and Snowball, 2001). Magnetic properties of sediments 

can be described using several indices such as: magnetic susceptibility, magnetic remanence and 

magnetic ratios (Foster et al., 1998; Sandgren and Snowball, 2001). However, magnetic susceptibility, 

which is defined as the magnetization of the material per unit of magnetic field applied, is commonly 

measured in sedimentary records because it is a non-destructive and quick method for identifying the 

trend in magnetic properties of a sediment core (Michael and Friedrich, 2003; Sandgren and Snowball, 

2001). Sediments with low magnetic susceptibility are usually identified as sands (Cremer et al., 2010; 

Sandgren and Snowball, 2001) or sediments with high levels of organic matter (Bradshaw and 

Thompson, 1985). On the other hand, allochthonous clays and silts can have high levels of magnetic 

susceptibility (Bellucci et al., 2012; Francu et al., 2010; Moreno et al., 2008). If the sediments deposited 

during high energy flows contain large amounts of sand and low amounts of clays and silts, this may 

register as a decrease in magnetic susceptibility. Several researchers (e.g., Wolfe et al., 2006) have 

verified the use of magnetic susceptibility as an indicator of historical trends in hydrology by 

comparing magnetic susceptibility levels in sediment cores to observed measurements of river levels 

and flow rates. In this manner, magnetic susceptibility has been used to identify both overall trends 

in fluvial hydrology (Arnaud et al., 2005; Brown et al., 2000) as well as individual flood layers (Wolfe 

et al., 2006).  
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Biological properties 

Biological indicators preserved in sediment cores, such as pollen and diatom assemblages, are also 

used to infer the depositional environment of sediments, and hence can aid in the differentiation 

between sediments deposited in high and low energy states of aquatic systems (Brock et al., 2010; 

Kenyon and Rutherfurd, 1999; Moreno et al., 2008). For example, Moreno et al. (2008) used the level 

of preservation of pollen grains buried in the sediments to infer whether the sediments were 

deposited by floods. It is expected that pollen grains that were deposited in turbulent flows would 

have suffered a greater extent of degradation than pollen that was deposited in low energy 

environments.  

 

Diatoms are unicellular eukaryotic organisms that are found in aquatic environments. Because they 

are sensitive to environmental conditions, the composition of communities can be strongly influenced 

by lake water depth, pH or nutrient levels (Battarbee et al., 2001; Grundell et al., 2011; Sonneman et 

al., 2001). Augustinus et al. (2008) used the diatom assemblages found within a sediment core from 

Lake Pupuke in New Zealand to develop a conceptual model of changes to lake levels and catchment 

hydrology, based on the relative abundance of different species. 

 

Chemical properties 

Bulk organic matter 

The amount of organic matter found in sedimentary deposits can also be characteristic of the origin 

of the sediment source. The organic matter content can be represented by total organic carbon, total 

organic nitrogen content, loss on ignition (LOI), or the ratio of incoherent to coherent scatter (inc/coh) 

from micro-XRF scan measurements (Croudace and Rothwell, 2015; Guyard et al., 2007; Meyers and 

Teranes, 2001; Wolfe et al., 2006). Similarly, the density of sediments as inferred from X-Ray 

radiograph images can be an indication of the organic matter content of sediment deposits, as organic 

matter has generally low densities and appears as light coloured layers in the radiographic image 

(Bábek et al., 2011; Gilbert et al., 2006). Sediments deposited under high energy lotic conditions or 

floods, often contain low amounts of organic matter relative to inorganic matter (Brown et al., 2000; 

Nesje et al., 2001; Wolfe et al., 2006). This is due to the increased amount of inorganic terrestrial 

sediments that are carried into aquatic systems or eroded from river beds and banks during these 

flood events (Rodbell et al., 1999).  

 

Furthermore, the type or origin of organic matter can be inferred using the ratio of carbon to nitrogen 

(C/N) and isotopic carbon (δ13C) ratios (Meyers and Teranes, 2001). Organic nitrogen is more 

commonly found in lower plants such as phytoplankton; therefore lower C/N ratios are often 
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indicative of organic matter produced within the lake environment (Leng et al., 2006). For example, 

organic matter originating from terrestrial plants have C/N ratios of 20 and greater, whereas organic 

matter from phytoplankton (i.e., organic matter created within the lake environment) has C/N values 

commonly between 4 and 10 (Meyers and Teranes, 2001). Similarly it has been suggested that δ13C 

will be high during flood events (Brown et al., 2000; Wolfe et al., 2006). The δ13C of organic matter 

reflects the carbon source of the plants, which differs between aquatic and terrestrial plants. 

Terrestrial plants generally have δ13C values in the range of -25 to -30 ‰ and aquatic plants have more 

negative values of  -29 to -34‰ (Bierman et al., 1997).   

 

Elemental composition of inorganic matter 

The amount and composition of inorganic matter within sediment cores can also be used to identify 

the sources of sediment (de Boer and Crosby, 1995; Cuven et al., 2010; D’Haen et al., 2012; Douglas 

et al., 2008). Due to its terrestrial (or lithogenic) origins, increased amounts of inorganic matter in 

sediment deposits can be attributed to greater hydrologic activity of aquatic systems. This is because 

increased flows will occur when there is greater surface runoff, which can pick up and transport 

materials from the catchment into the aquatic system  (Corella et al., 2014; Kylander et al., 2013). 

Whilst some lithogenic elements (Si, Zr, Rb, K, Ti) are stable in the environment (Czymzik et al., 2010; 

Dypvik and Harris, 2001; Kylander et al., 2013), the accumulation of other lithogenic elements such as 

Ca, manganese (Mn) and Fe in aquatic sediments can be also affected by water quality parameters 

such as DO (Cuven et al., 2010; Koinig et al., 2003; Kylander et al., 2013).  

 

Some studies have measured the elemental composition of sediments in cores to identify long-term 

trends in the hydrology of aquatic systems (Corella et al., 2014; Kylander et al., 2013; Moreno et al., 

2008). However the use of elemental composition of sediments for identifying discrete flood deposits 

within sedimentary records has been less explored. Although Schlolaut et al. (2014) attempted this, 

the flood layers identified in the sediment core using maxima in inorganic element composition were 

not dated and validated using observed flood records. Berner et al. (2012) also found flood-deposited 

sediments in a sediment core by looking for sediments with high levels of calcium oxide (CaO) and 

strontium, and low levels of potassium oxide (K2O) and Rb. This assumption about the elements 

enriched in flood-deposited sediments were based on the elemental composition of suspended 

sediments in six recent flood events between 1999 and 2002. However the disadvantage of this 

method is that it is unlikely that the suspended particulate matter in sampled flood events between 

1999 and 2002 would be representative of the particulate matter in historical floods. Indeed, there 

was poor correlation between the identified flood layers in the sediment core and observed flood 

records.  
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If the elemental composition of both source sediments throughout the catchment and the inorganic 

matter within sedimentary records are known, we can identify where in the catchment these 

sediments in the core originated. This in turn can be used to infer the transport pathway of these 

sediments. For example, Kujau et al. (2010) identified the origin of sediments in a sediment core from 

the Mississippi River by comparing elemental ratios at certain depths in the sediment core with 

elemental ratios of surface sediments from various areas within the catchment. Mathematical models 

have also been used to quantify the contribution of each source to the sediment deposit. One example 

of a quantitative model is a simple linear mixing model, where a series of linear equations are solved 

to determine source contributions or the proportions of each end-member (the sediment source) 

contributing to the sediment sink (the sediment deposit) (Vezzoli et al., 2004a; Weltje, 1997). Bayesian 

statistical methods have also been implemented to solve such problems (e.g., Fox and Papanicolaou, 

2008). This same concept has been applied in microbial source-tracking, which attempts to trace the 

source of faecal pollution using the composition of microbial communities (the types and amounts of 

different microorganisms). Indeed, Bayesian models such as SourceTracker (Knights et al., 2011) are 

available for this microbial source tracking. SourceTracker has been found to outperform other 

probabilistic methods in determining microbial source proportions (naïve Bayes and random forests; 

Knights et al., 2011). There is a potential to use SourceTracker, despite its origin as a microbial source 

apportioning model, to identify the sources of discrete sediment deposits in cores from aquatic 

systems. Although previous studies have used sediment mixing models to apportion the sources of 

sediments in sediment cores (e.g., Weltje, 1997) they have not been used for the specific purpose of 

pinpointing flood-deposited sediments in sediment cores.  

 

2.4.2  The importance of adopting a multi-proxy approach 

Trends in the sediment characteristics listed above may not necessarily be a result of changes to the 

hydrology of the aquatic system or the occurrence of flood events. For example, the presence of 

laminations in sediment cores could be due to landslides (Moernaut et al., 2007) or land clearing 

(Enters et al., 2006). Similarly, excursions in particle size within the sediment core can point to a 

number of different factors such as: an increase in aridity, mass wasting, land clearing, waste disposal, 

increase in wind strength or the erosion of morphological features (Moreno et al., 2008; Teller and 

Last, 1990). Particle size can also be affected by land-use (Van Metre and Callender, 1997). Similarly, 

there can authigenic sources of magnetic particles into aquatic systems, such as (1) bacteria that 

produce magnetite as part of their metabolic processes; and (2) the formation of magnetic iron 

sulphides in certain environments (Dearing, 1999; Sandgren and Snowball, 2001).  
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The abundance of organic and inorganic elements within sedimentary deposits are also not affected 

by just hydrology and floods. There can be significant spatial variability in sediment deposition in 

billabongs, particularly during flood events (Bábek et al., 2011). The amount of organic matter 

detected in the sediments is not only dependent on the amount and type of organic matter that 

initially entered the aquatic environment, but also on the extent of its degradation and transformation 

both during transport and after deposition (Meyers and Teranes, 2001). Similarly, since some 

elements found in sediments, such as Ca, Mn and Fe can have both lithogenic and authigenic sources 

(Kylander et al., 2013), it is important to identify whether increases in these elements are due to 

lithogenic processes (e.g., increased hydrologic activity) or authigenic processes (e.g., changes to DO). 

Furthermore, when comparing inorganic elemental abundances within catchment sediment sources 

to sediments deposited in aquatic systems, it is important to note that the elemental composition of 

sediments can change due to weathering during the transport process (D’Haen et al., 2012; Weltje 

and von Eynatten, 2004).  

 

Thus, given these uncertainties, the use of multiple sediment characteristics is critical when 

determining the source and depositional environments of sediments within cores (Schillereff et al., 

2014). It is also beneficial to have an understanding of the catchment’s history, to verify the 

interpretations of the sedimentary records (Schillereff et al., 2014). In particular, observed 

measurements of river flow and water level, or anecdotal records of flooding and other significant 

events within the catchment can be used to verify the reconstructed historical hydrological record 

reconstructed from multiple proxies (Wolfe et al., 2006). 

 

2.5 Using sediment cores to identify contaminant levels in fluvial flood deposits 
As elucidated in the above discussion, sedimentary records can preserve historical fluvial flood 

deposits and simultaneously record historical contaminant inputs. It is therefore expected that 

sediment cores can be used to identify the level of contaminants contained in overbank fluvial flood 

deposits. However, there are few studies that have investigated this, with only a handful of papers 

using sediment cores from floodplains or floodplain lakes (billabongs) to identify contaminant levels 

in historical fluvial floods (Bábek et al., 2011; Chen et al., 2015; Daessle et al., 2009; Ferrand et al., 

2012; Nguyen et al., 2009). These studies have used proxies such as particle size (Daessle et al., 2009; 

Ferrand et al., 2012), the presence of laminations in sediment cores (Bábek et al., 2011) and sediment 

density (Bábek et al., 2011) to identify flood layers in the sediment core. However, few studies have 

successfully explored the use of sediment elemental composition to identify discrete flood layers in 

sediment cores. In addition, there are some limitations to these existing studies. Some have not 
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identified the pollutant levels in discrete flood deposits in sediment cores, but instead have 

investigated overall (or average) hydrological trends and identified pollution levels in periods of high 

flood frequency (Chen et al., 2015; Ferrand et al., 2012). Although Bábek et al. (2011), Nguyen et al. 

(2009) and Daessle et al. (2009) did investigate the pollutant levels in discrete flood layers, there is 

some uncertainty about their results because the occurrence of the flood layers was not validated 

using observed flow data.  

 

Furthermore, whilst these studies have attempted to qualitatively understand the importance of 

fluvial floods in the deposition of toxic compounds in floodplains, they have not linked the 

contaminant levels in sediment deposits with the characteristics of the flood that deposited the 

sediments. Ferrand et al. (2012) found higher heavy metal concentrations in regions of the sediment 

core deposited by low to medium discharge flows compared to regions deposited by strong floods. 

This was inferred from the fact that sediments deposited between 1986 and 1990 and in the early 

2000s (when fluvial flows had low to medium average recurrence intervals) had the highest heavy 

metal concentrations. However, a quantitative link between river flow characteristics and 

contaminant concentrations in flood-borne deposits is critical to better understand the processes 

affecting contaminant deposition by floods, and to predict the quality of sediments deposits in future 

floods.  

 

2.6 Summary and knowledge gaps 

There is currently a lack of data and understanding of the contaminant levels in fluvial flood deposits. 

As such, we must develop alternative methods to identify contaminant levels in fluvial flood deposits. 

These data could be collected using sedimentary records from aquatic systems and there is a need to 

understand how this can be effectively implemented and applied. 

 

The literature review above highlights that previous studies have identified historical trends in 

contaminant (heavy metals and POPs) inputs into aquatic systems using bed sediment cores. This 

technique has been used to determine and explain historical trends in the contamination of aquatic 

environments. However, several knowledge gaps still remain. Firstly, the potential for using sediment 

cores to develop sediment quality guidelines has not yet been explored. If cores contain sediments 

deposited in pre-disturbance conditions, background toxicant levels could be identified. Despite the 

recommendations given by water and sediment quality guidelines in Australia and New Zealand (as 

well as in other parts of the world) for the use of background or reference conditions for assessing 

environmental monitoring data, these background conditions have not been identified using sediment 
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cores. Additionally, sediment cores have rarely been used to identify the impact of residential land 

uses on the contamination of aquatic environments.  

 

Furthermore, whilst metal profiles obtained from sediment cores have been used to evaluate the 

success of pollution mitigation or control strategies, the pollution trends have rarely been used to 

develop mitigation or ecosystem restoration strategies. The lack of practical application of sediment 

cores for the development of mitigation strategies, or sediment quality guidelines is most likely due 

to the fact that there has still been minimal exploration of the uncertainties associated with 

reconstructing historical water quality records using sediment cores. Namely, there is still a need to 

check the assumptions that are inherent in the interpretation of contaminant profiles obtained from 

sedimentary records. In fact, there are many sources of uncertainties that can influence our 

interpretation of sediment core pollutant profiles. A global uncertainty framework that could be used 

to account for these uncertainties would be highly useful to help interpret these data and aid in 

better decision making. 

 

Sediment cores can be used to identify changes in the hydrology of aquatic systems at temporal scales 

ranging from several millennia to individual flood events. These changes can be determined using the 

physical, chemical or biological characteristics of sediments. There are a large number of proxies or 

indicators that can be used to reconstruct historical hydrologic trends from sedimentary records. 

However the high level of uncertainty that exists when using any one of the reviewed proxies means 

that multiple proxies are always required, and that verification of the identified hydrological trends 

should be conducted using measured data. Although methods in reconstructing historical hydrologic 

changes have been widely explored by previous studies, several research gaps in this area still remain. 

In particular, there is a need to further explore the use of elemental composition for identifying flood 

layers within sedimentary records from floodplains.  

 

Whilst there have been several studies that have attempted to identify the relationship between the 

occurrence of fluvial flooding and the contamination of floodplain deposits, there are some limitations 

to these existing studies including: the lack of identification of pollutant levels in discrete flood layers 

and the lack of validation of identified flood records using observed flow data. As such, there is a need 

to use sediment cores to identify pollutant levels in discrete flood deposits that have been validated 

using observed flood records. Further work should also be done to quantitatively link the 

characteristics of historical floods with the level of heavy metals contained within flood-deposited 
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sediments. The development of these linkages will pave the way for predictive models of fluvial 

sediment deposit contamination.   
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3.1 Research objectives and questions 

As discussed in the previous chapters, the main aim of this project is to use sediment cores to identify 

the pollutant concentrations within sediments deposited by past overbank fluvial floods. The four 

main research objectives for this study are listed below. Specific research questions, hypotheses and 

knowledge gaps addressed by these research questions are also discussed.    

 

Research objective 1: To identify the historical contamination trends in the Yarra River billabongs 

using sedimentary records. 

 

Two specific research questions are associated with this research objective.  

 

1. What contamination trends can be identified using sedimentary records of the Yarra River 

billabongs?  

It is hypothesized that variability in pollutant levels in the sedimentary records will correlate with land-

use changes, in particular, urbanisation. This research question addresses the gap in knowledge 

surrounding historical trends in contamination of floodplain lakes in catchments with residential land 

uses.  

 

2. To what extent are the existing trigger values provided in guidelines representative of the 

background state of aquatic environments? 

Current sediment quality trigger values provided in guidelines are not based on an understanding of 

the pre-disturbed or background state of aquatic systems, let alone site-specific background states. It 

is hypothesized that there will be a discrepancy between current sediment quality heavy metal trigger 

values and actual background heavy metal concentrations of aquatic systems. This is due to the fact 

that the current trigger values are based on the probability of toxic effects (developed using data 

obtained in North America), rather than site-specific characteristics. Sediment quality trigger values 

have not previously been evaluated by comparison to background contaminant concentrations 

obtained from sediment cores. 
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Research objective 2: To identify discrete fluvial flood deposits in sediment cores from the Yarra 

River billabongs.   

 

The following research questions will be explored. 

 

3. What techniques can be used to identify historical hydrologic changes of the Yarra River 

billabongs, and in particular, identify discrete flood-deposited sediment layers in the Yarra 

River billabong cores?  

It is hypothesized that changes in hydrology of the Yarra River billabongs would result in shifts in the 

amount and type of sediment deposited. As such, the characteristics of the sediments within bed 

sediment cores (i.e., methods outlined in the literature review in Chapter 2) could be used to identify 

these changes in flow. It is also hypothesized that these inferred changes could be checked using 

measured flow data.  

 

Another hypothesis is that a multi-proxy approach, using a number of physical and chemical sediment 

characteristics, could be used to identify discrete flood deposits in the sediment cores. These proxies 

are hypothesized to be magnetic susceptibility, total inorganic matter content, particle size, the 

presence of laminations in the core, and elemental composition. As previously outlined in the 

literature review in Chapter 2, these five sediment characteristics can indicate a change in sediment 

deposition processes or source.  Again, it is envisaged that these flood layers could be verified using 

measured flow data and anecdotal records of floods. This research question addresses the knowledge 

gap about whether elemental composition can be used to identify individual flood layers in 

sedimentary records.  

 

4. In particular, can sediment mixing models be used to identify discrete flood deposits within 

sedimentary records?  

Previous studies (as outlined in Chapter 2) have shown that mathematical models can be used to 

quantitatively apportion the sources contributing to sediment deposits. Two models previously 

discussed in the literature review (Chapter 2) are simple linear mixing models, and Bayesian models 

such as SourceTracker (Knights et al., 2011). It is hypothesized that these models could be applied to 

the sediment cores from the Yarra River billabongs to distinguish the main sources of the sediments 

at discrete intervals through the sediment core, and that by understanding these sources, it could be 

determined whether or not they are flood-borne sediments.  
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Research objective 3: To assess the uncertainties associated with using sediment cores to 

reconstruct historical heavy metal pollution trends in aquatic systems. 

 

Under this objective, the following research questions will be explored. 

 

5. What are the uncertainties associated with reconstructing historical heavy metal pollution 

trends in aquatic systems using bed sediment cores? 

It is hypothesized that an uncertainty framework could be developed, that outlines the uncertainties 

of reconstructing historical heavy metal pollution of aquatic systems using sediment cores. Specifically, 

the location from which the core is obtained within the aquatic system, the sub-sampling interval of 

the cores, and the methods used for heavy metal analysis could impact the reconstruction of historical 

heavy metal pollution trends.  

 

It is proposed that of these uncertainties, the methods used for heavy metal analysis will have the 

smallest effect on the reconstruction of historical heavy metal pollution trends. This is because 

previous studies have found that the analytical methods have minimal effect on the heavy metal 

pollution trends identified. It is also expected that whilst spatial variability and sub-sampling intervals 

may affect the interpretation of short term variabilities in heavy metal pollution records, they will not 

affect the overall trends identified. Whilst it is acknowledged in the literature that there could be 

uncertainties in the reconstruction of historical pollution trends using sediment cores, the 

uncertainties have not been quantified, nor has an uncertainty framework been developed. 

 

6. How does post-depositional transformation or mobilization of contaminants affect the 

interpretation of sediment core contaminant profiles? 

The literature review (Chapter 2) identified that contaminants such as heavy metals can be susceptible 

to transformations after deposition and burial. However it is hypothesized that these processes will 

not have a significant impact on the interpretation of sediment core contaminant profiles. Previous 

studies have not quantified how post-depositional mobilisation affects the reconstruction of historical 

heavy metal pollution records. 

 

7. To what extent does the contaminant level in bed sediments of aquatic systems reflect the 

pollution state of the aquatic system? 

It is expected that there will be physical (e.g., physical mixing), biological (e.g., biological degradation) 

and chemical processes (e.g., transformation according to the compound’s solubility) within the bed 
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sediments of aquatic systems, which will impact the extent to which pollution levels in aquatic systems 

are recorded in bed sediments. Whilst previous studies assume that the pollution states of aquatic 

systems can be identified from bed sediments, this has not yet been validated using field monitoring.   

 

Research objective 4: To use sediment cores to identify the contaminant levels in flood-deposited 

sediments in the Yarra River billabongs. 

 

There is one research question associated with the fourth research objective.  

 

8. What is the level of contaminants contained in fluvial flood deposits and how do they compare 

to contaminant levels in sediments not deposited by floods within the sediment cores of the 

Yarra River billabongs? 

It is expected that a dataset of the contaminant concentrations within fluvial flood deposits of the 

Yarra River could be compiled using the previously identified flood-deposited layers in sediment cores 

from the river’s billabongs (from research question 3). This could be used to assess the importance of 

overbank fluvial flooding in billabong contamination. However, the accuracy of this is expected to be 

limited by uncertainties inherent in the reconstruction of historical pollution trends using sediment 

cores. Although previous studies have qualitatively explored the relationship between pollution and 

the occurrence of floods using sediment cores, the flood layers in the sediment cores have not been 

previously compared to observed flow data of the rivers.  
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3.2  The Yarra River catchment as a case study  

3.2.1  Current understanding of the Yarra River catchment 

Site Description 

The Yarra River, an approximately 240-km long river located in South-Eastern Australia, begins in the 

Great Dividing Range, and after flowing through the city of Melbourne, discharges into Port Phillip Bay 

(Leahy, 2007). The catchment itself is approximately 4000 km2 in area and can be subdivided into three 

sections: the upper catchment, middle catchment and lower catchment, based on geological and land-

use characteristics (Beardsell and Beardsell, 1999; Leahy, 2007) (Figure 3.1). The upper Yarra 

catchment is mainly forested, whilst the middle and lower catchments are agricultural and urban in 

land-use (Brizga et al., 1995). There is a wide range of geological deposits within the catchment (Figure 

3.2). Also, due to the meandering nature of the Yarra River, there are several billabongs in the 

catchment.  

 

 

 

 

 

 

 



Chapter 3: Research questions, hypotheses and case study justification 

 

47 

 

  

 

 

Figure 3.1: The Yarra River catchment, showing land-use and the location of billabongs and stream gauges 
used in this project (a), location of the state of Victoria in Australia (b), location of the Yarra River catchment 
in Victoria (c). 

Lower catchment Middle catchment Upper catchment (a) 

(b) (c) 
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Figure 3.2: Geological deposits in the Yarra River catchment (adapted from State of Victoria, 2015). 

 

Hydrology of the Yarra River  

The hydrology of the Yarra River has been studied in detail in previous studies. These studies have 

focused on the issue of restoring environmental flows for the preservation of downstream ecosystems, 

whilst balancing human demand for the water from the Yarra River (Brizga et al., 1995; Carty and 

Pierotti, 2009; Coleman et al., 2011; Sinclair Knight Merz, 2005). It has been estimated that the river 

discharges between 200 and 1000 GL of water annually to Port Phillip Bay, depending on climatic 

conditions (Coleman et al., 2011).  This discharge is seasonal, with the lowest discharge in the summer 

months and the highest in late winter and spring (Figure 3.3).  
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Figure 3.3: Mean daily discharge at the Warrandyte stream gauge in the Yarra River for 1891-1934 and 1975-
2001 (Department of Sustainability and Environment, 2013). 

 

The history of river regulation along the Yarra River, summarised in Figure 3.4 indicates that there has 

been an increase in the amount of water extracted from the river through the 20th century. Figure 3.4 

underestimates water extractions as it does not include private diversions or farm dams (Brizga et al., 

1995). Previous studies (e.g., Brizga et al., 1995) have pointed out the correlation between this 

increased water extraction and the decrease in flows recorded at the longest continually operating 

stream gauge on the Yarra River (the Warrandyte gauge; the location shown in Figure 3.1) over the 

20th century. Indeed, Figure 3.3 indicates that the mean monthly flows measured at the Warrandyte 

stream gauge have decreased considerably over the 20th century, particularly in summer months. A 

study that modelled the river under both natural and regulated conditions showed that overbank 

flooding (and therefore, inundation of the Yarra River Billabongs) occurred in the upper and middle 

reaches of the Yarra River approximately once a year under natural (unregulated) flow conditions, but 

this has reduced to once every three to four years at present due to water extractions (Sinclair Knight 

Merz, 2005).  
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Figure 3.4: Cumulative storage capacity of reservoirs in m3 (closed circles) and cumulative diversion capacity 
of weirs in ML/day (open circles) constructed in the Yarra River catchment between 1890 and 1980 (adapted 
from Brizga et al., 1995). 

 

Water quality of the Yarra River Billabongs 

Historical water quality within the Yarra River and its billabongs has previously been studied by Leahy 

(2007), who used trends in diatom and pollen assemblages in sediment cores from four billabongs 

(Devon, Henley, Bolin and Willsmere) in the Yarra River catchment to identify the effect of European 

settlement on the turbidity, pH and nutrient levels in the river and its billabongs. It was found that 

prior to European arrival, the water in the billabongs was slightly acidic, had low nutrient levels, and 

had low suspended solids levels. However, the arrival of Europeans in the mid-19th century led to 

erosion, an increase in nutrient levels, and significant disturbance to the plant community within the 

catchment.  

 

Previous works have addressed the heavy metal (Ellaway et al., 1982) and persistent organic pollutants 

(POPs) (Allinson et al., 2014, 2015) contamination currently in the Yarra River. However, there is still 

limited understanding of the historical level of contaminants such as heavy metals and POPs in the 

billabongs of the Yarra River.  
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3.2.2  Justification of the use of the Yarra River catchment as a case study 

Under future climate change scenarios, it is expected that rivers in South-East Australia, such as the 

Yarra River will experience an increased frequency and intensity of extreme events (e.g., flooding) 

(Turak et al., 2011). The Yarra River is a major river system in Australia that flows through a highly 

populated region. As such, a large number of people live in close proximity to the Yarra River and may 

come into contact with flood deposits. There is a need to better understand the relationship between 

fluvial flooding of the Yarra River and the contamination of its floodplains, to help prepare for this risk. 

Thus, it is likely that the case study of the Yarra River will not only provide guidance on the 

contaminant deposition by fluvial floods for other urban river systems around the world. It may also 

provide an understanding of the risks of fluvial flooding, specific to the Yarra River, which will be of 

use when managing flood risks in the future.    

 

The Yarra River catchment and its billabongs have experienced influences from a large number of land-

uses over approximately the last 150 years of European settlement. The Yarra River catchment 

currently has both urban and agricultural land-uses, and in the past has had mining occur within the 

catchment (Brizga et al., 1995). Studying a catchment with a history of diverse land-use enables the 

exploration of the relationship between land-use and pollutant levels in aquatic systems and their bed 

sediments.  

 

There are also several resources available that make it ideal to use the Yarra River as a case study for 

this project. Since European settlement of the Yarra River catchment in the early 19th century, the 

history of catchment development has been well documented. For example, census data are available 

for the approximately 150 years of European settlement in the catchment. This includes data on 

population in specific areas of the catchment, as well as the number of dwellings and the development 

of key infrastructure. In addition, streamflow of the Yarra River has been monitored over the 20th 

century, with measured data available from 1891. This long time series of flow data will enable 

confirmation of hydrologic trends and flood deposits identified by sediment cores from the Yarra River 

billabongs. Finally, the existence of unopened sediment cores obtained from the Yarra River billabongs 

during the study by Leahy (2007), which have been in storage for over 10 years at 40C, can be used to 

study the effect of post-depositional mobilisation on the sediment core contaminant profiles.  

 

As such, Willsmere and Bolin Billabongs, which are both within urban environments (Figure 3.1) and 

which were previously studied by Leahy (2007) were selected as study sites. Access to Henley and 

Devon Billabongs, both billabongs in rural areas studied by Leahy (2007), could not be obtained. So, 
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the Yarra Flats Billabong, which is outside of the Melbourne metropolitan zone (Figure 3.1), was 

selected as a study site instead. These three sites are described in further detail in following chapters.  
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4.1 Introduction 

The literature review (Chapter 2) indicated that there is great potential for the use of sedimentary 

records in reconstructing historical trends in contaminant fluxes into aquatic environments. It was 

identified that understanding these historical trends will allow us to: (1) identify background 

contaminant levels of the system and use these to develop site-specific sediment quality targets for 

the system; (2) identify key drivers of pollution and develop strategies to reduce pollutant fluxes into 

aquatic systems; (3) evaluate pollution reduction measures already in place.  

 

This chapter addresses research objective 1 and its associated research questions 1 to 2, listed below.  

Research objective 1: To identify the historical contamination trends in the Yarra River 

billabongs using sedimentary records. 

 Research question 1: What contamination trends can be identified using sedimentary 

records of the Yarra River billabongs? 

 Research question 2: To what extent are the existing trigger values provided in 

guidelines representative of the background state of aquatic environments? 

The chapter contains two journal papers, each discussing the reconstruction and interpretation of 

historical water contaminant fluxes into Bolin and Willsmere Billabong (respectively). The results for 

Bolin Billabong have been accepted with major revisions for publication in Water Science and 

Technology. This paper is cited as Lintern et al. (submitted) throughout the thesis. In this publication, 

both research questions 1 and 2 are addressed. The second paper, which discusses the reconstruction 

and interpretation of historical water quality records from Willsmere Billabong has already been 

published in Marine and Freshwater Research. Cited as Lintern et al. (2015) throughout this thesis, 

this publication provides a more in-depth discussion of research question 1. The manuscripts for both 

are provided below. Supplementary material accompanying Lintern et al. (submitted) is provided in 

Appendix A.1 and the supplementary material for Lintern et al. (2015) is provided in Appendix A.2.  

 

Although the trends in both heavy metals and POPs are discussed for Willsmere Billabong, the POPs 

trends are not explored for Bolin Billabong, and will not be addressed in the remainder of this thesis. 

Due to the fact that there were low detection levels of POPs in both the sedimentary records and the 

field work, it was decided to not investigate POPs further. Similarly, the historical pollution trends for 

the Yarra Flats Billabong is not discussed, and the justification of the exclusion of this study site from 

this chapter and from the remainder of this thesis is discussed at the end of this chapter. This chapter 

then concludes with a final discussion and conclusions. Additional photographs of Willsmere and Bolin 

Billabongs and the Yarra Flats Billabong are provided in Appendix B.  
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4.2  Historical pollution trends of Bolin Billabong 

 

USING SEDIMENT CORES TO ESTABLISH TARGETS FOR THE REMEDIATION OF 

AQUATIC ENVIRONMENTS 

 

Anna LINTERN1*, Marion ANDERSON2, Paul LEAHY3, Ana DELETIC1, David MCCARTHY1 
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Victoria, Australia  
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3EPA Victoria, Ernest Jones Drive, Macleod, Victoria, 3085, Australia 
*Corresponding author email: anna.lintern@monash.edu 
 

ABSTRACT 

When assigning site-specific restoration targets for deteriorating aquatic systems, it is necessary to 

have an understanding of the undisturbed or background state of the system.  However, the site-

specific characteristics of aquatic systems prior to disturbance are mostly unknown, due to the lack of 

historical water and sediment quality data. This study aims to introduce a method for filling this gap 

in our understanding by using dated sediment cores from the beds of aquatic environments. We used 

Bolin Billabong, a floodplain lake of the Yarra River (South-East Australia) as a case study to 

demonstrate the application of this method. We identified the concentrations of aluminium, 

cadmium, chromium, copper, iron, lead, manganese, nickel, tin and zinc at 8 cm intervals through the 

sediment core. This showed that aluminium, chromium, copper, iron, lead, nickel, tin and zinc 

concentrations in Bolin Billabong sediments significantly increased after European settlement in the 

river catchment in the mid-19th century. The differences between current Australian sediment quality 

guidelines trigger values, and the background metal concentrations in Bolin Billabong sediments 

underscores the value of using locally relevant background toxicant concentrations when setting 

water and sediment quality targets. 

 

KEYWORDS  

Billabong; contamination; floodplain lake; heavy metals; restoration; sediment core 

 

INTRODUCTION  

The contamination of aquatic environments is occurring globally (Kivaisi 2001). A 2011 report found 

that most aquatic environments in Australia are in a degraded condition (Australian State of the 

Environment Committee 2011). Elevated levels of heavy metals have been detected in systems such 
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as the Derwent Estuary in Tasmania (Bloom and Ayling 1977) and the Coxs River in New South Wales 

(Birch et al. 2001). This contamination poses risks to both humans and the ecosystem.  

 

The Australian and New Zealand water quality management guidelines (ANZECC/ARMCANZ) states 

that an understanding of the background state, where the background state is defined as the state of 

the aquatic system before anthropogenic pollution, is critical when assessing environmental 

monitoring data (Batley and Maher 2001) and when developing remediation strategies to restore 

polluted environments (ANZECC/ARMCANZ 2000). These background metal concentrations are likely 

to site-specific due to their dependence on the local geology (Dauvalter 1994). It is not advisable to 

use recently deposited sediments from pristine lake and rivers to characterise the undisturbed state 

of aquatic systems. These sediments are compromised for assessing background levels as they can be 

contaminated by global atmospheric deposition (Heyvaert et al. 2000). 

 

When site-specific background conditions are unknown, ANZECC/ARMCANZ (2000) recommends the 

use of default guideline values. Two values are provided, ‘low’ for low probability of toxic effects and 

‘high’ for medium probability of toxic effects. These guidelines are not based on the site-specific 

context. Therefore, they result in the assessment of environments without taking into account their 

natural background metal levels.  

 

An understanding of background water and sediment quality can be developed using sediment cores 

from the beds of aquatic systems (Förstner and Salomons 1980). A large number of studies have used 

pollutant (e.g., heavy metals) concentrations at discrete depths through a sediment core to infer 

historical water and sediment quality trends in an aquatic system (Latimer et al. 2003; Morelli et al. 

2012). Whilst previous studies have used sediment cores to understand how and why metal levels of 

aquatic systems have changed historically, they have not been practically applied to the restoration 

of these environments or to setting environmental quality guidelines (Saunders and Taffs 2009). 

 

The main aim of this study is to identify the heavy metal contamination history of Bolin Billabong (a 

floodplain lake of the Yarra River in Melbourne, Australia). The specific study objectives are: 

 to identify the metal levels in Bolin Billabong prior to European settlement in the area in the 

mid-19th century (i.e., the background metal concentrations in the bed sediments); 

 to compare the background heavy metal levels against generic heavy metal sediment quality 

trigger levels; and  
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 to determine and explain the contamination extent of more recent sediments in Bolin 

Billabong.  

 

METHODS  

Site description 

The Yarra River is located in South-East Australia (Figure 1). The river flows for approximately 240 km 

through forested, agricultural and urban areas before discharging into Port Phillip Bay (Brizga et al. 

1995). Bolin Billabong (37046΄14”S and 14504΄43”E), is a floodplain lake (billabong) of the Yarra River 

and is located within Melbourne (Leahy et al. 2005). It has a local catchment of 15 ha consisting of 

mostly parkland and a small residential area, but no stormwater is discharged directly into the lake 

(Leahy 2007). Hydrologic modelling and measured data show that historically, overbank floods of the 

Yarra River filled Bolin Billabong once a year. However water harvesting has led to a decrease in 

inundation frequency to approximately once every three to four years (Sinclair Knight Merz 2005).  

 

Sediment sampling 

A 289 cm sediment core was obtained from Bolin Billabong in July 2001 using a light-weight modified 

hammer-driven piston corer (Neale and Walker 1996) with a 50 mm polyvinyl chloride barrel (Figure 

1). The water depth was approximately 3 m. The core was stored at 40C for approximately a month 

before it was opened and sampled at 8-cm intervals for metals analysis. Other analyses conducted on 

this core (diatom assemblages, pollen) have been discussed in previous works (Leahy 2007; Leahy et 

al. 2005).  

 

Unsupported 210Pb activities were measured for samples taken at intervals of 1-25 cm in the top 176 

cm of the core. Both the Constant Initial Concentration and the Constant Rate of Supply models 

(Appleby 2001) were applied to identify the ages of the sediments using the unsupported 210Pb 

activities, but these resulted in different sediment chronologies. As it could not be determined which 

one of these models were more accurate, independent chronological markers were used instead to 

date the core. These markers were declining total lead (Pb) concentrations at 16 cm (dated as 1985), 

a significant increase in Pb concentrations at 108 cm (1932), a peak in magnetic susceptibility at 160 

cm attributed to a Yarra River flood (1901), the appearance of Pinus pollen at 208-cm depth (1870) 

and an increase in pollen taxa indicative of land clearing at 265-cm depth (1840). Previous studies have 

hypothesised that high magnetic susceptibility in sediment cores can be caused by flooding because 

they deposit high amounts of terrestrial sediments, which are generally rich in magnetic mineral 

content (Moreno et al. 2008). Other studies have validated this relationship by comparing dated 
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magnetic susceptibility profiles to measured river flow data (Wolfe et al. 2006). The process of this 

dating approach is further detailed in Leahy (2007).  

 

 

 

 

 
Figure 1. The Yarra River and its catchment showing the location of Bolin Billabong and Willsmere Billabong 
(a), the local catchment of Bolin Billabong (b). 

 

Sub-samples for heavy metal analysis were dried at 480C. Nitric acid (HNO3) partial digestions were 

conducted at room temperature by adding 1 g of dried sample to 30 mL of 35% HNO3 as per Pietrzak 

and McPhail (2004). Metal concentrations were quantified by Inductively Coupled Plasma–Mass 

(a) 

(b) 
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Spectrometry (ICP-MS). Standard quality assurance and control measures were undertaken including 

the calibration of samples using USGS standards (BHVO-1). Similarly, replicate measurements and 

blanks were analysed every five to seven analyses. The following analysed metals are discussed: 

aluminium, Al; cadmium, Cd; chromium, Cr; copper, Cu; iron, Fe; Pb; manganese, Mn; nickel, Ni; tin, 

Sn; and zinc, Zn.  

 

Data analysis 

As the heavy metal concentrations are not distributed normally (according to the Shapiro-Wilk test, 

p<0.05, results in Table S1 in the supplementary material), the heavy metal trends were compared 

using the Spearman Rank Correlation Coefficients (ρ). It was assumed that sediments deposited in the 

billabong before 1850 were deposited in undisturbed conditions, as significant development in the 

Yarra River catchment began in 1851 with the official commencement of gold mining (Brizga et al. 

1995). The heavy metal concentrations before 1850 were compared to those deposited after 1850 

using the Mann-Whitney U Test (p<0.05) to identify if there was a statistically significant difference 

between the post-disturbance and pre-disturbance heavy metal concentrations. Trends in heavy 

metals were also compared to trends in population and urban growth using the Spearman Rank 

Correlation Coefficient (ρ). All statistical tests were conducted using R-studio. Heavy metal 

concentrations of sediments from the core surface (0 cm) were excluded from the analysis. We believe 

these data to be suspect due to sediment mixing during sampling. Due to the relatively coarse sub-

sampling interval used in this study, overall heavy metals trends rather than short-term variabilities 

were examined. 

 

The maximum background (pre-1850) heavy metal concentrations from Bolin Billabong were also 

compared to those obtained from a sediment core taken from the nearby Willsmere Billabong (Figure 

1). Background concentrations from both cores were then compared to sediment quality trigger 

values in ANZECC/ARMCANZ (2000) guidelines. These comparisons were done for Cd, Cr, Cu, Pb, Ni 

and Zn, because these metals have sediment quality trigger values in ANZECC/ARMCANZ (2000) 

guidelines.  

 

A separate investigation (Lintern et al. 2015) of heavy metal concentrations in sediment cores from 

Willsmere Billabong showed relatively stable heavy metal concentrations in sediments deposited 

between 1700 and 1850 (Figure S1 in the supplementary material). Due to the proximity of these two 

billabongs (less than 10 km), the background heavy metal concentrations of Bolin Billabong are likely 
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to be similarly stable. As such, we hypothesise that the background sediments within the studied Bolin 

Billabong core are representative of long-term background heavy metal concentrations. 

 

RESULTS AND DISCUSSION  

Sediment characteristics in the Bolin Billabong sediment core 

Sediment characteristics through the Bolin Billabong core have been discussed in previous works 

(Leahy 2007; Leahy et al. 2005) and are briefly summarized here. Three main lithological units were 

identified in the core. The top unit (0-132 cm) contained dark grey lake clay with organic matter. The 

second unit (132-265 cm) contained black, dark grey and dark olive grey clay laminations of 1 to 5-mm 

thickness. Finally the bottom unit (265-289 cm) contained black organic clay. These changes in the 

sediments are consistent with those in the nearby Willsmere Billabong (Lintern et al. 2015). 

 

Heavy metal trends in the Bolin Billabong sediment core 

Heavy metal trends within the Bolin Billabong sediment core are shown in Figure 2. For some metals 

(Al, Cr, Cu, Fe, Pb, Ni, Sn and Zn), concentrations are relatively constant in the 19th century, but 

increase through the 20th century. Mn fluctuates around a central point and Cd also exhibits a slight 

increasing trend. These patterns are reflected in the Spearman Rank Correlation Coefficients (Table 

S3 in the supplementary material), which show strong and statistically significant correlations (ρ>0.75) 

between Al, Cr, Cu, Fe, Pb, Ni, Sn and Zn. Thus, the majority of the metals exhibit similar trends, which 

suggests that their deposition is governed by similar processes. However, the different trends in Cd 

and Mn suggest that the factors affecting their deposition in Bolin Billabong are different to the other 

metals.  

 

All elements presented in Figure 2, except Mn, have increased from their background levels over the 

last 150 years. Thus, if the background condition of the billabong (pre-1850 levels) were taken as 

target values for sediment quality in Bolin Billabong, we would conclude that reduction in all of these 

metals is required. In particular, the metals with the greatest increase appear to be Fe, Al, Zn and Pb 

(Figure S2 in the supplementary material). However, we recognise that four samples were used to 

identify the background levels. Despite the limited number of samples used, the differences between 

the pre-1850 and post-1850 sediment metal concentrations were statistically significant for Pb and Zn 

according to the Mann-Whitney U-test (p<0.05; Table S4 in the supplementary material).  
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The suitability of existing sediment quality trigger values  

Table 1 indicates that recommended sediment quality trigger values are generally greater than 

maximum metal concentrations deposited before 1850 (i.e., background levels). The pre-1850 heavy 

metal concentrations (maximum) of Willsmere Billabong (Figure 1) are very similar to those of Bolin 

Billabong (Table 1). In fact, the background levels for the two billabongs are closer to each other than 

they are to the ANZECC/ARMCANZ sediment quality guidelines. Most metals do not have statistically 

significant differences (p>0.05) between the heavy metal concentrations in pre-1850 sediments in 

Willsmere and Bolin Billabong (Table S5 in the supplementary material). As such, it appears that these 

heavy metal levels obtained from the sediment cores are indicative of a background metal 

concentration relevant to the Yarra River catchment. If the recommended generic trigger values are 

used to identify the toxicants of concern, only Pb would be identified as being of concern in Bolin 

Billabong sediments (Table 1 and Figure 2). However, Table 1 indicates that by applying site-specific 

background levels, a considerably larger number of metals would be regarded as exceeding guidelines. 

These site-specific background levels in Table 1 are based on four samples for Bolin Billabong and six 

samples for Willsmere Billabong. When developing site-specific background levels for water quality 

monitoring using sediment cores, it is recommended to obtain a larger number of pre-disturbance 

sediment samples. For example, we recommend that the ideal number of samples be determined 

using power analysis (Zar, 2010). This will ensure greater statistical power when comparing monitoring 

data to the calculated site-specific trigger values.  
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Figure 2: Heavy metal profiles of Bolin Billabong sediment core (core depth shown on secondary Y axis for Al and Pb, open circle with dotted line represents 
suspect data point at core surface and grey dashed line represents the pre-1850 background concentration of the metal). Metal profiles normalized by the 
average pre-1850 metal concentration provided in Figure S2 in the supplementary material. Heavy metal concentrations are tabulated in Table S2 in the 
supplementary material.  
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Table 1: Trigger values for sediment quality and background concentrations calculated for Bolin (n=4) and 
Willsmere Billabongs (n=6) using sediment cores. 

Metal 

Guideline trigger 
values (mg/kg)a Maximum Bolin Billabong 

sediment concentration 
before 1850 (mg/kg) 

Maximum Willsmere 
Billabong sediment 

concentration before 1850 
(mg/kg) 

Lowb Highc 

Cd 1.5 10 0.4 <0.2 
Cr 80 370 15 37 
Cu 65 270 16 14 
Pb 50 220 19 15 
Ni 21 52 11 23 
Zn 200 410 55 64 

a (ANZECC/ARMCANZ 2000) 
b Upper limit of heavy metal concentrations for toxic effects to have a low probability  
c Lower limit of heavy metal concentrations for toxic effects to have a medium probability   

 

The factors affecting heavy metal contamination in Bolin Billabong 

The heavy metal profiles can also be used to infer the main factors affecting historical heavy metal 

contamination in the lake. Firstly, Al and Fe, which have similar increasing trends with time (ρ=0.81, 

p<0.05; Table S3 in the supplementary material), are likely to have been driven by increased sediment 

influx into the billabong due to erosion, resulting from urban development and land clearing (indeed, 

eroded soil is known to contain high concentrations of Fe and Al; Schiff and Weisberg 1999; Schropp 

et al. 1990). The Al and Fe concentrations trends correlate (p<0.05) with increasing population in the 

municipality in which the billabong is located (Manningham City Council) as well as in the Yarra River 

catchment upstream of Bolin Billabong (Figure 3 and Table S6 in the supplementary material). A 

change in sediment texture was also noted at approximately 130 cm (dating to approximately the 

1920s), which may be indicative of an increasing flux of these eroded clay materials.  

 

 

Figure 3. Population in the City of Manningham and the Yarra river catchment upstream of Bolin Billabong, 
and concentrations of Al, Cu, Pb and Zn (a) and number of dwellings in the City of Manningham and the Yarra 
river catchment upstream of Bolin Billabong, and concentrations of Al, Cu, Pb and Zn (b). 
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The increase in Cd, Cr, Cu, Pb, Ni, Sn and Zn in the 20th century could be partly attributed to this 

sediment influx, as heavy metals are present at trace levels in rocks and soils (Taylor and McLennan 

1995). However, the rates of increase in Pb and Zn are greater than that of Al and Fe (Figure 2 and 

Figure S2 in the supplementary material). Increasing Pb and Zn concentrations could also be driven by 

motor vehicle emissions, following the introduction of motor vehicles in the early 20th century 

(Davison 2010). Additionally, Pb and Zn are common building materials (Weeks and Grimmer 1995) 

and increasing urban development in the Yarra River catchment upstream of the billabong after the 

1950s (Figure 3) would have resulted in the leaching of these metals into the Yarra River by urban 

stormwater (Hart and White 2006). Bolin Billabong would then receive these contaminated flows via 

overbank flooding of the river. In particular, Zn concentrations increase in the 1970s (Figure 3), which 

correlates with the introduction of Zinc-Alum roofing (Oppenheim and Sutherland 1978).  

 

Cd deposition in the billabong has also increased slightly since European settlement (ρ=0.46, p<0.05). 

This may be related to sediments entering the billabong due to urbanization and land clearing, Cd in 

industrial emissions, or increasing use of fertilisers in the catchment (Fishbein 1981). There are short 

term fluctuations in the Cd trend (Figure 2) possibly due to Cd input by flooding. However, higher 

resolution sampling of Cd is required to fully understand the underlying causes of this short term 

variability. 

 

The relatively stable profile of Mn indicates that Mn deposition is not influenced by the factors 

discussed above. The lack of a clear upward or downward trend in Mn through the sediment core is 

most likely due to post-depositional remobilization of Mn by redox processes (Boyle 2001).  

 

The core was sub-sampled at 8 cm intervals. This interval may be equivalent to up to 5 years’ worth 

of sediment accumulation, given the adopted age-depth model has an average sedimentation rate of 

1.7 cm/year (Leahy 2007). Although there are uncertainties in the adopted age-depth model, for a 

better understanding of short term variability in heavy metal contamination of Bolin Billabong (e.g., 

at an annual time-step), a finer sub-sampling interval would be necessary.  

 

CONCLUSIONS  

This study aimed to identify historical heavy metal levels in Bolin Billabong sediments. Comparing the 

metal concentrations through the sediment core indicate that the billabong bed sediments have 

experienced increasing concentrations of Al, Cd, Cu, Fe, Ni, Pb, Sn and Zn since 1850. The timing of the 

heavy metal increases suggest that restoration of metal concentrations to background levels would 
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require reduction in the transport of fine sediments from the catchment, reduction in metals leached 

from building materials into the billabong, and the  decrease in vehicle emissions.  

 

Comparison between the background heavy metal concentrations in two Yarra River catchment 

billabongs indicates that the sediment quality trigger values used in Australia may be higher than true 

background heavy metal concentrations of aquatic sediments. We recognize that if sediment quality 

trigger values are to be developed using sediment cores, replicate cores from a single aquatic system 

would be necessary, as would verification that the sediment core is continuous and that it has not 

been adversely affected by bioturbation, sediment mixing or drought. It is expected that in some 

continents, such as Europe, which have a long history of industrial and agricultural activity, obtaining 

site-specific background metal levels may require older sediments than those presented in this 

investigation due to the longer history of anthropogenic pollution (e.g., due to industrialization, Pb 

smelting). The key message of this study is that using currently available generic trigger values could 

lead to the adoption of sediment quality targets that do not sufficiently protect some ecosystems. This 

study highlights the importance of identifying site-specific background levels of sediments for the 

protection of aquatic systems and proposes the use of sedimentary records for determining these 

background levels. 
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4.3  Historical pollution trends of Willsmere Billabong
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4.4 Justification of exclusion of Yarra Flats Billabong from analysis 

4.4.1 Site description 

The Yarra Flats Billabong is located in the upper Yarra River catchment (Figure 4.1), outside of 

Melbourne metropolitan and close to the township of Yarra Glen (Figure 4.2). The system has a bank-

full area of approximately 2.4 ha, and a catchment of approximately 18 ha (Figure 4.2). The Yarra Flats 

Billabong is a system of interconnected billabongs, with the main point of water entry being on the 

west bank of the billabongs (Figure 4.2). It is estimated that the billabong fills with water when minor 

flood levels are reached (approximately 4 m Australian Height Datum; AHD at the Yarra Glen stream 

gauge; Figure 4.2). Measurements taken at this stream gauge are available from 1991 and according 

to these observed river levels, the billabong has been inundated approximately 1.9 times per year 

between 1991 and 2013 (Figure 4.3). However, as indicated in Figure 4.3, there are some years where 

no inundation events occur, particularly in the early 21st century.  

 

 

Figure 4.1: Location of the Yarra Flats Billabong within the Yarra River catchment.  
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Figure 4.2: Closer view of Yarra Flats Billabong showing the location of the Yarra Glen stream gauge (a) and 
photograph of the coring site taken August 2013 (b). Additional photographs of the site provided in Appendix 
B.3.  

Coring location 

(a) 

(b) 

Yarra Glen Township 
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Figure 4.3: River level measured at the Yarra Glen stream gauge (229206A) from September 1991 to May 2013 
(Department of Sustainability and Environment, 2013). Horizontal dotted line represents minor flood level (at 
4 m AHD).  

 

The presence of aboriginal artefacts in the catchment of the Yarra Flats Billabong suggests that 

aboriginal tribes were in the region prior to European settlement. The area was first settled by 

Europeans in 1837 and a township was officially established in 1889 (Blackburn, 1968). Since European 

settlement, the catchment of the billabong has been used for grazing. This continued until a road was 

built in the catchment in 1998 (Figure 4.2) and the land to the east of the highway was converted into 

a natural reserve (Melissa Carmody, Shire of Yarra Ranges, pers. comm., 24 June 2013).  

 

Anecdotal evidence suggests that some alterations have been made to the natural hydrology of the 

billabongs. One documented change is the construction of a weir in the natural drain between the 

main river channel and the billabong, to maintain water levels in the billabong for longer periods of 

time after inundation (Melissa Carmody, Shire of Yarra Ranges, pers. comm., 28 January 2015).  

 

4.4.2 Sample collection and analysis 

In August 2013, a sediment core was taken from the location in the Yarra Flats Billabong shown in 

Figure 4.2. This core was taken in ten drives (bed surface to depth 17 cm; depth 17 cm to depth 46 cm; 

depth 46 cm to depth 71 cm; depth 71 cm to depth 100 cm; depth 100 cm to depth 131 cm; depth 

131 cm to depth 167 cm; depth 167 cm to depth 202.5 cm; depth 202.5 cm to depth 244.5 cm; depth 
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244.5 cm to depth 298.5 cm; depth 298.5 cm to depth 353.5 cm) using a 40-mm diameter Livingstone 

corer (Livingstone, 1955). The water level was approximately 2 m at the time of sampling.  

 

All ten drives of the Yarra Flats Billabong core were split longitudinally and half of each core was 

scanned in the ITRAX micro-X-ray fluorescence (XRF) core scanner (Croudace et al., 2006). A 

molybdenum tube (voltage of 30 kV, current of 45 mA) was used. There was a 10-s exposure time, 

with readings at 1-mm intervals. Magnetic susceptibility measurements were taken at 0.5-cm intervals.  

 

The sediment cores were initially dated using unsupported 210Pb activities. 1-cm thick samples were 

taken at 5-cm intervals in the top 20 cm and at 10-cm intervals from 20 to 50-cm depth. Additional 

0.5-cm thick samples were taken at 2-cm, 3.5-cm, 6-cm, 6.5-cm and 7.5-cm depth. The method 

described in Atahan et al. (2015) was used to process the samples at the Australian Nuclear Science 

and Technology Organisation (ANSTO). As described in Appleby (2001), unsupported 210Pb activities 

were estimated as the supported 210Pb activity (measured from 226Ra) subtracted from the total 210Pb 

activity (measured from 210Po). Calendar ages were calculated using the unsupported 210Pb activities 

and the Constant Initial Concentration (CIC) and Constant Rate of Supply (CRS) models (Appleby, 2001).  

 

0.5-cm thick sediment samples were obtained for radiocarbon dating at 60-cm (OZS501), 80-cm 

(OZS502) and 149-cm (OZS503) depth. 2M hydrochloric acid (HCl) (at 600C) and then multiple sodium 

hydroxide (NaOH) treatments (at 600C), with a final 2M HCl treatment (room temperature) were used 

to remove carbonates and humic acids from these samples. These samples were then dried and 

combusted to carbon dioxide (CO2) and reduced to graphite (Hua et al., 2001). 14C dating was done at 

the Accelerator Mass Spectrometry (AMS) facility at ANSTO (Fink et al., 2004) and the OxCal 4.2 

programme (Ramsey, 2009) and the SHCal13 data set (Hogg et al., 2013) was used to calibrate the 

radiocarbon dates. 

 

Additionally, to distinguish pre-European sediments from post-European sediments, the presence or 

absence of introduced vegetation pollen grains was used. 1 cm3 of bulk sediment was taken from 4.5-

5-cm, 7-7.5-cm and 8-8.5-cm depth. These samples were treated with 10% sodium pyrophosphate 

(Na2P2O7) and then sieved (210 μm and 7 μm). The fine material was treated using HCl (10%) and then 

acetolysis. Organic material was removed using heavy liquid separation using sodium polytungstate 

(3Na2WO4∙9WO3). The organic fraction was then treated with 48% hydrofluoric acid (HF) and 10% HCl. 

The pollen samples were dehydrated using methanol (C2H5OH) and then mounted to slides using 

glycerol (C3H8O3). Slides were examined and compared to the laboratory pollen reference collection.  
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4.4.3 Chronology 

A tentative chronology was developed for the Yarra Flats Billabong sediment core using the 210Pb 

activities, presence/absence of pollen of introduced vegetation species and 14C dating. The 

unsupported 210Pb activities are provided in Figure 4.4. Unsupported 210Pb activities were not detected 

in the samples taken at 3.5 cm, 10 cm, and 15 cm and all samples below 21 cm. This suggests that the 

limit of sediment dating by 210Pb is reached at 10 cm-depth in the sediment core. Sediment ages were 

estimated with the CIC model using the unsupported 210Pb activities between 0 and 6.5 cm (mass 

accumulation rate of 0.34 g/cm2/yr or 0.47 cm/yr). Sediment ages between 6.5 cm and 8 cm were 

estimated by linear extrapolation, assuming a constant sediment accumulation rate. Sediment ages 

were also estimated with the CRS model using the unsupported 210Pb activities between 0 and 8 cm, 

which gave mass accumulation rates of 0.1 to 0.66 g/cm2/yr. As shown in Figure 4.5, the two dating 

models lead to varying chronologies.  

 

 

Figure 4.4: Unsupported 210Pb activities of Yarra Flats Billabong sediment core YG1 (a) juxtaposed to magnetic 
susceptibility profile and optical and radiographic image of core (b). (Dashed red line represents change in 
stratigraphy). 

It is most likely that the CIC model is more representative of the chronology of the sediment core. 

Construction of a highway occurred adjacent to the Yarra Flats Billabong in 1998, and during this 

project, sediment from the billabong was removed (Rod Baker, VicRoads, pers. comm., 12 February 

2015). This sudden change in the stratigraphy is evident in the optical and radiograph images of the 

sediment core (Figure 4.4). Thus, it is likely that this boundary of sediment change dates to 

(a) (b) 
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approximately 1998, when this construction project and the billabong sediment removal occurred. 

This helps to validate the CIC model, which dates 8 cm to approximately 1995.  

 

 

Figure 4.5: Sediment chronologies using CIC and CRS models. Chronology of top 160 cm (a) and chronology of 
top 20 cm (b). 

 

The age of the sediments between 8 cm and 60 cm (where a 14C date was obtained), is uncertain. The 

presence of Pinus pollen in the sediments at 8-8.5 cm indicates that this region of the sediment core 

was deposited after European settlement in 1835. 60-cm, 80-cm and 149-cm depth of the Yarra Flats 

Billabong sediment core YG1 was dated as 1477±35 BP, 2142±35 BP and 2422±35 BP, respectively. 

However, given that 8-cm depth was deposited after 1835, this leads to a sediment accumulation rate 

of less than 0.02 cm/yr. This low sediment accumulation rate could be due to either undocumented 

(a) 

(b) 



Chapter 4: Historical pollution trends 

88 

  

dredging of sediment, or an error in the radiocarbon date. It is possible that the deposit itself dates to 

1477 BP, but it was not necessarily buried at the site in this year, and that the sediment deposit 

contained carbon that is older than the year in which the sediments were deposited in the billabong 

(Dezileau et al., 2014).   

 

Due to the inability to determine the age of the top of the boundary of the sediment dredging, this 

sediment core was not used for the analysis of historical pollution trends nor historical hydrologic 

trends.  

 

4.5  Discussion 

4.5.1 Main factors affecting pollution in Willsmere Billabong and Bolin Billabong 

For both Willsmere Billabong and Bolin Billabong, the main drivers for trends in contaminants (heavy 

metals and POPs) were identified by comparing the timing of shifts in pollutant levels with events that 

are recorded to have occurred within the Yarra River catchment. Using this technique, both billabongs 

were found to have experienced increasing levels of contamination following European settlement in 

the Yarra River catchment in the mid-19th century. Increasing metal concentrations in Bolin Billabong 

were attributed to increases in sediment flux due to erosion (Al and Fe), motor vehicle emissions (Pb), 

and the leaching of Pb and Zn from building materials. Indeed, metal concentrations through the 

sediment cores (Al, Cu, Pb and Zn) correlated with population growth and the growth in the number 

of dwellings within the Yarra River catchment upstream of Bolin Billabong. 

 

A more in-depth analysis of the factors affecting contaminant trends (both heavy metals and POPs) 

was performed for Willsmere Billabong. It was found that trends in As reflected gold mining trends in 

the upper Yarra River catchment and trends in Pb correlated with industrial growth within the region.  

PAH trends were found to correlate with both the timing of bushfires, flood events and industrial 

growth. More important however was the identification of the impact of residential development on 

the heavy metal and POPs contamination of Willsmere Billabong. This was inferred from the increasing 

levels of these contaminants within the sedimentary record after 1940, which is when a stormwater 

drain into Willsmere Billabong was built. It appears that the installation of a stormwater treatment 

wetland in the local catchment in 2006 has reduced the level of contaminants, particularly heavy 

metals, settling on the bed of the billabong. However, comparison to background levels indicates that 

more heavy metal reduction measures, especially those targeting stormwater, are required to return 

Willsmere Billabong to its background heavy metal conditions.  
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4.5.2  Comparison between background contaminant concentrations and generic sediment 

quality trigger values  

Current sediment quality guideline trigger values for Australia and New Zealand were found to be 

higher than background metal levels identified in both Willsmere and Bolin Billabongs. According to 

current generic sediment quality trigger values (ANZECC/ARMCANZ, 2000), the concentration of heavy 

metals through the sediment cores of both billabongs do not pose a high risk to organisms that come 

into contact with the billabongs’ sediments. However, it is difficult to imagine that pressures have not 

been placed on these ecosystems, which have experienced significant increases in metal 

concentrations above background levels. This work highlights the need to consider site-specific 

background values, which can be identified using sediment cores, when setting water and sediment 

quality targets.  

 

4.6  Conclusion  

In summary, this chapter has demonstrated: 

 why the sedimentary records of the Yarra Flats Billabong have not been used to identify 

historical pollution and hydrologic trends in this thesis; 

 that the concentrations of contaminants in the bed sediments of both Willsmere Billabong 

and Bolin Billabong have increased since Europeans first settled in the Yarra River catchment; 

this is most likely due to mining, land clearing, urban growth and the uptake of motor vehicles;  

 that site-specific background contaminant concentrations, which can be identified using 

sediment cores containing sediments prior to catchment disturbance, should be considered 

when setting water and sediment quality targets for aquatic environments; and 

 that dated pollutant profiles from sediment cores can contribute to the assessment of 

mitigation methods (e.g., stormwater treatment wetlands, pollution reduction legislations). 
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5.1  Introduction 

The literature review in Chapter 2 indicated that several sediment characteristics can be used as 

indicators of historical trends in hydrology. Furthermore, these indicators can be used to identify 

discrete flood layers in sediment cores. The literature also recommends that multiple indicators (or 

proxies) be used to reduce uncertainties in the determination of these historical trends.  

 

This chapter addresses research objective 2 and its associated research questions (3 and 4), listed 

below.  

Research objective 2: To identify discrete fluvial flood deposits in sediment cores from the 

Yarra River billabongs.   

 Research question 3: What techniques can be used to identify historical hydrologic 

changes of the Yarra River billabongs, and in particular, identify discrete flood-

deposited sediment layers in the Yarra River billabong cores?  

 Research question 4: In particular, can sediment mixing models be used to identify 

discrete flood deposits within sedimentary records?  

This chapter is made up of four sections following this introduction. Section 5.2 is a paper currently 

under internal review for submission to Science of the Total Environment. This paper is cited as Lintern 

et al. (in preparation-a) through the rest of the thesis and it addresses research question 3. The 

supplementary material for this manuscript is provided in Appendix A.3. Section 5.3 addresses 

research question 4 and is a discussion about the unsuccessful trialling of sediment mixing models for 

identifying discrete flood deposits in sedimentary records. The third section compares the sediment 

chronologies developed in Chapter 4 and Chapter 5. The chapter concludes with a summary of the 

main findings of Chapter 5.  
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5.2 Using sediment cores to identify historical changes in floodplain lake hydrology 

 

USING SEDIMENT CORES TO IDENTIFY HISTORICAL CHANGES IN FLOODPLAIN 
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ABSTRACT 

Anthropogenic activities are contributing to the changing hydrology of rivers, often resulting in their 

degradation. Understanding the drivers and nature of these changes is critical for the design and 

implementation of effective mitigation strategies for these systems. However, this can be hindered by 

gaps in historical measured flow data. This study therefore aims to use sediment cores to identify 

historical hydrologic changes within a river catchment. Sediment cores from two floodplain lakes 

(billabongs) in the urbanised Yarra River catchment (South-East Australia) were collected and high 

resolution images, trends in magnetic susceptibility and trends in elemental composition through the 

sedimentary records were obtained. These were used to infer historical changes in river hydrology to 

determine both average trends in hydrology (i.e., coarse temporal resolution) as well as discrete flood 

layers in the sediment cores (i.e., fine temporal resolution). Through the 20th century, both billabongs 

became increasingly disconnected from the river, as demonstrated by the decreasing trends in 

magnetic susceptibility, particle size and inorganic matter in the cores. Additionally the number of 

discrete flood layers decreased up the cores. These reconstructed trends correlate with measured 

flow records of the river through the 20th century, which validates the methodology that has been 

used in this study. Not only does this study provide evidence on how natural catchments can be 

affected by land-use intensification and urbanisation, but it also introduces a general analytical 

framework that could be applied to other river systems to assist in the design of hydrologic 

management strategies.   
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INTRODUCTION 

Globally, rivers are experiencing dramatic changes in their hydrology (Gerten et al., 2008). This is 

partially due to anthropogenic activities within the catchment (Vorosmarty et al., 2010). For example, 

Ye et al. (2003) found that reservoir construction in the 20th century has led to reduced streamflow in 

the Lena River in the Arctic. During the same century, streamflow has increased in the Comet River 

(Australia), which has been attributed to land clearing (Siriwardena et al., 2006). Additionally, human 

induced and natural climate variability has had and will continue to have a significant impact on river 

hydrology (Vorosmarty et al., 2010). Climate change is expected to lead to an increased frequency of 

high intensity storms, resulting in more frequent flash flooding, particularly in urban catchments 

(Cofalla et al., 2012). Modelling has shown that increasing global temperatures will result in decreased 

streamflows in tropical catchments, but increased spring streamflows in snow-covered catchments 

(Nijssen et al., 2001). Such transitions in hydrology not only impact river and floodplain ecology but 

also undermine the safety of human communities within the river catchment (Nilsson and Berggren, 

2000; Tharme, 2003).  

 

The design of effective management strategies relies on a clear understanding of the main factors 

causing changes in river hydrology (Battarbee, 1999). However, the limited availability (both 

temporally and spatially) of streamflow observations (Benito et al., 2004) undermines our ability to 

identify site-specific causes of hydrologic shifts. Thus, the design of management strategies is 

commonly based on generic empirical rules that are not necessarily applicable to all river systems 

(Arthington et al., 2006). Whilst hindcasting, or modelling of historical flows is an option (Franchini 

and Pacciani, 1991), these models require: (1) a record of historical rainfall, which is not always 

available, and (2) a large number of input and calibration parameters that can be difficult to quantify 

accurately (Delleur et al., 1980; Muleta and Nicklow, 2005). Even a basic model commonly used to 

estimate streamflow, such as the Rational Method, requires an estimate of the proportion of rainfall 

converted to runoff (known as the runoff coefficient; C). This parameter varies significantly both 

spatially and temporally and as such, its accurate determination relies on calibration and verification 

data (Delleur et al., 1980; Rogger et al., 2012). Alternative methods are therefore required to identify 

the trends in and main causes of historical change in the hydrology of rivers and their floodplains. 
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Sediment cores from floodplain lakes (billabongs) can be used to identify historical changes in river 

hydrology. Sediments that are deposited in billabongs by fluvial floods have specific physical and 

geochemical properties (Wolfe et al., 2006). By studying trends in these physical and geochemical 

sediment properties through billabong sediment cores, the historical overbank flooding frequency and 

trends in river hydrology can be inferred. Indeed, this process has been demonstrated in previous 

studies at temporal scales ranging from coarse resolutions such as decadal or centennial time-steps 

(Arnaud et al., 2005; Moreno et al., 2008), to finer resolutions of discrete flood events (Bábek et al., 

2011; Berner et al., 2012; Wolfe et al., 2006, 2005). The sediment properties used to reconstruct 

historical hydrologic trends in these studies are: visual characteristics like sediment colour and texture 

(D’Haen et al., 2012; Moreno et al., 2008), magnetic susceptibility (Arnaud et al., 2005; Brown et al., 

2000), and particle size (Bábek et al., 2011; Harrison et al., 2003).  

 

The elemental composition of sediments has also been used in previous studies to reconstruct 

historical trends in river hydrology at decadal or centennial time scales (e.g., Kujau et al., 2010; 

Moreno et al., 2008). However few studies have used the elemental composition of sediments at a 

finer resolution to pinpoint discrete flood deposits within sedimentary records. Berner et al. (2012) 

attempted to identify flood deposits within a sedimentary record of the Rhine River using the 

elemental composition of sediments. The study was based on the assumption that flood layers were 

enriched in carbonates and low in siliciclastics, a relationship determined from sampling six flood 

events at the turn of the 21st century. Although this is no doubt a sound assumption for floods 

deposited in the late 20th century, it is unlikely that the suspended sediments in flood events during 

this period would have similar elemental abundances as sediments in events earlier in the 20th century.  

 

The aim of this study is to utilize a multi-proxy approach to identify the historical hydrology of the 

Yarra River. In particular, we have the objective of filling the current gap in knowledge surrounding 

the use of elemental composition of sediments for the determination of discrete flood deposits in 

sediment cores. Sediment cores from two billabongs of the urbanised region of the Yarra River 

catchment (South-East Australia) are used to infer overall changes to the hydrology and flooding 

frequency of this river over the period of European settlement and urban growth (the last 180 years). 

We aim to demonstrate a framework that uses multiple flood proxies (in particular, elemental 

composition) at both coarse and fine temporal resolutions, which can be applied to other river 

systems, so that an understanding of historical hydrology and trends in flooding can be acquired when 

designing mitigation strategies to restore river systems to healthier states.  
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METHODS 

Study site 

The Yarra River (Victoria, Australia) has a catchment of approximately 4,000 km2 (Leahy, 2007), 

containing both developed (urban) and undeveloped (agricultural and forested) areas (Figure 1). Two 

of the river’s billabongs, Bolin Billabong and Willsmere Billabong, both within metropolitan Melbourne, 

are investigated in this study (Figure 1). Bolin and Willsmere Billabongs have bank-full areas of 3.4 and 

1.9 ha respectively. The two lakes receive water from their local catchments of approximately 15 ha. 

The local billabong catchments are shown in Figure S1 (supplementary material). Although Bolin 

Billabong receives just overland runoff, Willsmere Billabong receives overland runoff from the park 

surrounding the billabong in addition to urban stormwater from a 1.8 ha residential catchment 

through a direct connection to an urban stormwater drainage network. The billabongs also receive 

flood waters from the greater Yarra River catchment when the Yarra River exceeds bank-full capacity. 

This occurs at 6 m at the Banksia St stream gauge for Bolin Billabong and at 3 m at the Chandler 

Highway stream gauge for Willsmere Billabong (Vic SES, 2012a, 2013). The locations of the stream 

gauges are shown in Figure 1. 

 

Sampling 

In 2001, a 204-cm long sediment core was taken from Willsmere Billabong (Figure 1) using a light-

weight modified hammer-driven piston corer with a 50-mm diameter polyvinyl chloride (PVC) barrel 

(Neale and Walker, 1996). This core is referred to as W2001 throughout this study. In 2012, a 212-cm 

long core was obtained from Willsmere Billabong using the same corer and a 96 cm core was retrieved 

using a 40-mm diameter Livingstone corer (Livingstone, 1955). These cores are referred to as W1 and 

W4 respectively. Although W1 is the longest of all three cores from Willsmere Billabong, visual 

inspection of the sediment core and comparison of magnetic susceptibility profiles between W1, W4 

and W2001 suggest that the top 70 cm of W1 was lost in the coring process (as previously discussed 

in Lintern et al., 2015). Thus, W1 was used only for identifying the ages of the deepest sediments.  

 

In June 2013, a 204-cm long core was taken from Bolin Billabong (Figure 1), again using the light-

weight modified hammer-driven piston corer with a 50-mm diameter PVC barrel (Neale and Walker, 

1996). A replicate core was taken in two drives (bed surface to depth 65 cm; depth 65 cm to 157 cm) 

approximately 3 m away from the first core using the 40-mm diameter Livingstone corer (Livingstone, 

1955). These cores are called B3 and B5, respectively. The coring locations within each lake are shown 

in Figure S1 (supplementary material). All cores were stored at 40C prior to analysis. 
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We also obtained rock samples from several locations in the Yarra River catchment to better 

understand the elemental composition of sediment sources (Figure 1). Each of the six major geological 

deposits within the Yarra River catchment upstream of Willsmere and Bolin Billabongs were sampled. 

These major geological deposits are: Early Devonian Sedimentary, Upper Devonian Marysville Igneous 

Rhyodacite Complex, Silurian Sedimentary (Dargile Formation), Silurian Sedimentary (Anderson Creek 

Formation), Quaternary Newer Volcanics and Quaternary Alluvium (Leahy, 2007). The specific 

sampling locations are listed in Table S1 in the supplementary material. Quaternary Alluvium samples 

were also obtained from the local catchments of Willsmere (from both the parkland and the 

residential catchment) and Bolin Billabong. The sampling locations from local catchments are shown 

in Figure S1 of the supplementary material.  

 

 

Figure 1: Location of Willsmere Billabong, Bolin Billabongs and stream gauges (Chandler Highway, Banksia St, 
Warrandyte) in the Yarra River catchment. Other sampling locations shown on the map are described in detail 
in Table S1 and Discussion S1 in the supplementary material.  
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Sample analyses 

Image and elemental composition analyses 

The six sediment cores listed above were split longitudinally and scanned using the ITRAX micro-X-ray 

fluorescence (XRF) core scanner (Croudace et al., 2006). A molybdenum tube (voltage of 30 kV, current 

of 45 mA) was used with an exposure time of 10 s, reading at 1-mm intervals. Magnetic susceptibility 

measurements were taken at 0.5-cm intervals. Although the elemental composition was quantified at 

0.1-cm intervals through the core, 0.5-cm averages were taken to match the resolution of the 

magnetic susceptibility analysis. All element intensities obtained by micro-XRF were normalised to 

total intensity (kilo-counts per second; kcps) as recommended by Martin et al. (2014). The top 13 cm 

of B3 was not scanned due to its lack of consistency. Catchment rock and soil samples were ground to 

a fine powder and packed into 3.5-cm diameter petri dishes. These open petri dishes were scanned in 

the ITRAX micro-XRF core scanner using the same settings as the sediment cores.  

 

Sediment dating 

The sediment cores were dated using several methods, including 210Pb and 137Cs radio-isotopic dating. 

W4 was selected for radio-isotopic analysis as W2001 does not contain the most recent sediment 

accumulation because it was taken in 2001. Of the two Bolin Billabong sediment cores, B5 was selected 

for radio-isotopic analysis because the inconsistent and watery nature of the top 13 cm of B3 made it 

unsuitable for radio-isotopic dating. The age-depth models developed for W4 and B5 using radio-

isotope activities were then adapted for W2001 and B3, using the magnetic susceptibility profiles to 

correlate the two sediment cores from each billabong (i.e., W2001 to W4 and B3 to B5). 1-cm thick 

samples were taken at intervals of 1-5 cm between 0 and 42-cm depth for W4 and between 0 and 40-

cm depth for B5. The difference between total 210Pb activity (measured from 210Po) and supported 

210Pb activity (measured from 226Ra), was used to estimate unsupported 210Pb activities (Appleby, 

2001). Samples were processed as per Atahan et al. (2015). Both the Constant Initial Concentration 

(CIC) and Constant Rate of Supply (CRS) models were used to calculate calendar ages from 

unsupported 210Pb activities (Appleby, 2001). 137Cs activities measured at 5 to 12-cm intervals between 

18 and 70-cm depth (W4) and between 17 and 70-cm depth (B5) were used to validate the calendar 

ages determined using unsupported 210Pb activities (Hollins et al., 2011). 

 

Additionally, the earliest appearance of dichlorodiphenyldichloroethylene (DDE), a metabolite of 

dichlorodiphenyltrichloroethane (DDT) was used as a chronological marker for 1946. 1946 is the 

earliest recorded use of DDT in Australia (Olsen et al., 1980). W4 and B3 were both sub-sampled at 1- 

cm intervals and then composited over 4 cm (W4) and 7 cm (B3). The composited samples were air-
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dried for approximately 48 hours before being analysed at a National Association of Testing 

Authorities (NATA) accredited laboratory (National Measurement Institute, Sydney, Australia). 

Organochlorine Pesticides (OCPs) were analysed using gas chromatography with an electron capture 

detector (GC-ECD) in accordance with US EPA 3550/8081 (US EPA, 2007). The limit of reporting was 

0.0002 mg/kg (dry weight). Blank and duplicate samples were analysed and recovery rates were 

identified using spiked samples. Relative percentage differences ranged from 8.5 to 38% and recovery 

rates were above 88%. 

 

We also used pollen to better understand the chronology of the sedimentary records. We noted the 

presence or absence of pollen grains of vegetation introduced to Australia by European settlers in the 

19th century, such as Pinus and Plantago, in samples prepared for microscopic analysis. The first 

recorded planting of Pinus in the Yarra River catchment was in 1859 (Leahy, 2007). Given that it takes 

between 5 and 10 years to produce pollen (McDonald and Laacke, 1990), the earliest appearance of 

Pinus in the sediment core was assumed to represent 1870 (Leahy, 2007). Plantago is an introduced 

weed genus also used as an indicator of European arrival in Australia (Leahy et al., 2005). As such, we 

assume that the earliest appearance of exotic Plantago pollen grains in the core would represent 

approximately 1870 also. 1-cm thick sediment samples were obtained from 134 to 135-cm depth and 

154 to 155-cm depth in B5. 1-cm thick sediment samples were also obtained from B3 at 5-cm intervals 

between 156 cm and 201 cm and from W1 at 8-cm intervals between 102 cm and 142 cm. 1 cm3 of 

bulk sediment from these samples were treated with 10% sodium pyrophosphate (Na2P2O7) and 

sieved at 210 and 7 μm. 10% hydrochloric acid (HCl) and then acetolysis was used to treat the fine 

material. Heavy liquid separation using sodium polytungstate (3Na2WO4∙9WO3) was conducted twice 

to remove organic material from the inorganic fraction. 48% hydrofluoric acid (HF) and 10% HCl were 

used to treat this organic fraction. The pollen samples were mounted to slides using glycerol (C3H8O3) 

after being dehydrated using methanol (C2H5OH). The lowest depths in W1 at which pollen grains of 

Pinus or Plantago were found were correlated to W2001 using the magnetic susceptibility profiles of 

the two cores. 

 

In addition, radiocarbon (14C) dates were determined for bulk sediment samples of 1-cm thickness 

from 169 to 170-cm, 203 to 204-cm depth in W1 (OZS087 and OZS088), and 205 to 206-cm depth in 

B3 (OZS500). Carbonates and humic acids were removed from these samples by treating the sample 

with 2M HCl (at 600C) for carbonate removal, a series of sodium hydroxide (NaOH) treatments (at 600C) 

for the removal of humics and a final treatment of 2M HCl (at room temperature). After drying, the 

samples were combusted to carbon dioxide (CO2) and reduced to graphite as outlined in Hua et al. 
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(2001). The Accelerator Mass Spectrometry (AMS) facility at the Australian Nuclear Science and 

Technology Organisation (ANSTO) was used for the 14C dating (Fink et al., 2004). The radiocarbon dates 

were calibrated with OxCal 4.2 (Ramsey, 2009) using the SHCal13 data set (Hogg et al., 2013). The 

points in W2001 that correspond to 169 to 170 cm and 203 to 204 cm in W1 was determined by 

comparing the magnetic susceptibility profiles of the two cores.  

 

Data analyses  

First, overall trends in the hydrology of the Yarra River were identified using the Willsmere Billabong 

core W2001 and the Bolin Billabong core B3. These two cores were selected because they contained 

the oldest sediments of all five cores (excluding W1). Changes in hydrology were inferred by 

identifying transitions in sediment sources and depositional processes. These transitions were 

determined using (1) visual inspection of the high resolution optical and radiographic images of the 

cores and (2) constrained hierarchical cluster analysis (using the Euclidean distance measure). The 

variables included in the constrained cluster analysis were: magnetic susceptibility, the ratio of 

incoherent to coherent scatter (inc/coh) which was used to represent organic matter (Guyard et al., 

2007), the ratio of zirconium to rubidium (Zr/Rb) which was used to represent particle size (see 

Discussion S1 in the supplementary material), and the elemental composition of the sediments, all at 

0.5-cm intervals. Only elements with high signal to noise ratios were included in the analysis. These 

were silicon (Si), potassium (K), calcium (Ca), titanium (Ti), manganese (Mn), iron (Fe), Rb, strontium 

(Sr), yttrium (Y) and Zr. All data were scaled using the mean and the mean absolute deviation before 

being used for constrained cluster analysis. These statistical tests were conducted in RStudio version 

3.1.0 (Free Software Foundation, Inc. Boston) using the rioja package (Juggins, 2014).  

 

Trends in hydrology were also identified at finer resolutions through the sediment cores by identifying 

discrete flood layers. Willsmere Billabong core W4 and Bolin Billabong core B5 were selected for these 

analyses due to the fact that radio-isotopic analysis was performed directly on these two cores and 

thus there is less uncertainty associated with their chronologies. This greater precision makes it easier 

to validate the flood frequencies inferred from the cores using historical flow measurements. Flood 

layers were identified as laminations within the sediment core that have a fining upwards sequence 

in Zr/Rb (a proxy for grain size, as justified in Discussion S1 of the supplementary material), a dark 

layer in the radiographic image, a decrease in organic matter (represented by inc/coh) and high 

magnetic susceptibility. These criteria were inspired by previous studies that have used the presence 

of high density laminations in the sediment cores, which can be identified by dark layers in 

radiographic images of the core (Gilbert et al., 2006), high magnetic susceptibility (Arnaud et al., 2005), 
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low organic matter (Nesje et al., 2001) and fining upwards sequences in grain size (Ambers, 2001) to 

identify fluvial sediment deposits. This method was called the Traditional Method.  

 

However, due to the heterogeneous nature of flooding, we would not expect all flood-deposited 

sediments to have the same characteristics. As such, it is possible that the previous approach would 

overlook some flood deposits. An alternative method is to quantify the likelihood that a certain 

sediment deposit (e.g., each 0.5-cm sediment interval in a sediment core) is a fluvial flood deposit. For 

this measure, we have included not only magnetic susceptibility, the organic matter content (inc/coh) 

and Zr/Rb, as before, but we have also included elements that are expected to be high in flood-borne 

sediments. Comparison of the elemental composition of local Willsmere and Bolin Billabong 

catchment soils, and rocks from the Yarra River catchment upstream of these two billabongs, indicated 

that Si, K, Ti, Zr and terbium (Tb) are more concentrated in rocks and soils in the Yarra River catchment 

upstream of the two billabongs (Figure S5 in the supplementary material). As such, it is assumed that 

the flood-borne sediments from the Yarra River would be more enriched in Si, K, Ti, Zr and Tb 

compared to sediments transported into the billabongs via overland runoff from the local catchments. 

Each of the eight parameters was scaled to a value between 0 and 1 (profiles of elemental composition 

through sediment cores W4 and B5 are provided in Figure S6 and Figure S7 in the supplementary 

material). This scaling process is described in Equation 1, where x is the original value of the parameter 

at a certain depth in the sediment core, xmin is the minimum value of the parameter through the core, 

xmax is the maximum value of the parameter through the core, and xscaled is the scaled value of the 

parameter at a certain depth in the core. For each discrete 0.5-cm depth interval through W4 and B5, 

the Flood Signal Strength was calculated as the sum of the eight scaled parameters, divided by the 

number of parameters (eight). The Flood Signal Strength represents the likelihood that the sediment 

deposit is of fluvial origin.  

 

          Equation 1  

                                                                                                                    

To verify both techniques for identifying discrete flood deposits in the sedimentary record, flood 

records developed using both the Traditional Method and the Flood Signal Strength, were compared 

to flows measured at the Banksia St and Chandler Highway stream gauges (Figure 1), which are the 

two stream gauges most proximal to Bolin and Willsmere Billabongs, respectively. Daily average flow 

and river level data is available for these stream gauges from 1975 to 2013. Flow rates at these stream 

gauges prior to 1975 were modelled. Power functions (Grayson et al., 1996) were used to relate the 

flow at the two gauges, to the flow measured at an upstream stream gauge at Warrandyte (Figure 1). 
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This was because a longer dataset was available for the Warrandyte stream gauge (data available for 

1891 to 1933, 1959 to 1969 and 1974 to 2001). These power functions are Equation 2 and Equation 3, 

where QB, QC and QW represent the average daily flows at the Banksia St, Chandler Highway and 

Warrandyte stream gauges respectively.  

 

       Equation 2 

 

       Equation 3 

 

Equations 2 and 3, which had Nash-Sutcliffe coefficient of efficiencies (E; Nash and Sutcliffe, 1970) of 

0.96 and 0.93 respectively, were used to obtain average daily flow at the Banksia St and Chandler 

Highway stream gauges for 1891 to 1933 and 1959 to 1969 (the period for which flow data at the 

Warrandyte stream gauge is available). These modelled flows, along with the rating curves for the 

Chandler Highway and Banksia St stream gauges (Figure S8 in the supplementary material) were then 

used to calculate the inundation days per year (the number of days that minor flood levels were 

exceeded each year) and inundation events per year of Willsmere and Bolin Billabongs, respectively, 

from 1891-1933 and 1959-1969.  

 

RESULTS AND DISCUSSION 

Sediment chronology 

The measured 210Pb and 137Cs activities are shown in Figure S9 in the supplementary material. For W4 

(the Willsmere Billabong core), the unsupported 210Pb activities exhibited a decreasing profile with 

depth. The CIC model sediment ages were calculated by assuming a single mass accumulation rate 

between 0 and 43 cm. Based on the unsupported 210Pb activities, this average mass accumulation rate 

was estimated to be 0.66 g/cm2/yr, or 0.94 cm/yr.  The CRS model mass accumulation rates were 

calculated for each depth between 0 and 38-cm depth. The chronology was linearly extrapolated to 

the bottom of the core (96 cm) from 43 cm (CIC model) and 38 cm (CRS model). There is a close 

agreement between the CIC and CRS model sediment ages for W4 (Figure S10 in the supplementary 

material). The 137Cs activity profile for W4 validates both the CIC and CRS models, with a peak in 137Cs 

activities at 50 cm, corresponding to approximately 1964 (Figure S9 in the supplementary material).  

In addition, the earliest detection of DDE (1946) in W4 was at 72 cm, which also helps to validate the 

two models. The sediment ages below 72 cm should be considered as estimates, rather than strict 

dates, as they are not validated.  
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For the Bolin Billabong core B5, CIC model ages were calculated using the unsupported 210Pb activities 

between 0 and 20 cm only. The unsupported 210Pb data between 0 and 20 cm were selected due to 

the monotonic decreasing trend in unsupported 210Pb activities. This gave an estimated average 

sediment mass accumulation rate of 0.23 g/cm2/yr or 0.4 cm/yr. The CRS model was not used to 

calculate the age of sediments for B5 because independent chronological markers (i.e., 137Cs activities) 

could not be used to verify whether the non-monotonic decrease in unsupported 210Pb activities below 

20 cm is due to varying sedimentation rates, or sediment mixing. The 137Cs activities were too low to 

adequately validate the chronology. The first appearance of DDE in a core from Bolin Billabong (B3) 

was at 139.5 cm, which is roughly equivalent to 140.5-cm depth for B5, by correlation using magnetic 

susceptibility profiles (point 3* in Figure 4 and Figure 5).  

 

In the absence of comprehensive 210Pb and 137Cs chronologies for B5, magnetic susceptibility profiles 

were used to correlate the cores from Bolin and Willsmere Billabong (i.e., B5 and W4). When visually 

comparing the magnetic susceptibility profiles of the Willsmere Billabong cores (W4 and W2001) and 

the Bolin Billabong cores (B3 and B5), it seems likely that the maximum in magnetic susceptibility at 

143.5 cm in B3 and at 156 cm in B5, (point 4 in Figure 4 and Figure 5) is the same deposit to that of 

the maximum in magnetic susceptibility at 76 cm in W2001 and at 84 cm in W4, (point 2 in Figure 2 

and Figure 3). Indeed, the presence of Pinus pollen at 154-155 cm in B5 indicates that it is likely that 

this maximum in magnetic susceptibility in B5 (point 4 in Figure 5) was deposited after 1870. As such, 

these similar deposits were assumed to have been deposited in the same year in the two billabongs, 

and the age of point 4 in cores B3 and B5 was assumed to be the same as that previously calculated 

for point 2 in cores W4 and W2001 using linear extrapolation. The above discussion indicates that we 

conducted only a coarse resolution chronological analysis for Bolin Billabong.  

 

The chronologies for B3 and W2001 were determined by correlating them to B5 and W4 using their 

magnetic susceptibility profiles. Chronological markers deeper in the core were provided by (1) the 

presence or absence of pollen of introduced vegetation in the sediment core and (2) radiocarbon 

dating. For the Willsmere Billabong cores, these older chronological markers were determined for W1 

and then the equivalent depth was determined in W2001 by correlating their magnetic susceptibility 

profiles (Figure S11 in the supplementary material). The first appearance of the pollen of introduced 

Plantago in W1 was at 130.5 cm. As such, this has been assigned the date of 1870. The radiocarbon 

dates for the bulk sediment samples at 169-170 cm and 203-204 cm in W1 were 1554±77 and 1347±47 

years CE. According to the similarities in the magnetic susceptibility profiles between W1 and W2001, 

130.5 cm in W1 roughly corresponds to 169 cm in W2001, 169.5 cm in W1 corresponds to 
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approximately 201 cm in W2001 and 203.5 cm in W1 is older than the sediments in W2001 (Figure 

S11 in the supplementary material).  

 

In B3, the first appearance of pollen of introduced species (Pinus) was at 189.5 cm and thus, this depth 

was assigned the date of 1870. The radiocarbon date for the sediment sample at 205 cm in B3 had a 

date of approximately 1610±35 years CE. However, this date for B3 was excluded from the model, 

because this would mean a sediment accumulation rate of less than 0.04 cm/yr, which seems unlikely 

given the laminated nature of the sediment core, and previous findings of Leahy et al. (2005). The date 

could be due to the incorporation of old carbon, re-mobilised by flooding into a younger sediment 

deposit (Dezileau et al., 2014).  

 

The chronologies determined for the four sedimentary records indicates that as hypothesized 

previously, the longest intact sedimentary records are B3 for Bolin Billabong and W2001 for Willsmere 

Billabong. The age-depth models of all four cores are provided in Figure S10 in the supplementary 

material.  
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Figure 2: Selected chronological markers and images (optical and radiographic), magnetic susceptibility (in SI 
units), inc/coh and Zr/Rb trends and the dendrograms obtained from constrained cluster analysis for the 
Willsmere Billabong core W2001. The trends in elemental composition are provided in the supplementary 
material, Figure S12. Numbers in magnetic susceptibility profile denote hypothesized core correlation points 
for Willsmere Billabong cores (magnetic susceptibility profile for W4 is provided in Figure 3 and the profile for 
W1 is provided in the supplementary material, Figure S11).  
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Figure 3: Predicted flood deposits through the Willsmere Billabong core W4. Selected chronological markers and optical and radiographic image of W4 provided on far 
left. Plot ‘T’ shows the depths of flood deposits according to the Traditional Method and plot ‘FSS’ shows the Flood Signal Strength through W4. Measured data plots 
consist of (from left to right): major flood peak flows adapted from Lacey (2004), average annual daily flows for the Chandler Highway gauge in the Yarra River (modelled 
data from 1892-1932 and 1960-1969 and measured data from 1975-2012), inundation days per year (i.e., number of days which minor flood levels were exceeded at the 
Chandler Highway gauge in the Yarra River each year; modelled data from 1892-1932 and 1960-1969 and measured data from 1975-2012) and events per year (i.e., the 
number of minor flood events at Willsmere Billabong each year; modelled data from 1892-1932 and 1960-1969 and measured data from 1975-2012). Magnetic 
susceptibility profile (in SI units) with correlations to W2001 (denoted by numbers) provided on far right.   
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Figure 4: Selected chronological markers and images (optical and radiographic) of the Bolin Billabong core B3, 
magnetic susceptibility (in SI units), inc/coh and Zr/Rb trends and the dendrograms obtained from constrained 
cluster analysis. The trends in elemental composition are provided in the supplementary material, Figure S13. 
Numbers in magnetic susceptibility profile denote hypothesized core correlation points for Bolin Billabong 
cores (magnetic susceptibility profile for B5 is provided in Figure 5).  
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Figure 5: Predicted flood deposits through the Bolin Billabong core B5. Selected chronological markers and optical and radiographic image of B5 provided on far left. Plot 
‘T’ shows the depths of flood deposits according to the Traditional Method and plot ‘FSS’ shows the Flood Signal Strength through B5. Measured data plots consist of 
(from left to right): major flood peak flows adapted from Lacey (2004), average annual daily flows for the Banksia St gauge in the Yarra River (modelled data from 1892-
1932 and 1960-1969 and measured data from 1975-2012), inundation days per year (i.e., number of days which minor flood levels were exceeded at the Banksia St gauge 
in the Yarra River each year; modelled data from 1892-1932 and 1960-1969 and measured data from 1975-2012) and events per year (i.e., the number of minor flood 
events at Bolin Billabong each year; modelled data from 1892-1932 and 1960-1969 and measured data from 1975-2012). Magnetic susceptibility profile (in SI units) with 
correlations to B3 (denoted by numbers) provided on far right. 
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Reconstructing historical river hydrology  

The dendrograms from constrained cluster analyses of W2001 and B3 are shown in Figure 2 and Figure 

4, respectively. The dendrograms show the similarity between certain regions of the cores based on 

their sediment characteristics (magnetic susceptibility, inc/coh, Zr/Rb, and elemental composition). 

As these sediment characteristics are affected by the source and depositional environments of 

sediments (Arnaud et al., 2005; Bábek et al., 2011; Moreno et al., 2008), the dendrograms can be used 

to infer time periods (or sediment core regions) with similar sediment sources and transport processes 

into the billabong and therefore, similar hydrological states. Using the dendrograms, W2001 has been 

split into five zones, labelled A-W2001 to E-W2001 (Figure 2) and B3 into four zones, labelled A-B3 to 

D-B3 (Figure 4).  

 

Zone E-W2001 (194.5 cm to the bottom of W2001) was deposited between the late 16th and early 17th 

century (Figure 2). This region of pre-European sedimentation exhibits high inc/coh levels and 

relatively low levels of magnetic susceptibility, Zr/Rb and inorganic elements, and these sediment 

properties are stable through the zone (Figure 2 and Figure S12 in the supplementary material). This 

suggests that prior to European settlement in the area, sediments deposited in Willsmere Billabong 

were high in organic matter, and experienced little short term variability in sediment sources or 

transport processes. A previous study of Willsmere Billabong also identified that pre-European 

sedimentation was dominated by organic matter (Leahy, 2007).  

 

Zone D-W2001 (117 to 194.5 cm) and Zone C-W2001 (71.5 cm to 117.0 cm), are characterised by 

inorganic brown lake clay with olive-grey and pale yellow laminations of varying thicknesses (Figure 

2). Zone D in the Bolin Billabong core B3 also contain similar inorganic laminated sediments (Figure 4). 

The age-depth model suggests that Zones D-W2001 and C-W2001 contain sediments deposited 

between the mid-19th and early 20th century. The age-depth model also suggests that Zone D-B3 was 

deposited during this period. The presence of frequent laminations suggests that there are rapid 

fluctuations in depositional processes and sediment sources. As such, we hypothesize that Zones D-

W2001, C-W2001 and D-B3 represent a period where there were frequent overbank flooding events 

and catchment runoff events. Periodic increases in organic matter within these zones (e.g., at 93 cm 

and 164.5 cm in W2001 and 154 cm and 184 cm in B3) suggest that these overbank floods alternate 

with periods of organic autochthonous deposition. The overall low inc/coh and high Zr/Rb levels 

suggest that the zones contain mostly inorganic sediments that were transported into the billabong 

by strong flows (Figure 2 and Figure 4).The high levels of inorganic sediments deposited during this 

period by the overbank flood events are hypothesized to be a result of land clearing and urban 
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development occurring in the late 19th century in the Yarra River catchment and the local catchments 

of the two billabongs (Leahy, 2007; Lintern et al., 2015). Previous studies have found that erosion and 

inorganic sediment supply to rivers and lakes increased significantly following European settlement in 

Australia due to land clearing (Prosser et al., 2001). Indeed, previous palynological studies of 

sedimentary records from Willsmere Billabong found that there was a shift in pollen taxa deposited in 

the billabong during the late 19th century, indicative of vegetation removal from the catchment (Leahy, 

2007). The sharp change in sediment characteristics between Zones E-W2001 and D-W2001 (i.e., 

organic sediments to inorganic laminated sediments) is also likely a result of this sudden disturbance 

of vegetation removal in the catchment.  

 

Zone B-W2001 (31.5 to 71.5 cm) represents the sediments deposited between the early to late 20th 

century. It has similar sediment characteristics to Zones C-B3 to B-B3 (34 to 125 cm), which contains 

sediments deposited in the first half of the 20th century. Both Bolin and Willsmere Billabong have 

lighter coloured radiographs in these zones and increases in inc/coh, which indicate an increase in 

organic matter content (Giralt et al., 2011). Compared to the previous zones, Zr/Rb and a number of 

inorganic elements including Si, K, Ti, Rb, Sr, Y and Zr have decreased (Figure 6). The decrease in these 

properties suggests that the two billabongs have experienced a reduction in inorganic sediment 

supply. This may be due to soil armouring, or possibly a result of a decline in erosion due to the end 

of intense catchment disturbance. Indeed, the start (i.e., the bottom) of both Zones B-W2001 and C-

B3 in the early 20th century correlates with the end of gold mining in the upper Yarra catchment in 

1913 (Brizga et al., 1995). 

 

Zone A-W2001 contains sediments in the top 33 cm of the sediment core, and represents 

accumulation from the 1970s. There is a further decrease in most indicators of inorganic material in 

the sediment: magnetic susceptibility, Si, K, Ti, Fe, Rb and Y (Figure 6). Inc/coh increases, suggesting 

that more organic material is being deposited on the lake bed and the increase in Ca levels (Figure 6) 

suggests that there are lower water levels. Previous works have shown that decreasing lake levels can 

result in increasing rates of Ca deposition and precipitation (Haberzettl et al., 2005). Records indicate 

that There was an outbreak of Nymphaea capensis in the late 1980s in Willsmere Billabong (Leahy, 

2007), and this may be associated with the increasing organic matter and the decreasing water levels 

in Willsmere Billabong, that we have inferred from the sedimentary record. It is therefore 

hypothesized that this zone contains sediments deposited under a more lentic state of the billabong.  
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Zone A-B3 (the top 34 cm of the sediment core) contains sediments deposited between the 1950s and 

the end of the 20th century. The lack of laminations within this zone suggests that the billabong has 

transitioned to a more lentic environment, with less frequent shifts in sediment sources and transport 

processes. This change to a more lentic environment is also indicated by the greater deposition of 

organic matter in this system (as shown by the increase in inc/coh; Figure 4). This shift could be linked 

to the construction of the Upper Yarra Reservoir in 1957. As this dam has a catchment area of 337 km2 

and a capacity of 200,000 ML (Brizga et al., 1995), this would have decreased flow rates in the Yarra 

River and thereby reduced the frequency of overbank flooding into Bolin Billabong. Indeed, Figure 7 

indicates that the flow rates in the Yarra River decreased in the mid-20th century, which is when Bolin 

Billabong experienced its shift to a lentic environment, according to the sedimentary record. The 

decreasing flow rates not only indicate a decreasing ability of the river to transport and deposit 

particulate matter in the billabongs, but it also suggests that the weathering and erosive capabilities 

of the river would have decreased, thereby resulting in a reduced suspended sediment load.  

 

Despite the overall similarity in the historical hydrologic trends of Willsmere and Bolin Billabongs, the 

sedimentary records of these two billabongs indicate that there are some differences in the sediment 

sources and depositional processes experienced by these systems. Between 1870 and the early 20th 

century there is approximately 60 cm of sediment deposited in Bolin Billabong compared to 100 cm 

in Willsmere Billabong. This difference in sediment accumulation is most likely due to the fact that at 

this time, Willsmere Billabong had a local catchment (36 ha) approximately twice the size of Bolin 

Billabong’s catchment (Leahy, 2007). Thus, it would be expected that rainfall events would have 

brought larger amounts of local catchment sediments into the billabong via overland runoff. The 

Willsmere Billabong catchment reduced to 15 ha when a freeway was constructed in the catchment 

in the 1970s (Leahy, 2007).  

 

There is a shift from a lotic to a lentic environment in both billabongs, but this shift appears to have 

occurred approximately 15 to 20 years earlier in Bolin Billabong compared to Willsmere Billabong 

(Figure 2 and Figure 4). It is possible that when the Upper Yarra Reservoir was constructed, Willsmere 

Billabong did not experience a decrease in sediment influx to the same extent as Bolin Billabong 

because of the presence of a stormwater drain, which transports urban stormwater into the billabong 

from a local 1.8 ha residential catchment. The urban stormwater from this drain, a relatively regular 

supply of water and sediments into Willsmere Billabong, most likely buffered the effects of the 

decreasing flow rates of the Yarra River and kept the water levels from decreasing as much as in Bolin 

Billabong.  
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In addition, Ca levels are noticeably lower in the Bolin Billabong core compared to the Willsmere 

Billabong core (Figure 6). Ca can have both authigenic and lithogenic sources (Koinig et al., 2003). 

Thus, the higher Ca in Willsmere Billabong may be due to the fact that more organic matter (inc/coh) 

has been deposited in Willsmere Billabong compared to Bolin Billabong in the 20th century (Figure 2 

and Figure 4), thereby enabling higher levels of Ca precipitation and deposition (Haberzettl et al., 

2005). On the other hand, Ca is enriched in Quaternary Volcanics deposits in the catchment of Darebin 

Creek (Figure S5 in the supplementary material), a tributary that meets the Yarra River between the 

two billabongs (Figure 1), and it is therefore expected that Willsmere Billabong would receive a greater 

supply of lithogenic Ca compared to Bolin Billabong, which may also be contributing to the higher 

levels of Ca in Willsmere Billabong in the 19th century.  

 

 

 

Figure 6: Boxplots showing the distribution of Ti and Ca (normalized to kcps) detected in each zone for W2001 
(a) and B3 (b). Remaining elements shown in Figure S14 in the supplementary material. 

 

(a) (b) 
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Figure 7: Observed annual average daily flow rates in the Yarra River at the Warrandyte stream gauge (location 
of gauge shown in Figure 1). Grey boxes indicate missing flow data. 

 

Identifying discrete flood deposited sediment layers 

Traditional Method   

In both B5 and W4, there are several dark bands in the radiographic image (high density sediment 

layers) that correlate to local maxima in magnetic susceptibility, Zr/Rb and local minima in inc/coh. 

Assuming that these represent flood deposits (i.e., the Traditional Method), nine flood deposits were 

identified in W4 and fourteen in B5 (Figure 3 and Figure 5). These layers appear to correspond to a 

pale yellow or light brown coloured sediment deposit in the optical image.  

 

The historical flood record determined using the Traditional Method underestimates the number of 

observed minor flood events of the Yarra River at Willsmere and Bolin Billabongs (Figure 3 and Figure 

5). Instead, the flood layers identified in the sediment core using the Traditional Method appear to 

represent some of the major floods (Lacey, 2004) that have occurred in the Yarra River catchment 

(Figure 3 and Figure 5). As the chronologies of the sediment cores have an error of five to ten years, 

only overall trends in the occurrence of flood deposits (according to the Traditional Method) and the 

major flood events from Lacey (2004) can be assessed. Records indicate that major floods occurred 

more frequently in the first half of the 20th century compared to later in the century. The approximate 

timing of the flood deposits identified by the Traditional Method reflects this trend. The most recent 

flood deposit identified using the traditional method was just below 42 cm for Willsmere Billabong 

(dated as sometime between 1956 and 1977), and just below 15 cm for Bolin Billabong (dated as 

sometime between 1971 and 1979). Indeed, the record of major flood events in the Yarra River 

catchment provided by Lacey (2004) indicates that the most recent major flood event in the Yarra 
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River was in 1974. Although the Traditional Method has not identified deposits of all of the major 

flood events, this is most likely due to the high frequency of flooding in some periods. For example, in 

1924, there were three floods recorded and the individual flood events would most likely have merged 

into one agglomerated flood deposit in the sedimentary record. 

 

It is hypothesized that the Traditional Method cannot identify minor flood events because the 

composition and characteristics of individual flood deposits can have great variability. This has been 

previously discussed in the literature, and the factors affecting the variability in the characteristics and 

composition of flood deposits include: the flood strength, the source of the flood, the local catchment 

erosion activities, land uses at the time and antecedent dry weather period (Fitzjohn et al., 1998; 

García-Ruiz et al., 2008; Nadal-Romero et al., 2008; Seeger, 2007). We hypothesize that we would 

expect to see noticeable excursions in all flood deposit indicators only in significant floods, such as 

those that made an impact to people’s lives and therefore recorded in anecdotal records (e.g., Lacey, 

2004).  

 

Flood Signal Strength 

The Flood Signal Strength for W4 and B5 are presented in Figure 3 and Figure 5. This Flood Signal 

Strength represents the likelihood that the sediment deposit is flood-borne. For both cores there is a 

higher Flood Signal Strength in the sediments deposited in the early 20th century, with a decrease in 

the Flood Signal Strength in the mid- to late 20th century. The Flood Signal Strength was compared to 

modelled and observed flow rates and river levels of the Yarra River at the stream gauges closest to 

the two billabongs: Banksia St; and Chandler Highway (gauge locations in Figure 1). Figure 8 shows the 

Flood Signal Strength averaged over five years against the five year average of daily flow rates and five 

year average of the number of days of minor flooding each year. Five year averages were selected to 

take into account uncertainties in the age-depth model. The Flood Signal Strength increases with 

greater annual average daily flows and minor flooding days per year, which indicates that the Flood 

Signal Strength is a reasonably reliable indicator of historical flooding history (Figure 8). Furthermore, 

in both plots, there appears to be a threshold in terms of both the average daily flow and the minor 

flooding days per year that must be reached before high Flood Signal Strengths are recorded in the 

sedimentary records. For both W4 and B5, Flood Signal Strength over 0.6 are seen when the annual 

average daily flows exceed 30 m3/s and the minor flood days each year exceed 10 days per year.  

 

The trend in the Flood Signal Strength (or the likelihood that the sediments are flood-borne) correlates 

with the flooding trend detected using the Traditional Method. Many of the layers identified as flood 
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deposits using the Traditional Method exhibit as local maxima in the Flood Signal Strength. However, 

the fact that this is not a blanket rule emphasizes the importance of considering the elemental 

composition of sediments, when determining flood-deposited sediments within cores. 

 

 

Figure 8: Comparison of five year averages of measured river flows, minor flooding days each year and Flood 
Signal Strength (i.e., reconstructed flood record) for W4 (a) and B5 (b). 

 

We acknowledge that this approach of using the Flood Signal Strength to identify the likely flood 

deposits in sedimentary records should be further investigated. There are large periods missing from 

the streamflow record, particularly during the 1940s and 1950s, which is appears to be when the most 

significant changes in river flowrates occurred (Figure 7). As such, we recommend that this framework 

be further verified using river systems with more continuous streamflow monitoring. 

 

CONCLUSIONS 

Trends in several sediment characteristics (magnetic susceptibility, organic matter sediment particle 

size and elemental composition of the sediments) in the sedimentary records from two billabongs of 

the Yarra River catchment (Willsmere and Bolin Billabongs) indicate that the catchment has 

experienced significant changes in hydrology and sediment transport since European settlement in 

the early 19th century. With European settlement, the sediments deposited in Willsmere Billabong 

became increasingly inorganic, most likely due to the sediments mobilised by land clearing and mining. 

Both the Willsmere and Bolin Billabong sedimentary records indicate that the level of inorganic 

sediments in the two billabongs decreased over the 20th century. This is most likely due to both the 

decrease in catchment disturbance (e.g., the end of mining activities), which would have resulted in 

lower sediment supply available for transport, and also the increased water extractions from the Yarra 

River, which would have resulted in less frequent fluvial inundation of the floodplain lakes. Similarly, 

a decreasing contribution of fluvial sediments to the billabongs was evident using both methods 

introduced in this study to identify flood-deposited sediments in sediment cores, the Traditional 

(a) (b) 
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Method and the Flood Signal Strength. One of these methods used elemental composition of the 

sediments to identify these flood deposits. Both the reconstructed hydrologic trends over time, as 

well as the more detailed flood frequency records were verified using anecdotal and measured flow 

data for the Yarra River in the 19th and 20th centuries. As such, one major output of this work is the 

demonstration of the use of elemental composition of sediments to identify flood deposits. 

 

A general analytical framework for identifying historical trends in hydrology at both coarse and fine 

temporal scales was presented. However, further work is required to validate the reliability of the 

strategies presented in this study for identifying trends in hydrology and historical flood deposited 

layers. This could be done either by hydrologic modelling to fill the missing regions of the existing flow 

data for the Yarra River, or by applying these methods to other river catchments with a more 

continuous record of streamflow. Once these methods have been validated further, they can be used 

to identify historical hydrologic trends. This understanding that the presented methodology can 

provide, is critical for the development of environmental flow measures or river restoration strategies. 

Furthermore, the identification of flood-deposited layers in sedimentary records can be applied to 

determine the sources of sediment-associated pollutants into these billabongs.  
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5.3  Using sediment mixing models to identify flood deposits in sediment cores  

5.3.1  Background 

Previous studies have used sediment mixing models to identify the origins of sediments deposited in 

floodplains and lakes (e.g., Vezzoli et al., 2004b; Weltje, 1997). The principles underlying these mixing 

models have been discussed previously in the literature review (Chapter 2). It was hypothesized that 

sediment mixing models could be applied to sediment cores to identify sediment deposits composed 

of mostly flood-borne sediments, and that these flood-borne sediments would be a mixture of 

sediments eroded from upstream geological deposits. Two sediment mixing models were tested: a 

linear sediment mixing model, and a Bayesian microbial source apportioning model called 

SourceTracker (Knights et al., 2011).  

 

5.3.2  Methods 

First, a simple linear mixing model (adapted from Weltje, 1997) was used to identify the mixing 

proportions of the sediment sources contributing to each 0.5-cm thick sediment deposit in W4 and 

B5. Sediment cores W4 and B5 were selected for this work as they were directly dated and their 

chronologies are therefore more precise. The linear mixing model that has been adapted from Weltje 

(1997) is depicted in Equation 1. For each discrete 0.5-cm thick sediment deposit in the core (called 

Deposit), the abundance of n elements have been measured. The concentrations of each of these 

elements in the sediment deposit are labelled as Deposit1 to Depositn. There are m sources (called 

Source in Equation 1) that potentially contribute sediment to each deposit and the concentration of n 

elements is known for the m sources (i.e., Source1,1 to Sourcem,n are known). P1 to Pm represents the 

proportions of each source m contributing sediment to the deposit (Deposit), which are the unknowns. 

The unknowns, P1 to Pm can be evaluated for each discrete 0.5-cm deposit (Deposit), by minimization 

of squared errors of Equation 1.  

 

                                            

Equation 1 

   

 

The sampling and analysis of elemental compositions of the sources of sediments deposited in 

Willsmere and Bolin Billabongs (the main geological formations in the Yarra River catchment and the 

local Willsmere and Bolin Billabong catchments soils) have been discussed previously in Lintern et al. 

(in preparation-a). The sources contributing to sediments deposited in Bolin Billabong were identified 

as: Early Devonian Sedimentary, Marysville Igneous Rhyodacite Complex, Silurian Sedimentary 
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(Dargile Formation), Silurian Sedimentary (Anderson Creek Formation) and Quaternary Alluvium both 

from locations upstream of the billabong and from the local Bolin Billabong catchment. The sediments 

from all sources except for the local Bolin Billabong catchment could potentially be transported into 

Bolin Billabong by an overbank flood. The Quaternary Alluvium from the local Bolin Billabong 

catchment would be transported into the billabong by overland runoff. For Willsmere Billabong, in 

addition to the sources already listed for Bolin Billabong (excluding local Bolin Billabong catchment 

Quaternary Alluvium), Quaternary Volcanics and Quaternary Alluvium from the local Willsmere 

Billabong catchment (both from the park and from the residential area, see Lintern et al., in 

preparation–a) were considered to be contributing sources. Again, the sediments from all sources but 

the local Willsmere Billabong catchment could be transported to Willsmere Billabong by overbank 

flooding.  

 

In summary, there were seven potential sources identified for sediments deposited in Bolin Billabong 

and nine sources identified for sediments deposited in Willsmere Billabong. The sediments originating 

from the upstream sources could therefore be thought of as fluvial (or flood-borne) sediments and 

the sediments from the local Willsmere and Bolin Billabong catchments could be thought of as local 

catchment runoff sediments. 

 

Analysis of the elemental composition of each 0.5-cm thick deposit in sediment cores W4 and B5 using 

micro-XRF was also discussed previously in Lintern et al. (in preparation-a). Not all elements detected 

using micro-XRF in the sediment sources and the cores were used in the linear sediment mixing model. 

The elements selected for the model were Si, K, Ti, Rb, Sr, Y, Zr, cerium (Ce), praseodymium (Pr) and 

Tb, as these are all stable lithogenic or rare earth elements with high detection levels in the ITRAX 

micro-XRF core scanner. Each element was normalised by the sum of the ten selected elements. Heavy 

metals such as Cu, Pb and Zn were excluded so that anthropogenic processes such as urbanisation and 

technological changes would not influence the geologic signal that we were trying to pinpoint.   

 

The second model applied to identify flood layers in W4 and B5 was SourceTracker (Knights et al., 

2011). SourceTracker is a Bayesian source apportioning model initially developed to identify the 

sources contributing to microbial contamination. The model identifies the most likely contributions of 

each source, including an unknown source, based on multiple sampling of possible source proportions. 

The sediment sources used for SourceTracker were the same as the ones used for the linear mixing 

model. However unlike the linear mixing model, a larger number of elements were used. Stable 

lithogenic elements with low detections (aluminium; Al, vanadium; V, selenium; Se, gallium; Ga, 
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bromine; Br, niobium; Nb, palladium; Pd, barium; Ba, lanthanum; La, neodymium; Nd, tantalum; Ta, 

thulium; Tm, bismuth; Bi) were included in the analysis in addition to Si, K, Ti, Rb, Sr, Y, Zr, Ce, Pr and 

Tb as ‘pseudo-microorganisms’. Elements with low detection were included because the model has 

an inbuilt rarefaction step, which reduces the influence of the elements with low detections on the 

final model results. The default rarefaction of 1000 was used when running the model. Like the linear 

mixing model, the elemental abundances were normalised by the sum of the abundances of all 23 

elements used in the model. Due to the way that this model was designed, the element abundances 

had to be integers (Knights et al., 2011). Thus, to ensure the normalised element abundances were in 

integer form, they were multiplied by 100,000 and rounded to the nearest integer.  

 

5.3.3  Results and discussion 

Linear mixing model 

The mixing proportions identified in the linear mixing models for W4 and B5 are provided in Figure 5.1 

and Figure 5.2. First, it is promising that the largest contributing sediment source is the same for both 

the Willsmere and Bolin Billabong sedimentary records (Silurian Sedimentary). This indicates that the 

sediments deposited in Willsmere and Bolin Billabongs are coming from a similar source, which is 

expected given that the two systems are only 10 km apart.  

 

However, there are discrepancies between the linear mixing model results and Yarra River streamflow 

measurements available for the 20th century. Firstly for W4, the largest contribution of local catchment 

runoff sediments (i.e., Quaternary Alluvium from the local Willsmere Billabong catchment) occurs at 

the bottom of the core (Figure 5.1). However, given that the highest flows in the Yarra River occurred 

during this period (Figure 5.3), it is expected that there would have been low levels of local catchment 

sediments relative to the flood-borne sediments in the early 20th century. Similarly for B5, whilst the 

proportions of fluvial sediments in the sediment core increase with time (Figure 5.2), observed flows 

through the Yarra River decrease during the same period.  

 

This lack of correlation between the linear mixing results and the observed annual average daily flows 

in the Yarra River (Figure 5.3) indicates that the flood deposits for Willsmere and Bolin Billabongs 

cannot be identified using a linear mixing model. The main problems are probably the assumptions 

inherent in the linear sediment mixing model: (1) that all potential sediment sources were sampled; 

(2) that there is minimal variability within the sediment sources (i.e., grab rock and soil samples that 

were obtained had elemental compositions that were representative of the geological deposit) and 

(3) that elemental compositions of the source rocks have remained stable throughout the sediment 
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erosion and transport processes. Indeed previous studies have identified these uncertainties as 

sources of error in mixing models (Koiter et al., 2013; Pulley et al., 2015b, 2015a).  

 

Another problem with the linear mixing model is that the Quaternary Alluvium samples from the local 

catchments of Willsmere Billabong (both the residential area and the park) and Bolin Billabong, and 

from the river catchment upstream of the two billabongs (for sampling locations, see Lintern et al., in 

preparation-a), are themselves mixtures of eroded sediments from upstream geological deposits. The 

mixing proportions of upstream geological deposits contributing to Quaternary Alluvium samples from 

the local Willsmere (both from the park and the residential area) and Bolin Billabong catchments were 

identified using the linear mixing model. Indeed, for the local Bolin and Willsmere Billabong catchment 

samples, 90% and 80% (respectively) were attributed to Devonian Sedimentary and the remainder 

was estimated to originate from Marysville Igneous Rhyodacite Complex. As such, when the model 

identifies that a large proportion of sediments in the sediment core deposits come from Devonian 

Sedimentary or Marysville Igneous Rhyodacite, the source of the sediments might actually be the 

Quaternary Alluvium from the local catchment. This uncertainty may be contributing to the lack of 

correlation between the proportion of fluvial sediments contributing to W4 and B5 deposits identified 

using the linear mixing model (Figure 5.1 and Figure 5.2) and the average annual daily flows measured 

in the Yarra River through the 20th century (Figure 5.3).   
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Figure 5.1: Mixing proportions identified in W4 using the linear mixing model and SourceTracker shown next 
to an image of the sediment core with chronological markers. 
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Figure 5.2: Mixing proportions identified in B5 using the linear mixing model and SourceTracker shown next 
to an image of the sediment core with chronological markers. 
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Figure 5.3: Modelled (1891-1971) and observed (1975-2013) average daily flow rates in the Yarra River at the 
Chandler Highway stream gauge, which is closest to Willsmere Billabong (a) and the Banksia St stream gauge, 
which is closest to Bolin Billabong (b). Refer to Lintern et al. (in preparation-a) for the origin of these data.  

 

SourceTracker 

As shown in Figure 5.1 and Figure 5.2, the mixing proportions identified by SourceTracker appear to 

better represent the historical flooding trends of Willsmere and Bolin Billabongs that are evident in 

the measured data (Figure 5.3). For W4, the proportion of local overland runoff sediments contained 

in the sediment deposits is higher in the younger deposits compared to the older deposits, which 

suggests a decreasing contribution of fluvial sediments to the Willsmere Billabong bed sediment. 

However, this interpretation is undermined by the fact that the contribution of the sediment source 

furthest away from the billabong, Devonian Sedimentary, increases in recent sediment deposits also. 
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As alluded to previously, if there was a decreasing incidence of flooding and reduced flow rates along 

the Yarra River with time, it would be expected that the contribution of Devonian Sedimentary 

sediments from the upper Yarra River catchment would decrease up-core.  

 

The increasing proportion of Devonian Sedimentary sediments in recent sediment deposits may be 

partly influenced by the high proportion of Devonian Sedimentary materials that are contained within 

the Quaternary Alluvium deposits within the local catchment, as shown in Figure 5.4. As such, it is not 

clear whether the increase in Devonian Sedimentary sediments in recent deposits in Figure 5.1 should 

be interpreted as resulting from an increase in the transport of Devonian Sedimentary sediments from 

the upper Yarra River catchment (i.e., an increasing proportion of fluvial sediments), or whether it is 

merely indicating an increase in the transport of Quaternary Alluvium from the local Willsmere 

Billabong catchment, which contains high levels of Devonian Sedimentary sediments (i.e., an 

increasing proportion of local catchment runoff sediments).  

 

For B5, there are also some similarities between the results of SourceTracker (Figure 5.2) and the 

observed flows in the Yarra River (Figure 5.3). Firstly, the greatest contribution of Quaternary Alluvium 

from the local catchment occurs in the top 7 cm of the core. The age-depth model suggests that the 

top 7 cm was deposited between the early 1990s and 2013. Observed flow data for the Yarra River 

indicate that this is a period with low flow rates in the river and therefore, low levels of fluvial inputs 

into the billabong (Figure 5.3). Other than this however, the sediment mixing proportions (i.e., 

proportion of fluvial sediment contributing to the sediment deposits in the core) generally do not 

reflect the observed streamflows in the Yarra River in the 20th century.  Again, this is most likely due 

to the fact that the local catchment soils themselves are mixtures of the upstream catchment 

sediments, as shown in Figure 5.4 (Collins et al., 1998; Meade, 1982).  

 

Thus, it is difficult to use SourceTracker in its current form to identify discrete flood events in sediment 

cores. It appears that SourceTracker needs to be adapted to enable it to specify whether the 

sediments originating from the upper regions of the catchment have been transported and deposited 

directly into the billabongs, or whether they were first deposited as Quaternary Alluvium in the local 

billabong catchments before being transported and deposited in the billabongs.  
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Figure 5.4: Mixing proportions of the upper Yarra catchment geological deposits contributing to local billabong 
catchment Quaternary Alluvium and Quaternary Alluvium from Westerfolds Park and Birrarung Park, which 
are both upstream of the two billabongs, identified using SourceTracker. 

 

Both the linear mixing model and SourceTracker appear unable to successfully identify flood deposits 

within the sediment cores. For the cores from both Willsmere and Bolin Billabong, both sediment 

mixing models indicated an increase in the contribution of sediments from upstream rock deposits 

with time. However, it is not known whether this indicates an increase in the contribution of flood-

borne sediments to the Willsmere and Bolin Billabong deposits in recent-times, or whether it indicates 

an increase in the contribution of local billabong catchment sediments (which are themselves 

sediments that originate from the upstream rock deposits) by overland runoff. Thus, other techniques 

(i.e., the methods discussed previously in Lintern et al., in preparation-a) are more suited to identifying 

discrete flood deposits in the sediment cores than the linear mixing models and SourceTracker in their 

current form.  
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5.4  Comparison between chronologies developed in Chapter 4 and Chapter 5 

A comparison between the age-depth models presented for the Willsmere Billabong cores (W4 and 

W1) in Chapter 4 and the revised age-depth models (chronologies presented in Section 5.2) is provided 

in Figure 5.5. Figure 5.5 indicates that there is little difference between the chronologies developed in 

Chapter 4 and Chapter 5. The similarities between the age-depth models presented in the two 

chapters, regardless of the different ways in which they were obtained, enables us to have greater 

confidence in the chronology assigned to the Willsmere Billabong cores. However, due to the more 

rigorous dating process adopted in Chapter 5, the Chapter 5 chronologies for W4 and W1 will be used 

through the rest of the thesis.  

 

 

Figure 5.5. Comparison between chronologies of W4 (a) and W1 (b) developed in Chapter 4 and Chapter 5. 
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5.5  Discussion 

5.5.1 Identification of historical hydrologic trends and discrete flood deposits 

Historical trends in the hydrology of the Yarra River were reconstructed using the characteristics of 

sediments in cores from Willsmere and Bolin Billabong. Constrained cluster analysis (using physical 

and chemical sediment characteristics as variables) identified regions within the sedimentary records 

where the sediments had similar sources and depositional processes. By comparing the magnetic 

susceptibility levels, inc/coh (organic matter) levels, Zr/Rb (particle size) and elemental compositions 

of the sediments within each of these zones, it was inferred that the hydrologic connectivity between 

the main river channel and Willsmere and Bolin Billabongs has decreased over the 20th century. In 

other words, it was found that the billabongs shifted from fluvially dominated systems to more lentic 

systems. These inferred changes in hydrology correlate with observed flow rates available for the 

Yarra River from 1891 to 2001, which helps to validate both the methods and the results. 

 

The Willsmere Billabong sedimentary record suggests that this billabong shifted to a lentic system 

approximately 20 years after Bolin Billabong. This may be a result of the presence of a stormwater 

drain discharging urban stormwater into Willsmere Billabong. Given rainfall patterns in Melbourne, it 

is likely that Willsmere Billabong would have received stormwater flows through the drain 

approximately twice a week (Blecken et al., 2009). These relatively consistent inputs of sediment and 

water would have buffered the changes that had occurred in river hydrology. Whilst this may sound 

positive, there was a Nymphaea capensis outbreak in the 1980s in Willsmere Billabong, and this 

occurrence coincides with an increase in organic matter (inc/coh) in the sedimentary record. Previous 

studies have found correlations between the growth of invasive species in wetlands and nutrient 

enrichment due to stormwater inputs (Lake and Leishman, 2004). As such, it is possible that this 

outbreak of Nymphaea capensis is related to the high nutrient levels in urban stormwater entering 

the billabong (Walsh, 2000). These findings, along with the findings from Chapter 4 raise questions 

about the possibility of using stormwater to restore floodplain lakes that are in a degraded state due 

to reduced river flows, but also the importance of treating this stormwater prior to introducing it into 

the floodplain lakes.  

 

Two methods were employed for identifying discrete flood layers in the sedimentary record. First, 

using the traditional proxies for identifying flood layers (magnetic susceptibility, inc/coh, Zr/Rb and 

high density laminations), flood-deposited sediment layers were identified in B5 and W4. The timing 

of the floods identified by the Traditional Method correlated better with anecdotally recorded major 

flood events of the Yarra River, than with the measured flow data; suggesting that the Traditional 

Method is suited to identifying significant or major flood events. This is most likely due to the 
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heterogeneous nature of fluvial flood deposits, and it is unlikely that flood-deposited sediments would 

contain all the identifiers of flood events, unless it was a major flood.  

 

Thus, an alternative method, called the Flood Signal Strength was proposed, which takes into account 

the heterogeneity of flood deposits. We identified expected characteristics of flood-deposited 

sediments, including high magnetic susceptibility, low organic matter (represented by inc/coh) and 

high particle size (represented by Zr/Rb). In addition, elements likely to be enriched in flood-deposited 

sediments were determined. These elements were selected by comparing the elemental composition 

of soils from local Willsmere and Bolin Billabong catchments (i.e., sediments entering the billabong via 

overland runoff) to the greater Yarra River catchment (i.e., sediments entering the billabong via fluvial 

flooding). As such, this method utilizes elemental composition as a way to identify flood-deposited 

sediments. Each of these parameters was scaled to a value between 0 and 1. The sum of these scaled 

parameters normalised by the number of parameters at each depth interval in the sedimentary record 

was taken as the Flood Signal Strength at that depth interval. The Flood Signal Strength represents the 

likelihood that the sediment is of fluvial origin. This method appears to identify probable flood layers 

quite well, with the Flood Signal Strength correlating with measured average flow rates and minor 

flooding days in the Yarra River from 1911 to 2001.  

 

However, it is acknowledged that further verification of the Flood Signal Strength method is required. 

There are significant gaps in the available flow data both between 1933 and 1959, and 1969 and 1974. 

As such we recommend further verification of this method by applying it to a site with continuous 

long-term streamflow data.  

 

5.5.2 Use of sediment mixing models for identifying discrete flood deposits 

Two sediment mixing models were implemented in an attempt to identify discrete flood deposits 

through the Willsmere and Bolin Billabong sediment cores. These were a linear mixing model adapted 

from literature (Weltje, 1997), and SourceTracker (Knights et al., 2011), a Bayesian source 

apportioning model. It was hypothesized that these models would enable the identification of 

sediment deposits that are largely comprised of sediments sourced from the upper Yarra River 

catchment (i.e., from the river catchment upstream of the billabongs), which are sediments that are 

transported into the billabongs by overbank flooding.  

 

However, the results from neither model matched the known flow history of the Yarra River. The 

proportions of sediments sourced from upstream of the billabongs (flood-borne sediments) increased 

in recent sediment deposits in both Willsmere and Bolin Billabong. This could be due to uncertainties 
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and errors in the sampling and analysis of the source rocks (e.g., the assumption that the grab 

sediment and rock samples have elemental compositions representative of the whole geological 

deposit). This could also be due to the fact that the models do not take into account that the sediments 

from the local billabong catchments are themselves mixtures of flood-borne sediments from the 

upper Yarra River catchment. It is possible that the mixing models cannot distinguish between the 

sediments from the upstream Yarra River catchment that have been transported directly into the 

billabongs by floods, and the sediments from the catchment upstream of the billabongs that have 

been temporarily deposited in the local billabong catchments before being transported into the 

billabongs by overland runoff. Therefore, further development of these sediment mixing models is 

required before they can be applied to sediment cores to identify discrete flood deposits.  

 

5.6  Conclusion 

The key messages of this chapter can therefore be summarised as the following: 

 it was identified that two billabongs in the Yarra River catchment (Willsmere and Bolin 

Billabong) shifted from fluvially dominated systems to more lentic systems over the 20th 

century; 

 this change was delayed in one of the billabongs (Willsmere Billabong), most likely due to the 

flow of urban stormwater into the billabong after reduced overbank flooding of the river; 

 two methods, the Traditional Method and the Flood Signal Strength were developed and used 

to identify discrete flood deposits in the Willsmere and Bolin Billabong sediment cores;  

 sediment mixing models (the linear mixing model and a Bayesian mixing model) in their 

current form cannot identify flood-deposited sediments in cores; and 

 the methods used in this chapter to identify both the overall trends in hydrology of the 

billabongs of the Yarra River and the discrete flood layers in the billabong sedimentary records 

(particularly the application of elemental composition of sediments to identify flood-

deposited sediment characteristics), could be applied to other river systems to identify 

historical trends in hydrology. 
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6.1 Introduction 

In the literature review (Chapter 2), we highlighted that there is a need to better understand the 

uncertainties associated with using sediment cores to reconstruct historical heavy metal pollution 

trends of aquatic systems. It is generally recognized that there are uncertainties involved when 

sediment cores from aquatic systems are used to determine historical trends in heavy metal pollution. 

However, these uncertainties have not been systematically investigated.   

This chapter focuses on research objective 3 and its associated research questions 5 to 7, which were 

first introduced in Chapter 3. These are:  

Research objective 3: To assess the uncertainties associated with using sediment cores to 

reconstruct historical heavy metal pollution trends in aquatic systems. 

 Research question 5: What are the uncertainties associated with reconstructing 

historical heavy metal pollution trends in aquatic systems using bed sediment cores? 

 Research question 6: How does post-depositional transformation or mobilization of 

contaminants affect the interpretation of sediment core contaminant profiles? 

 Research question 7: To what extent does the contaminant level in the bed sediments 

of aquatic systems reflect the pollution state of the aquatic system? 

 

The research objective and questions listed above are explored in a paper that is currently under 

internal review for submission to Quaternary Science Reviews. This paper, ‘Uncertainties in pollution 

data from sedimentary records’ is cited as Lintern et al. (in preparation-b) in other sections of the 

thesis. The supplementary material accompanying this paper is provided in Appendix A.4. 
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ABSTRACT 
Historical pollution records obtained using sediment cores from aquatic environments can provide 

valuable information about pollution sources. However, before these data can be used to design 

environmental management strategies, the uncertainties in these records must be understood. The 

main objective of this study is therefore to identify and quantify the uncertainties associated with 

reconstructing historical heavy metal pollution records using sediment cores. Willsmere Billabong and 

Bolin Billabong, floodplain lakes of the Yarra River in South-East Australia, were used to explore these 

uncertainties. Sediment cores were obtained from these two billabongs and heavy metal 

concentrations within these cores were identified. In addition, heavy metal deposition onto the 

sediment bed and heavy metal inputs into Willsmere Billabong were monitored over a 12-month 

period. In this study we investigate the significance of five sources of uncertainty: (1) uncertainties in 

analytical methods, (2) uncertainties in spatial variability of sediment core heavy metal profiles, (3) 

uncertainties due to sub-sampling intervals, (4) uncertainties in the assumption that metal levels in 

bed sediments reflect the magnitude of metal inputs into the aquatic system, and (5) uncertainties in 

post-depositional transformation of metals. We found that there are low levels of uncertainty 

associated with the use of micro-X-Ray Fluorescence for heavy metal analysis when creating the 

sediment core heavy metal profiles. We also find that spatial variability in heavy metal profiles exists, 

even between cores taken as close as 30 m. Additionally, when coarse sub-sampling intervals are used 

to develop heavy metal profiles, the overall heavy metal trends are evident even though short-term 

fluctuations are lost. We also show that there is an identifiable link between the quantity of heavy 

metal levels found in billabong bed sediments and the quantity of heavy metals entering the billabong 

via urban stormwater and atmospheric deposition. Finally, we determine that there is minimal loss or 

transformation of metals buried in the billabong bed sediment. We envisage that the results from this 
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study will enable the practical application of sediment core heavy metal profiles in environmental 

management projects.   

 

KEYWORDS 
Heavy metals, historical trends, micro-XRF, sediment cores, uncertainty 
 
INTRODUCTION 
Sediment cores from aquatic environments such as lakes, estuaries and oceans can be used to 

understand historical environmental changes that have occurred within the aquatic system and its 

catchment (Moy et al., 2002; Turney et al., 2008). In particular, historical trends in the pollution of 

aquatic systems, for example heavy metal pollution, can be identified using sedimentary records from 

the beds of these waterbodies. Dated heavy metal depth profiles have great potential to guide the 

restoration and management of polluted aquatic ecosystems, because they can be used to understand 

the main factors of pollution (Bindler et al., 2011; Ruiz-Fernandez et al., 2004; Vane et al., 2011). They 

can also be used to understand the pre-pollution or reference levels of an aquatic system, which can 

assist in the development of environmental restoration targets (Bennion et al., 2011).  

 

Previous studies (e.g., Boyle, 2001a) have acknowledged that there are uncertainties in reconstructed 

heavy metal records. However, uncertainties that are inherent in the use of sedimentary records for 

understanding historical environmental change are still not well understood and generally have not 

been quantified (Smol et al., 2012). Existing efforts have focused on exploring and quantifying 

uncertainties in sediment chronologies (Binford, 1990; Blaauw and Heegaard, 2012; Telford et al., 

2004; Walker, 2012) and uncertainties in the identification of depth profiles of microfossils (Maher et 

al., 2012).  

 

Currently there is no uncertainty framework for the reconstruction of historical heavy metal pollution 

records of aquatic systems using sediment cores. As such, the aim of this work is to propose an 

uncertainty framework, and to then assess and quantify the sources of uncertainty within this 

framework. This will be done using sediment cores obtained from two billabongs (floodplain lakes), 

Willsmere Billabong and Bolin Billabong. These are both floodplain lakes of the Yarra River in South-

East Australia). We also use the results of a 12-month monitoring study of Willsmere Billabong. We 

envisage that this work will facilitate greater confidence in historical heavy metal pollution records 

developed using sediment cores, which in turn will lead to the implementation of these data in the 

design of environmental management and restoration strategies. 
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Uncertainty Framework 

Provided below is a literature review of the current understanding of the sources of uncertainties in 

historical heavy metal pollution records of aquatic systems reconstructed using sediment cores.  

 

Uncertainty in the analytical method. Heavy metal contents of sediment sub-samples from cores can 

be analysed using techniques such as Inductively Coupled Plasma Mass Spectroscopy (ICP-MS), 

conventional X-Ray Fluorescence (XRF), Inductively Coupled Plasma Atomic Emission Spectroscopy 

(ICP-AES) and micro-X-Ray Fluorescence (micro-XRF) core scanning (Boyle, 2001a; Croudace et al., 

2006; Haschke, 2006). Whilst the uncertainties associated with metal analysis of sediments using more 

traditional methods such as ICP-MS, conventional XRF and ICP-AES have been previously explored (e.g., 

Moor et al., 2001; Pyle et al., 1996), the uncertainties in micro-XRF analyses are still not well 

understood. Micro-XRF core scanning is an emerging non-destructive technique that provides high 

resolution (down to 0.2-mm intervals) semi-quantitative data. Although some previous studies have 

identified the theoretical basis for uncertainties in micro-XRF heavy metal results (Löwemark et al., 

2011; Proske et al., 2014; Schillereff et al., 2014; Weltje and Tjallingii, 2008), several studies have 

identified positive correlations between heavy metal levels quantified using micro-XRF and more 

conventional methods (Böning et al., 2007; Croudace and Rothwell, 2015; Kido et al., 2006; Miller et 

al., 2014). These existing works are based on a limited number of samples obtained at coarse 

resolution through sedimentary records, which means that only overall, average trends in micro-XRF 

heavy metal abundances through sediment cores have been validated by comparison to the results of 

more conventional analytical methods. There is a need to verify the accuracy of the heavy metal micro-

XRF trends at high resolution, due to the wide-ranging potential applications of these high resolution 

trends (Croudace et al., 2006). Whilst one study (Poto et al., 2014) has compared fine resolution (1 

cm) continuous metal profiles of a peat core from Italy obtained using micro-XRF, to profiles obtained 

using ICP-MS (a common technique used for heavy metals analysis) the micro-XRF data were 

manipulated to remove outliers. This most likely led to a better correlation between the two datasets. 

It would be beneficial to ascertain whether there is a correlation between the high resolution micro-

XRF profiles and the heavy metal profiles obtained using ICP-MS even without the removal of outliers.   

 

Spatial variability. When sediment cores are collected from aquatic systems, it is assumed that the 

region of the sediment bed sampled can reliably represent the deposition occurring in a system that 

may be as large as several squared kilometres in area. In studies that investigate historical pollution 

trends in a whole river catchment or watershed, there can be significant differences depending on the 

site within the catchment that is chosen for sediment coring. These differences appear to be caused 
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by the presence of local pollution sources, such as stormwater point sources. Indeed, in another study 

(Lintern et al., in preparation-c) we compared the heavy metal profiles identified in Willsmere and 

Bolin Billabongs and identified that Willsmere Billabong had maximum Pb and Zn concentrations up 

to 2.5 and 4 times greater than in the upstream billabong (Bolin). This was attributed to the presence 

of a direct stormwater connection into the downstream floodplain lake.  

 

There is also the possibility of spatial variability in metal deposition affecting metal profiles obtained 

within a lake. Although existing studies indicate that there is significant spatial variability in metal 

profiles obtained from large lakes (e.g., Boyle et al., 1998), the impact of spatial variability in smaller 

systems (e.g., billabongs) is less understood. Several studies (Bábek et al., 2011; Menounou and 

Presley, 2003; Winter et al., 2001) have obtained multiple cores from billabongs with areas of 0.03 ha 

to 40 ha in Europe, the United Kingdom and North America, but the spatial variability between the 

heavy metal profiles obtained from cores were not investigated quantitatively. There is still a need to 

understand whether multiple sampling of smaller floodplain lakes is necessary when trying to 

reconstruct historical pollution trends. It is also necessary to understand the potential errors 

associated with choosing not to pursue multiple sampling.  

 

Sub-sampling interval uncertainty. The sub-sampling interval must be selected such that the trends 

in heavy metals (or other sediment characteristics of interest) are easily identifiable. High resolution 

sampling can improve the precision of the heavy metal profiles. However, at the same time, the costs 

of analysing a large number of samples can be prohibitive. Although palynologists have done this, 

there have been no studies, to our knowledge, that have quantified the potential errors associated 

with selecting coarser resolution sub-sampling to develop pollutant profiles. Better understanding of 

the errors associated with coarser resolution sub-sampling will allow future studies to select optimal 

sub-sampling intervals, and thereby, enable more cost-effective analyses. 

 

Sediment chronology uncertainty. Uncertainties in the sediment chronology can result from sub-

sampling uncertainties, analytical uncertainties and modelling uncertainties (Appleby, 2001; Bjorck 

and Wohlfarth, 2002; Telford et al., 2004). The uncertainty due to the sediment core chronology, will 

not be explored in this work due to the existence of previous studies that have modelled these 

uncertainties (e.g., Binford, 1990; Telford et al., 2004). For example, using First Order Error Analysis 

(error propagation) and Monte Carlo Simulation Analysis, Binford (1990) estimated that uncertainties 

in 210Pb dates can be 1-2 years for 10 year old sediments, 10-20 years for 100 year old sediments and 

8-90 years old for 150 year old sediments. This analysis was done for dates obtained for sediment 
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cores collected from North America (Binford, 1990). Additionally, Barnekow et al. (1998) have noted 

an error of approximately 1000 years in the date assigned to bulk sediments deposited approximately 

9000 years ago in a Swedish lake.  

 

Uncertainty due to the assumption that metals in bed sediments reflect metal inputs. It has been 

hypothesized that the water quality of aquatic systems can affect the extent to which heavy metals 

bind to particulate matter, which in turn impacts the transfer of the pollution signal from the water 

column to the bed sediments (Boyle, 2001a; Foster and Charlesworth, 1996). Previous studies have 

compared historical heavy metal trends reconstructed using sediment cores against known heavy 

metal emission levels (e.g., Lockhart et al., 2000), and used the correlation between the two to argue 

that sediment core heavy metal profiles accurately represent historical pollution trends. However, the 

differences between the heavy metal inputs into an aquatic system and the amount of heavy metals 

deposited on the bed sediment, have not yet been quantified. 

 

Uncertainty due to post-depositional changes. Several studies have discussed how heavy metals in 

sediment cores could theoretically transform and move through buried bed sediments (Boyle, 2001b; 

Foster and Charlesworth, 1996; Hudson-Edwards et al., 1998; Spencer et al., 2003). As outlined in 

these studies, this can occur due to biological processes such as the up-take of heavy metals by aquatic 

plants (Wildi et al., 2004) or the degradation of organic matter (van den Berg et al., 1999). Foster and 

Charlesworth (1996) highlight that chemical processes can have a role also, with the loss of metals 

from bed sediments under anoxic conditions, or when the water has low pH. The loss of metals from 

sediments has been monitored in several investigations. Sakata (1985) studied the release of Cu and 

Pb from freshwater pond sediments in a 38 m deep reservoir in Japan, and found that these metals 

were generally not released from the bed sediment to the water column. Using seven annually 

laminated sediment cores from a lake in the North of Sweden, Rydberg et al. (2014) compared the 

concentration of metals on the surface of each of these cores with the concentration of metals in this 

same layer after burial. Whilst these study found that there was minimal change in heavy metal 

content of surface sediments as they were buried, they did not assess whether changes in heavy 

metals affects non-surficial sediments.  

 

Figure 1 is an uncertainty framework that depicts the relationships between the sources of uncertainty 

listed above. It also describes how these uncertainty sources contribute to the total or overall 

uncertainty associated with reconstructing historical heavy metal records of aquatic systems using 
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sediment cores; termed u(total) in Figure 1. The relationships between the sources of uncertainty 

depicted in Figure 1 can be described in the following way:  

1. There are firstly uncertainties in the heavy metal depth profiles (u(metal depth profile) in 

Figure 1). This is due to: analytical uncertainties (u(analytical)), uncertainty in the 

representativeness of the coring location, (u(spatial)), and uncertainty in the sub-sampling 

interval of the core (u(sub-sampling)). The latter two uncertainties can be grouped together 

and classified as sampling uncertainties (u(sampling)).  

2. Uncertainties associated with age-depth modelling; termed u(chronology) in Figure 1, have 

the potential to compound the uncertainties in the heavy metal depth profiles.  

3. The assumption that the quality of sediments deposited on the sediment bed is representative 

of the pollutant levels entering the aquatic system; termed u(metals in bed sediments reflect 

metal inputs) in Figure 1, also contributes to the total uncertainty.  

4. Finally contributing to the total uncertainty is the assumption that there is no post-

depositional mobilization or loss of heavy metals buried in the bed sediment; represented as 

u(post-depositional changes) in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Uncertainty framework of the reconstruction of historical heavy metal records in aquatic systems 
using sediment cores. u(chronology) is not explored in this study, as previously discussed in the text.  
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MATERIALS AND METHODS 

Site geography 

Willsmere Billabong (37.79°S, 145.04°E) and Bolin Billabong (37.77°S, 145.08°E) are both located in 

the Yarra River catchment, in Victoria, Australia ( 

Figure 2). The bank-full areas are 3.4 ha for Bolin Billabong and 1.9 ha for Willsmere Billabong, and 

both billabongs have local catchments of approximately 15 ha (Leahy, 2007). Willsmere Billabong 

receives stormwater from a local residential catchment of 1.8 ha (Figure 3) via a stormwater treatment 

wetland. Both billabongs also receive overbank flows from the main river channel when the water 

level exceeds 6 m Australian Height Datum (AHD) at Bolin Billabong (Vic SES, 2012a) and 3 m AHD at 

Willsmere Billabong (Vic SES, 2013). Historically, these overbank flow events occurred once a year, but 

in last 60 years, this frequency has reduced to once every 3 to 4 years (Sinclair Knight Merz, 2005).  

 

 

Figure 2: Location of Willsmere and Bolin Billabongs in the Yarra River catchment. 

 
Sediment core sampling and analyses 

In October 2012 and September 2013, three sediment cores were obtained from Willsmere Billabong 

(coring locations shown in Figure 3). These cores were taken using a 40-mm diameter Livingstone corer 
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(Livingstone, 1955). The lengths were: 81 cm for W1-1 (taken from Location 1 in Figure 3), 96 cm for 

W4 (taken from Location 2 in Figure 3) and 83 cm for W3-1 (taken from Location 3 in Figure 3). 

Replicate cores were taken from each of these locations.  In June 2013, a 204-cm long core was taken 

from Bolin Billabong (B3) using the light-weight modified hammer-driven piston corer (Neale and 

Walker, 1996) with a 50-mm diameter poly-vinyl chloride (PVC) barrel. There cores were stored at 40C 

prior to analysis. There was an additional 204 cm core used for the study, which had previously been 

taken from Willsmere Billabong in 2001, from Location 2 (Figure 3) using the light-weight modified 

hammer-driven piston corer (Neale and Walker, 1996) with a 50-mm diameter PVC barrel, and had 

been in storage at 40C for 13 years.  

 

 

Figure 3: Map of local Willsmere Billabong catchment, showing the three sediment trap installation and 
sediment coring locations. 

 

Before the cores were opened, magnetic susceptibility was measured at 1-cm intervals using a 

Bartington MS Series One meter and core scanning loop (Bartington Instruments, Witney, UK). All five 

sediment cores were then split longitudinally. High resolution optical and radiographic images, and 

magnetic susceptibility readings at 0.5-cm intervals of the split cores were obtained using the ITRAX 

micro-XRF core scanner (Croudace et al., 2006) at the Australian Nuclear Science and Technology 

Organisation (ANSTO). B3 and W2001 were cut into two separate 1.1-m sections, as the ITRAX core 

scanner can only accommodate a maximum core length of 1.8 m. Micro-XRF data were obtained for 
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W1-1, W4, W3-1 and B3 using a molybdenum tube (30-kV voltage, 45-mA current) with a 10-s 

exposure time and readings obtained at 1-mm intervals. It should be noted that arsenic (As) 

abundances could not be detected using the ITRAX core scanner. As such, micro-XRF data are available 

for chromium (Cr), copper (Cu), lead (Pb), nickel (Ni) and zinc (Zn). The counts obtained for each 

element were normalised to total counts per second as per Martin et al. (2014) to enable comparison 

of heavy metal trends between cores. Micro-XRF data for the top 13 cm of B3 is not available due to 

the lack of consistency of this unit. 

 

W4, B3 and W2001 were also sub-sampled for heavy metal analyses. W4 was sub-sampled at 1-cm 

intervals. The top 20 cm of B3 was not sampled due to its watery nature. B3 was instead sampled at 

1-cm intervals from 20-170 cm and 5 cm intervals from 170-220 cm. W2001 was sub-sampled at 1-cm 

intervals from 0-79 cm. All sub-samples were dried, and then sent to a National Association of Testing 

Authorities (NATA) accredited laboratory for heavy metals analyses. During the drying process, 

moisture content of the sub-samples was calculated. Metals were analysed using inductively coupled 

plasma mass spectrometry (ICP-MS) following aqua regia (nitric and hydrochloric acids) digestion (US 

EPA, 2007). The limits of reporting (LORs) were 5 mg/kg dry weight for As, Cr, Cu, Pb, Ni, and Zn. It 

should be noted that when heavy metal concentrations were below the LOR, we used the LOR divided 

by two. Standard quality assurance and control procedures were conducted, including analyses of 

blank, duplicates and spiked samples.  

 

Field monitoring 

Field monitoring of Willsmere Billabong was conducted over the period of one year to assess whether 

the heavy metal inputs into the aquatic system could be accurately represented by the heavy metal 

levels in the sediments deposited on the billabong bed. To sample sediments settling on the bed of 

Willsmere Billabong, sediment traps were installed in September 2013 at the three locations within 

Willsmere Billabong shown in Figure 3. These sediment traps (Figure 4a) were made up of four PVC 

tubes (53-mm internal diameter, 300-mm length). These dimensions were selected to ensure an 

aspect ratio of at least five, as recommended by Bloesch and Burns (1980) for small lakes. The total 

height of the traps was 1 metre so that the whole device would be submerged under water, to ensure 

their stability. Historical records of Willsmere Billabong water levels indicated that water levels rarely 

drop below 1 m (Leahy, 2007). 200 mL jars with 5-cm diameter openings were fixed to the ends of the 

PVC tubes to collect settling sediment.  
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Approximately once a month over a 12-month period (from October 2013 until November 2014), the 

sediment traps from the three locations were brought out of the water and the jars were removed so 

that the settled sediments could be analysed for heavy metals. Clean jars were then attached and the 

sediment traps re-deployed. Water depths at each location were also measured at this time. At each 

collection, water quality parameters (pH and dissolved oxygen; DO) were measured in situ at one 

location in the billabong using the U-50 Horiba multi-parameter water quality probe (Kyoto, Japan).  

 

An additional sediment trap was installed in September 2013 at Location 2 (Figure 3), which was not 

recovered once a month. The jars attached to this trap were instead retrieved at the end of the 12-

month sampling period in November 2014. As such, this sediment trap collected continuous sediment 

deposition over 12 months.  

 

The sediments collected in the jars were sent to a NATA accredited laboratory for heavy metals 

analyses. The suspension was filtered (0.45 µm), and both particulate and dissolved fractions were 

digested using aqua regia and analysed for As, Cr, Cu, Pb, Ni and Zn contents using ICP-MS (US EPA, 

2007).  The filtered volume and Total Suspended Solids (TSS) concentration of the suspension were 

also recorded. The LOR for the particulate fractions are 0.1 μg/sample for As, Cr, Zn and 0.05 

μg/sample for Cu, Pb, and Ni. The LOR for the dissolved fractions are 1 μg/L. Triplicate analyses were 

performed for the sediment suspensions in the 12-month sediment trap. 

 

Each month, prior to retrieving the samples from the sediment traps, we also collected a grab sample 

of the water column of Willsmere Billabong from just under the water surface. These 200-mL samples 

were sent to the same NATA accredited laboratory for metals analyses. The same procedures used to 

analyse metal concentrations (particulate and dissolved) in the sediment trap suspensions were used 

for these grab samples. 

 

In addition, we monitored the main heavy metal inputs into the billabong. These metal inputs were 

atmospheric deposition and urban stormwater. To quantify the amount of metals in the urban 

stormwater entering into Willsmere Billabong, 200-mL grab samples of stormwater were taken from 

the stormwater drain into the billabong. This was done on nine occasions, following rainfall events of 

over 1 mm. To quantify the amount of atmospheric deposition contributing to the heavy metal 

contamination of Willsmere Billabong, a dust deposition gauge (Figure 4b) was deployed 

approximately 100 m away from the billabong (Figure 3). The gauge was designed in accordance with 

AS/NZS 3580.10.1:2003 (Standards Australia, 2003). As shown in Figure 4b, this gauge consisted of a 
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glass funnel (150-mm diameter) attached to a glass jar (250-mL volume) and was attached to a pole 

approximately 2-m high. The dust deposition samples (combined wet and dry dust deposition) were 

collected monthly, over a 12-month period, at the same time that samples were collected from the 

sediment traps. Both the stormwater samples and dust deposition gauge samples were analysed for 

As, Cr, Cu, Pb, Ni and Zn concentrations (both particulate and dissolved) in the same manner as the 

sediment trap samples.  

 

 

Figure 4: Photographs of the sediment trap (a) and the dust deposition gauge (b). 

 

Data analysis 

Uncertainty in the analytical method. The micro-XRF data for Cr, Cu, Ni, Pb and Zn were averaged 

over discrete 1-cm intervals (for W4 and B3 20-169 cm) and 5-cm intervals (for 170-220 cm of B3) to 

match the sub-sampling interval used for the ICP-MS analysis. We then compared the heavy metal 

profiles of W4 and B3 obtained using ICP-MS to the heavy metal profiles obtained using micro-XRF, to 

identify whether there were discrepancies in the profiles based on the analytical method. The 

Spearman Rank Correlation Coefficient (ρ, p<0.05) was used to assess the strength of the similarity 

between the ICP-MS and the micro-XRF heavy metal profiles. To calculate the uncertainty in the 

analytical method, both datasets were first scaled by dividing the heavy metal abundances by the 

range, to account for the different units of the two datasets. The uncertainty was then calculated as 

the percentage difference between (1) the median of the scaled heavy metal concentrations 

(a) (b) 
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quantified using ICP-MS and (2) the median of the scaled concentrations obtained by micro-XRF. We 

also calculated the percentage difference in the spread (inter-quartile range divided by the median) 

of the scaled heavy metal concentrations obtained using the two analytical methods. The median and 

the ratio of the inter-quartile range to the median were used to quantify uncertainty because the 

heavy metal levels do not have a normal distribution, as identified using the Shapiro-Wilk test (p<0.05 

for all metals). These uncertainties were calculated for Cr, Cu, Ni, Pb and Zn. Due to the small 

magnitude of error associated with uncertainty in the analytical methods, subsequent analyses use 

either ICP-MS or micro-XRF data depending on the availability of these data.  

 

Spatial variability. First, the major sedimentary (or lithological) units contained in the cores were 

identified using optical and radiographic images obtained for the three cores taken from Willsmere 

Billabong in 2012 and 2013 (W4, W1-1 and W3-1). Magnetic susceptibility profiles of the three cores 

were also compared to help identify these units. The heavy metal (Cr, Cu, Ni, Pb, Zn) micro-XRF 

measurements that were taken at 0.1-cm intervals were averaged over 0.5-cm intervals in order to 

smooth the profile. The distributions of magnetic susceptibility and heavy metal concentrations 

contained within each sedimentary unit were compared between the three cores using the Kruskal-

Wallis test (α=0.05). For each sedimentary unit, the uncertainty due to spatial variability has been 

quantified as the percentage difference in the central tendency (median) and the spread (the inter-

quartile range normalised by the median) of the heavy metal levels across the three cores. For the 

whole core, the uncertainty due to spatial variability was calculated as the average of the percentage 

differences in central tendency (medians) and spread (inter-quartile range divided by the median) 

determined for each of the four sedimentary units. These uncertainties were calculated for each of 

the heavy metals analysed using micro-XRF (Cr, Cu, Ni, Pb and Zn). 

 

Sub-sampling interval uncertainty. Uncertainties due to coarse sub-sampling intervals were assessed 

using the ICP-MS 1-cm interval heavy metal profiles (As, Cr, Cu, Ni, Pb, Zn) for W4. The ICP-MS profiles 

were used so that As could also be included in the analysis. Heavy metal profiles with intervals of 5, 

10 and 15 cm were constructed, by selecting every 5th, 10th and 15th sub-sample from the existing ICP-

MS dataset and linearly interpolating between these selected points. We assessed the strength of the 

correlation between the coarse sub-sampling interval heavy metal profiles and the 1-cm resolution 

sub-sampling heavy metal profile using the Spearman Rank Correlation Coefficient (ρ, p<0.05). We 

then found the percentage difference between the central tendency (represented by the median) and 

the spread (interquartile range normalised by the median) of the interpolated heavy metal profiles 
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and the actual heavy metal profile at 1-cm intervals, to assess the accuracy of the heavy metal profiles 

developed using the coarser resolutions.  

 
 
 

 
 

 

 

 

 

 
Figure 5: Contents of the jars retrieved from sediment traps.  

 

Uncertainty due to the assumption that metals in bed sediments reflect metal inputs. This 

uncertainty was assessed using data from the 12-month monitoring of Willsmere Billabong. The 

sediment traps retrieved each month contained both settled sediment, and a small portion of the 

overlying water column (Figure 5). The mass of particulate settled metals collected by the sediment 

traps (PMS) were calculated using Equation 1 (the terms are explained in Figure 5). The total mass of 

particulate metals in the sediment trap (PMST) and the mass of particulate metals in the water column 

(PMWC) were calculated using Equations 2 and 3, respectively. In Equation 2, PMST,conc is the 

concentration of particulate metals in the sediment trap (in µg/mg), SST,conc is the concentration of 

sediments in the sediment trap (in mg/L) and VST is the volume of the sediment trap (in L). In Equation 

3, PMWC,conc is the concentration of particulate metals in the water column of the sediment trap (in 

µg/mg), SWC,conc is the concentration of sediments in the water column of the sediment trap (in mg/L) 

and VST is the volume of the sediment trap (in L). VST was 250 mL. The suspended sediments (SWC), 

Legend 
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the water column 
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water column  
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dissolved metal concentrations (DMWC) and particulate metal concentrations (PMWC) in the sediment 

trap water column were assumed to be equivalent to the suspended sediments, dissolved metals and 

particulate metal concentrations in the billabong water column (which were measured before each 

sediment trap retrieval, as previously discussed). It should be noted that when heavy metal 

concentrations were below the LOR, half of the LOR was adopted. 

 

             Equation 1   
      

                     Equation 2 

      

                             Equation 3   
  

Second, we developed a metals mass balance model of Willsmere Billabong (Figure 6 and Equation 4). 

This was to identify whether the total mass of metals entering Willsmere Billabong were equivalent 

to the mass of particulate metals deposited on the bed sediment and subsequently buried there. The 

total metal inputs into the billabong and the settled particulate metals were expressed in terms of the 

mass per area (i.e., in mg/m2).  As such, the mass of settled particulate metals (PMS) was divided by 

the area of the trap opening (AJ). The diameter of the opening was 5 cm. In the mass balance, we only 

included the metals deposited on the bed sediment in the particulate form because these are the 

metals that are analysed when constructing the sediment core heavy metal profile. Furthermore, the 

mass of dissolved metals in the pore water of settled sediments at the sediment-water interface were 

found to be negligible when it was included in the mass balance (Figure S1 in the supplementary 

material). The two main inputs for metals into Willsmere Billabong included in the mass balance are 

stormwater (MSW) and atmospheric deposition (MA). Although flooding of Willsmere Billabong by the 

main river channel (MF) is also a source of metals into Willsmere Billabong, it was not included in the 

mass balance because flood events did not occur during the 12-month monitoring period.  
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Figure 6: Visual representation of the metals mass balance model for Willsmere Billabong. Italics denote 
inputs that were not included in final calculation.  
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We used equation 5 to calculate the mass of metals per squared meters (mg/m2) entering the 

billabong through the stormwater drain (MSW) each month. The particulate metal concentrations 

(PMSW,conc), dissolved metal concentrations (DMSW,conc) and TSS concentrations (TSSSW,conc) in 

stormwater were estimated by randomly sampling from a log-normal distribution. These log-normal 

distributions were developed using the mean and standard deviations of log-transformed observed 

TSS, particulate metal and dissolved metal concentrations in the nine stormwater grab samples 

obtained. The volume of stormwater discharged into the billabong (VSW) was estimated using equation 

6. Rain is the total depth of rainfall during the month, calculated using daily rainfall data collected 

approximately 6 km away from the billabong (Melbourne Regional Office Site; Australian Bureau of 

Meteorology) and EIA is the effective impervious area (or directly connected impervious area) of the 

urban stormwater catchment. To calculate EIA, five individuals were asked to delineate the catchment 

boundary of the stormwater drain using topographic and stormwater drainage network maps. Then, 

using satellite photographs, they were asked to measure the areas of directly connected impervious 

surfaces (roofs, footpaths, roads and driveways) for the stormwater catchment. It was assumed that 

50% of the roof area is directly connected to the stormwater drain (based on data about the uptake 

of rainwater tanks within metropolitan Melbourne; Moglia et al., 2014), and that 90%, 40% and 0% of 

roads, driveways and footpaths are directly connected, respectively (Roy and Shuster, 2009). The 

average and standard deviations of the five estimates of the directly connected impervious area were 

used to develop a normal distribution and random sampling from this distribution was used to 

estimate the directly connected impervious area (EIA). The aim of this was to take into account 

measurement errors by the five individuals. The metal mass in stormwater each month was divided 

by the average wetland surface area (AW) that month. Surface areas of the billabong were estimated 

from interpolation of nine satellite images over the 12-month monitoring period from Nearmap 

(www.nearmap.com).  

 

We then calculated the mass per area of metals entering the billabong by atmospheric deposition (MA) 

each month using Equation 7. The particulate metal (PMA,conc), total suspended solids (TSSA,conc) and 

dissolved metal concentrations (DCA,conc) collected in the dust deposition gauge each month were 

obtained from sampling the dust deposition gauge. The dust deposition gauge was collected monthly, 

rather than straight after the gauge was full of rainwater. As such the three parameters (PMA,conc, 

TSSA,conc, DCA,conc) were calculated by first identifying the mass of metals deposited per day (found by 

back calculating the number of days that it took to fill the gauge using rainfall records from the 

Melbourne Regional Office Site; Australian Bureau of Meteorology), which was then multiplied by the 

total number of days each month, to estimate the total deposition over that month. The volume of 
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water collected in the dust deposition gauge (VA) was found using the rainfall records from the 

Melbourne Regional Office Site (Australian Bureau of Meteorology). The mass of metals deposited in 

the dust deposition gauge each month was divided by the area of the dust deposition gauge (ADDG) to 

express the deposited metal mass in terms of mass per area (mg/m2).  

 

The mass balance model was run 100,000 times to allow parameters to be varied stochastically. The 

5th, 25th, 50th, 75th and 95th percentiles of these results were reported. The uncertainty, u(metals in 

bed sediments reflect metal inputs) is quantified as the percentage difference in the central tendency 

(medians) and the spread (inter-quartile ranges normalized by the median), between (1) the modelled 

total metal input masses across the 100,000 iterations and (2) the observed 12-month accumulation 

of particulate metal masses in the sediment traps. The central tendency and spread in the observed 

settled particulate metal masses were calculated using the metals deposited in the trap left in situ for 

12 months (which had three observations due to triplicate analysis) and the sum over the 12 months, 

of the metals deposited each month in the 1-month traps at the three locations. Thus, the sample size 

of the observed settled metal masses was six. Statistical significance of the differences in these 

distributions were assessed using the Kruskal-Wallis test (p<0.05). 

 

Uncertainty due to post-depositional changes.  We identified the main sedimentary units within cores 

taken from Willsmere Billabong in 2001 (core W2001) and 2012 (core W4) using the core images 

(optical and radiographic) and the magnetic susceptibility profiles (as for when uncertainties due to 

spatial variability were investigated). The heavy metal profiles (As, Cu, Cu, Ni, Pb, Zn) obtained by ICP-

MS for W4 and W2001 were compared visually to identify whether there were noticeable differences 

in the metal profiles due to post-depositional transformation or mobilisation. The Kruskal-Wallis test 

(p<0.05) was also used to identify whether there were significant differences in the distribution of 

heavy metals in each sedimentary unit between the two cores. We then calculated the percentage 

difference in the central tendency (the median) of the heavy metal concentration profiles and the 

spread (the inter-quartile range normalised by the median) in the heavy metal concentration profiles 

between W4 and W2001 within each sedimentary unit. The overall uncertainty for the whole core was 

calculated as the average of the percentage differences calculated for each of the four sedimentary 

units.  
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RESULTS AND DISCUSSION 
Analytical method 
We obtained trends in heavy metals for W4 and B3 using two methods: micro-XRF core scanning and 

ICP-MS (Figure 7). With the exception of Pb and Zn, the correlations between the trends developed 

by ICP-MS and by micro-XRF scanning are generally weak with low Spearman Rank Correlation 

Coefficients (Figure 7). It is unlikely that these discrepancies are due to the ICP-MS results, as standard 

quality assurance and quality control procedures suggest that these results are relatively accurate, 

with recovery rates of spiked samples exceeding 80.2% and the relative percentage difference 

between duplicate samples less than 22.6%. The errors expected in the ICP-MS results as identified in 

these standard quality assurance and quality control procedures are represented by the horizontal 

error bars in Figure 7. Instead, the discrepancies between the micro-XRF core scan results and the ICP-

MS results are most likely related to moisture content of the sediment core. The micro-XRF scan metal 

intensities represent the element concentration in bulk (or moist) sediments but the ICP-MS results 

provide element concentrations in dry sediments. As such, if these two data sets are to be compared, 

one of them needs to be adjusted to account for this difference. 

 

Firstly, the micro-XRF results could be represented in terms of dry sediment instead of bulk sediment, 

by adjusting the micro-XRF results by the water content of the sediment. Water content of bulk 

sediments cannot be measured directly by micro-XRF core scanning, but can be approximated by the 

ratio of incoherent to coherent scatter inc/coh (Jouve et al., 2013) or by the grayscale intensity of the 

radiograph of the sediment core (Kido et al., 2006). Figure 8 indicates that water content is better 

represented by inc/coh than the grayscale intensity, and suggests that multiplying the element 

intensities by inc/coh will provide a representation of the metal concentration in terms of dry weight. 

Figure 7 shows improvements in the correlation between the metal profiles obtained by micro-XRF 

and ICP-MS when the inc/coh correction is applied to the micro-XRF profiles.  

 

Another option is to express the ICP-MS heavy metal profiles in terms of concentration of bulk 

sediment. Figure 7 indicates that there are positive correlations between the micro-XRF and ICP-MS 

heavy metal profiles when this correction is applied to the ICP-MS data. Thus, if bulk sediment 

concentrations are required, no correction should to be applied to the micro-XRF element intensities. 

 

Although there is a theoretical basis for possible discrepancies in element trends obtained using micro-

XRF and ICP-MS, the comparison of high resolution ICP-MS and micro-XRF data suggests that once the 

water content is accounted for, there is not a high percentage difference between the central 

tendencies (medians) and spread (interquartile range divided by the median) in heavy metal profiles 
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obtained using the two methods (Table 1). In subsequent analyses presented in this paper, micro-XRF 

data has not been adjusted for water content. The correction was not applied because sediment type 

(clay and silt content) can significantly affect the moisture content of sediment sub-samples (Last, 

1990). Indeed, there was a strong relationship between water content and the type of sediment 

contained within one of the sediment cores, W4. This relationship is illustrated in Figure S2 in the 

supplementary material.  

 

 

Figure 7: Correlations between heavy metal abundances obtained using micro-XRF and ICP-MS for Cr, Cu, Pb, 
Ni, Zn in sediment cores W4 and B3. Correlations between sediment concentration (mg/kg dry weight) from 
ICP-MS and normalized metal abundances from micro-XRF (a), correlations between sediment concentration 
(mg/kg dry weight) from ICP-MS and normalized metal abundances from micro-XRF corrected for water 
content using inc/coh (b), and correlations between sediment concentrations (mg/kg bulk weight) from ICP-
MS and normalized metal abundances from micro-XRF (c). Asterisk (*) indicates statistically significant (p<0.05) 
Spearman Rank Correlation Coefficients (ρ). Horizontal error bars represent errors expected in ICP-MS results. 
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Figure 8: Relationship between inc/coh and measured water content (a) and grayscale intensity and measured 
water content (b). Filled circles represent 1 cm thick sediment samples from W4 and open circles represent 1 
cm thick sediment samples from B3). 

 

(a) (b) 
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Table 1: Quantified uncertainties for As, Cr, Cu, Ni, Pb and Zn. Percentage differences in the central tendency of the heavy metal concentrations (medians) and in the 
spread of heavy metal concentrations (inter-quartile range divided by the median, in parentheses) provided.  

 As Cr Cu Ni Pb Zn 

u(analytical 
method) 

Bulk sediment 
concentration 

- 27% (3.8%) 42% (32%) 47% (19%)+ 2.3% (33%) 39% (63%) 

Dry sediment 
concentration 

- 35% (39%)+ 14% (32%) 31% (41%) 10% (31%) 37% (49%) 

u(spatial) 

Whole core - 11% (45%) 36% (60%) 25% (63%) 40% (59%) 58% (105%) 

Unit A - 2.1% (26%) 11% (37%) * 13% (32%)* 9% (2.6%) * 16% (54%) * 

Unit B - 11% (103%)  43% (118%) * 37% (69%) * 47% (87%)* 79% (133%)* 

Unit C - 24% (37%)* 44% (67%)* 28% (90%)* 68% (82%)* 96% (77%)* 

Unit D - 6.8% (16%)* 44% (19%)* 23% (59%)* 35% (64%)* 43% (155%)* 

u(sub-sampling) 

5 cm 8.2% (38%) 6.7% (41%) 4.6% (13%) 1.0% (19%) 13% (13%) 18% (20%) 

10 cm 18% (28%) §  7.6% (101%) §  17% (57%)  15% (37%)  48% (44%)  58% (42%)  

15 cm 38% (74%) §  9.0% (95%) § 20% (43%)  16% (35%) § 47% (39%)  61% (64%)  

u(metals in bed sediments reflect 
metal inputs) 

32% (79%)* 74% (97%)* 121% (118%) 73% (148%) 147% (29%)* 32% (94%)* 

u(post-depositional 
changes) 

Whole core 17% (96%)  4.0% (43%)  6.2% (67%)  7.0% (40%) 10% (31%) 14% (70%)  

Unit A 0.0% (120%)  3.2% (37%) * 4.9% (157%)  11% (113%)  12% (60%) * 17% (164%)  

Unit B 13% (63%)  1.7% (107%)  4.3% (84%)  10% (27%)  19% (6.3%) * 22% (1.0%)  

Unit C 29% (1.9%)*  3.4% (8.5%)  6.1% (15%)  7.6% (21%)  5.6% (21%)  14% (48%)  

Unit D 29% (200%) * 7.7% (21%) * 10% (10%) * 0.0% (0.0%)  4.7% (36%) * 2% (67%)  
* Statistically significant differences (p<0.05) according to Kruskal-Wallis test. 
+ Weak correlation between ICP-MS heavy metal profiles and micro-XRF heavy metal profile according to Spearman Rank Correlation Coefficient (ρ<0.5, p<0.05). 
§ Weak correlation between linearly interpolated heavy metal profiles and 1 cm resolution (actual) heavy metal profiles according to Spearman Rank Correlation Coefficient (ρ<0.5, p<0.05). 
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Spatial variability  
Figure 9 shows the magnetic susceptibility trends and the optical and radiographic images of W1-1, 

W4 and W3-1 (sediment cores taken from Locations 1 to 3, respectively in Willsmere Billabong; Figure 

3). Visual inspection (Figure 9) of the radiographic and optical images of the cores and their magnetic 

susceptibility profiles indicate that all cores contain the same sedimentary (or lithological) units, which 

have been labelled A to D. The homogeneous organic lake clay unit at the tops of the cores has been 

labelled Unit A and the sedimentary unit containing inorganic laminations in organic lake clay has been 

called Unit B. Unit C consists of laminated lake clay, followed by a distinct yellow clay layer, followed 

by more laminated lake clay. Unit D is the unit at the bottom of the cores containing lake clay with 

thick laminations (Figure 9). For the rest of the study, these units will be referred to by their letters A 

to D. However, the thicknesses of these sedimentary units differ, which suggests that there are 

different Sediment Accumulation Rates (SARs) and degrees of compaction in the three locations.  

 

For example, a homogeneous lake clay layer (Unit A) is present in the top 28 cm of W4. This unit is 

thickest in W1-1 (35 cm) and completely absent from W3-1. It is unlikely that this absence is due to 

the loss of sediment while coring as the coring techniques were kept constant over all three sites. 

Furthermore, the magnetic susceptibility profile for a replicate core taken at Location 3 suggests that 

this homogeneous layer was also missing from the top of the replicate core (the magnetic 

susceptibility profiles of W3-1 and its replicate core is provided in Figure S3 in the supplementary 

materials). The presence and thickness of the homogeneous lake clay layer may be influenced by the 

source of this sedimentary unit. The fact that it is thickest in W1-1 and decreases in distance away 

from the east bank of Willsmere Billabong, suggests that this sediment may be originating from a 

source on the east bank of the billabong. One possibility is the stormwater drain, which is on the east 

bank of the billabong (Figure 3). 

 

Visual inspection of the magnetic susceptibility profiles also suggests that whilst the general trends in 

magnetic susceptibility are similar for all three sediment cores, there are some noticeable differences. 

For example, in Unit C, although peak 3 is greater than peak 2 in both W4 and W1-1, in W3-1 these 

two peaks have a similar magnitude. Similarly, W1-1 and W3-1 experience a gradual decrease in 

magnetic susceptibility from the bottom of the layer of yellow lake clay down to the bottom of the 

sediment core but W4 remains constant to the bottom of the core. These visual interpretations are 

supported by statistical tests. The magnetic susceptibility in each sedimentary unit A to D (Figure 9), 

was found to be statistically significantly different between all three cores according to the Kruskal-

Wallis test (p<0.05). The Kruskal-Wallis test not only compares the magnitudes of the magnetic 

susceptibility of the four cores, but also their distributions (Pestman, 2009).  
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A visual assessment of the distributions in heavy metals contained within each of the sediment units 

A to D (Figure 10 and Figure in the supplementary material) suggests that the overall heavy metal 

trends are similar in all three cores. For example, Cr has a decreasing trend up-core and the remaining 

metals (Cu, Ni, Pb, Zn) have higher levels in the more recent sedimentary deposits in all three cores. 

However, the short-term fluctuations in these cores appear to differ greatly. Indeed, the Kruskal-

Wallis test indicates that the magnitudes and distributions of most metal levels are statistically 

significantly different (p<0.05) across the three sediment cores (Figure 10).  

 

This spatial variability in the heavy metal profiles can enhance our understanding of the factors that 

may influence the heavy metal levels detected within the sediment core. For example, although W1-

1 has lower Zn levels in the sediment Unit A compared to the sediment Unit B, W4 exhibits the 

opposite pattern. This could be linked to the amount of terrestrial sediments being deposited at each 

location, as suggested by the different trends in magnetic susceptibility in the two cores (Figure 9). 

Whilst magnetic susceptibility decreases up-core for W4, for W1-1 there is a slight increase in Unit A. 

Being a measure of the amount of iron bearing minerals within a sediment deposit, magnetic 

susceptibility is often used as an indication of the amount of terrestrial or clastic sediments contained 

within a sediment deposit (Brown et al., 2000; Thompson et al., 1980). As such, the increase in 

magnetic susceptibility at the top of W1-1 may be indicating that this most recent sediment deposit 

contains more terrestrial sediments than the most recent deposit in core W4. These clastic sediments 

may be diluting the Zn concentrations within the most recently deposited sedimentary unit, thereby 

leading to a lower intensity of Zn in the top sedimentary units of W1-1.  
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Figure 9: Magnetic susceptibility profiles, radiographic and optical images of sediment cores taken from four locations in Willsmere Billabong, W1-1 (a), W4 (b), W3-1 (c), 
W2001 (d). Sediment units A to D indicated alongside sediment core images. Numbers on the magnetic susceptibility profile indicate points in the profile that are common 
to all four cores. 
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Figure 10: Normalised Cr, Ni, Cu, Pb, Zn distributions in each sedimentary unit for the three cores taken in Willsmere Billabong. Letters A to D on the x axis denotes the 
sedimentary units described in Figure 9. Unit A: Homogeneous lake clay, Unit B: Organic laminations, Unit C: inorganic laminations and yellow lake clay, Unit D: thick 
laminations. Asterisks (*) represents sediment units where heavy metals differ statistically significantly (p<0.05) between the three cores. Profiles provided in Figure S4 
of the supplementary material.   

* * * * * * * * * * 

* * * * * * * * 
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The spatial variability apparent in these sediment cores does not correlate to the spatial variability in 

metal masses accumulated in the sediment traps installed at these three coring locations over a 12-

month period (Figure 11). The main discrepancy is that of the three sediment traps, the greatest 

amount of sediment deposition occurs at Location 3. However, the absence of Unit A in W3-1 in Figure 

9 suggests that the least mass would have accumulated at this location in recent-times. This may be 

due to sediment movement along the bed (horizontally) away from Location 3 (or sediment focussing), 

which does not occur if sediments are deposited in the sediment traps. As such, these sediment traps 

may not be a suitable method of identifying spatial variability in heavy metal accumulation in the bed 

sediment of Willsmere Billabong.  

    

Table 1 suggests that spatial variability affects the Cu, Pb and Zn profiles the most. The largest 

percentage differences between medians of heavy metal concentrations observed is 96%, which is the 

percentage difference observed for Zn in Unit C (Table 1). Both Table 1 and Figure 10 indicate that 

there is spatial variability in heavy metal accumulation in aquatic environments, even between 

locations only 30-m apart. This discussion indicates that there are significant benefits to obtaining 

multiple cores spatially distributed throughout the lake. The comparison between the sedimentary 

records from different locations within the aquatic system has the potential to enhance our 

understanding of the factors that may affect metal concentrations detected within sediment cores, as 

well as possible sources of certain sedimentary deposits and metals.    
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Figure 11: Sum of metal masses from all monthly collections during the 12-month monitoring period and mass 
from 12-month sediment trap (average of the analysis of triplicate samples) from Willsmere Billabong. Error 
bars represent the standard deviation of the analysis of triplicate samples of the 12-month sediment trap.  

 
Sub-sampling intervals 
Figure 12 indicates that heavy metal profiles can differ significantly based on the sub-sampling 

intervals. Coarse sampling resolutions are still able to identify general, average trends in the heavy 

metal profiles. However as the spacing between samples increase, there is a decreasing likelihood that 
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short term variations or oscillations in the heavy metal profiles will be identified. For example, when 

coarser sub-sampling intervals of 5, 10 and 15 cm are used, whilst the increase in As concentrations 

at 50-75 cm are identified, the magnitude of this increase is not shown. Furthermore, the high levels 

of As detected at 33.5 and 38.5 cm are not detected at all when sub-sampling intervals of 5, 10 and 

15 cm are used (Figure 12).  

 

Expected errors for As, Cr, Cu, Ni, Pb and Zn with sub-sampling intervals of 5, 10 and 15 cm are 

presented in Table 1. The magnitude of error expected for the metal profiles developed using linear 

interpolation between coarse sub-sampling intervals appears to vary according to the level of 

variability present in the high resolution (i.e., high precision) heavy metal profile. Where the heavy 

metal concentrations exhibit low variability, there is generally less error in the coarser resolution 

profiles. This is not surprising because if there is less short term variability in the sediments, it will be 

easier to approximate the trends using linear interpolation. Indeed, Spearman Rank Correlation 

Coefficients indicated weak correlations (ρ<0.5) between the measured 1-cm resolution heavy metal 

profiles and the coarser resolution profiles for As (10-cm and 15-cm interval profiles), Cr (10-cm and 

15-cm interval profiles) and Ni (15-cm profile). These three metals exhibit short-term fluctuations in 

Figure 12. 
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Figure 12: Heavy metal profiles with sub-sampling intervals of 1, 5, 10 and 15 cm for As, Cr, Cu, Pb, Ni, and Zn.  
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Assumption that metals in bed sediments reflect metal inputs 
Figure 13 compares the mass of modelled metal inputs (stormwater and atmospheric deposition) 

against the mass of metals settling on the sediment bed in particulate form (measured using the 

sediment traps). For all metals except Pb, the modelled stormwater metal input over 12 months is 

greater than the modelled metal input by atmospheric deposition (Figure S5 in the supplementary 

material). The model results also indicate that approximately three times more particulate matter 

enters the billabong by atmospheric deposition than stormwater. The mass of particulates found to 

be entering the billabong by atmospheric deposition (56 g/m2/year) is similar to total particle 

atmospheric deposition masses calculated for medium traffic density regions in Sydney, Australia 

(Davis and Birch, 2011). Indeed, Willsmere Billabong is situated less than 300 m from a busy freeway 

(estimated traffic load of 130,000 vehicles per day; Parris et al., 2009). Stormwater suspended solids 

concentrations had a mean of 7.5 mg/L and a standard deviation of 2.7 mg/L. Whilst this is less than 

typical TSS concentrations in stormwater of 150 mg/L (Duncan, 1999), this difference is probably due 

to the presence of a stormwater treatment wetland. Although the performance of the wetland that 

treats the stormwater draining into Willsmere Billabong has not been measured, stormwater 

treatment wetlands can have TSS removal efficiencies of up to 95% (Carleton et al., 2001). The 

similarity between the modelled data and values from literature helps to validate the assumptions 

that were used to model metal and sediment inputs by stormwater and atmospheric deposition. Metal 

concentrations identified in the field monitoring were also similar to values reported in literature, and 

these values from literature are tabulated in Table S1 and Table S2 in the supplementary material. We 

recognise however, that despite these similarities between results of the model and values found in 

literature, there still may have been errors in the sampling strategy and the modelling process. 

Particularly for stormwater as only nine stormwater grab samples were obtained.  

 

When only the particulate fractions of the metal inputs are considered, the modelled inputs are less 

than the settled particulate metal masses for most metals (Figure 13). However, when the dissolved 

metal inputs are considered in addition to the particulate metal inputs, the modelled inputs are more 

similar to the settled particulate metal masses. This suggests that a considerable amount of the 

dissolved fraction of the metals coming into billabong may be transforming into the particulate form 

and settling on the sediment bed. Transformation of metals from the dissolved to the particulate 

phase within aquatic systems can be affected by several factors such as DO and pH of the water 

column (Tessier and Campbell, 1987). Indeed, there is a positive correlation between As, Cr, Cu, Pb 

and Ni settled on the bed sediment each month and average DO (%) measured in the billabong. There 

is also a correlation between settled Zn particulate masses and average pH measured each month 

(ρ>0.5, Figure S6 in supplementary materials). Although these correlations are not statistically 
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significant (due to the limited number of data points included in the analysis) similar trends have been 

observed in other studies (e.g., Linnik and Zubenko, 2000).   

 

The modelled sediment input into the billabong was less than the actual mass of settled sediments. 

Similarly, the modelled total (particulate and dissolved fractions) input of Pb and Zn into the billabong 

was less than the actual mass of settled sediments (Figure 13). It is possible that we may have 

neglected an important source of sediments (and therefore Pb and Zn) in the analysis. One source that 

has not been quantified in the model is the transport of soils and sediments by overland runoff into 

the lake (i.e., runoff that does not enter the billabong through the stormwater drain). This may be an 

important sediment source, particularly given that during the 12-month field monitoring period, 

several construction projects (playground construction, installation of underground irrigation systems) 

were observed within the local Willsmere Billabong catchment. These construction activities would 

have inevitably resulted in the mobilization of local catchment soils and sediments, which could be 

carried into the billabong by local overland runoff (e.g., Langbein and Schumm, 1958; Wolman and 

Schick, 1967).  

 

We have also not considered the effects of sediment focussing and resuspension from the billabong 

bed in the mass balance. Sediments already deposited on the lake bed can be re-suspended by wind 

and the activity of benthic aquatic species (Carper and Bachmann, 1984; Gulati et al., 2008). Indeed, 

Verschuren (1999) has previously identified that re-suspension of sediments can affect the 

accumulation of sediments and climate proxies in lake cores. Sediments re-suspended from other 

regions of the sediment bed (and therefore not included in stormwater or atmospheric sediment 

inputs) may have settled in the sediment traps. These sediment traps were designed so that sediments 

would not be resuspended from the traps (Bloesch and Burns, 1980). Given the short fetch of 

Willsmere Billabong (less than 140 m for the first 6 months of sampling and less than 60 meters for 

the last 6 months of sampling), it is unlikely that wind action would have contributed to significant 

amounts of sediment resuspension (Carper and Bachmann, 1984). However, the presence of wildlife 

in the billabong may have contributed to sediment re-suspension (Leahy, 2007). 
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Figure 13: Mass of modelled metal and sediment inputs (stormwater discharge and atmospheric deposition) compared to the mass of settled metals and sediments 
measured in sediment traps over the 12-month monitoring period. Under modelled inputs, P represents inputs that are only in the particulate form, and P+D represents 
the total inputs (i.e., sum of particulate and dissolved inputs).  
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Figure 14 provides the relationship between the deposited mass of particulate metals and the total 

mass of metals entering the lake by atmospheric deposition and stormwater runoff for each month 

analysed in the mass balance model. Regardless of the discrepancies between modelled inputs of 

metals and the settled masses of metals, the trends in the mass of particulate metals deposited on 

the lake bed generally correlates positively to the trends in the modelled mass of metals entering the 

system by atmospheric deposition and stormwater each month. There is a strong and statistically 

significant correlation for Pb according to the Spearman Rank Correlation Coefficient (ρ=0.71, p<0.05). 

Spearman Rank Correlation Coefficients for all metals are provided in Figure S7 in the supplementary 

material. This suggests that a large fraction of the settlement of these metals on the sediment bed is 

governed by stormwater and atmospheric deposition inputs, even if there are discrepancies in the 

mass balances (Figure 13). It could therefore be inferred that the heavy metal profiles from Willsmere 

Billabong reflect the stormwater and atmospheric deposition metal fluxes into the billabong.  

 

Table 1 presents the percentage difference between the bed sediment metal masses (measured by 

sediment traps) and modelled metal masses entering Willsmere Billabong. Most metals (As, Cr, Pb, Zn) 

have statistically significant differences between the distributions of modelled metal inputs into the 

lake and the mass of metals settling on the sediment bed. This may be a statistical artefact due to the 

large difference in sample sizes used for the Kruskal-Wallis test (6 samples for the settled solids on the 

sediment bed, 100,000 samples for the modelled inputs). Regardless, it is worth noting that the 

greatest discrepancy appears to be for Pb, where the difference between medians in the settled 

masses and the metal inputs into the billabong is greater than 100%. This may be due to high input of 

Pb via overland runoff from the local catchment where historically accumulated vehicle atmospheric 

deposits may be present in the local catchment soils. Although, the percentage difference in medians 

for Cu is also greater than 100%, this is likely a product of the high variability in Cu levels entering the 

billabong through stormwater (Figure 13).  
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Figure 14: Settled particulate metal mass compared to modelled total metal mass entering Willsmere 
billabong by atmospheric deposition and stormwater each month. Error bars represent 95% confidence 
intervals.  

 

Post-depositional mobilisation 
The similarities between W2001 and W4 both in terms of their magnetic susceptibility profiles and 

their images (optical and radiographic) indicate that these two cores contain common sediment units, 

which have been labelled units A to D as shown in Figure 9. Comparing the images and magnetic 

susceptibility profiles of the two cores indicates that the top 10 cm of W4 was deposited between 

2001 (when W2001 was obtained) and 2012 (when W4 was obtained). Indeed, the age-depth model 

developed for W4 (Lintern et al., in preparation-a) suggests that 10-11 cm of W4 was deposited in 

approximately 1999.  

 

The Kruskal-Wallis test was performed to test whether the distribution of heavy metals within each 

sediment unit were equivalent in the two cores W2001 and W4. These results indicate that whilst 
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there is a high level of similarity between the heavy metal profiles from the two sediment cores, 

significant differences were observed for several heavy metals in some of the units (Figure 15). 

Although these differences were statistically significant, they are within the range of differences 

resulting from spatial variability in the heavy metal profiles (Table 1). This suggests that the percentage 

differences between W4 and W2001 heavy metal concentrations may not be a result of post-

depositional mobility. This discrepancy instead may be due to spatial variability; because although W4 

and W2001 were both taken from the same region in Willsmere Billabong (Location 2 in Figure 3), the 

two cores were not taken from the exact same point in the billabong. The percentage difference in 

medians of metal concentrations within Unit A were 3% and 12% for Cr and Pb respectively, and these 

are in a similar range as the absolute percentage difference in medians that are due to spatial 

variability (2% for Cr and 9% for Pb; Table 1). Similarly, the percentage difference in the Pb median 

levels in Unit B in W4 and W2001 is 19%, which is less than the median difference due to spatial 

variability of 47% (Table 1). Finally, for Unit D, the percentage differences for Cr (7.7%), Cu (10%) and 

Pb (4.7%) are all less than or similar to that for spatial variability (6.8% for Cr, 44% for Cu and 35% for 

Pb; Table 1). Indeed, visual inspection of the high resolution metal profiles of W2001 and W4 suggests 

that the metal trends of the two cores are quite similar (Figure S8 in the supplementary material). 

 

We have also investigated the question of whether there is diagenetic loss of heavy metals from bed 

surface sediments, using the observations from monitoring of heavy metal deposition in Willsmere 

Billabong over a 12-month period. Figure 11 shows that the cumulative sum over the 12-month 

monitoring period of the particulate metals masses collected in the one month traps are similar to the 

mass of particulate metals continuously deposited in a sediment trap over a 12-month period for most 

metals. This resemblance suggests that for most metals, there is relatively little diagenetic loss of 

metals from surface bed sediments over a one year period. However, Pb does not follow this pattern, 

with the mass of Pb accumulated continuously over a 12-month period being greater than the 

cumulative sum of Pb masses settled each month. This may be an indication that over time, Pb is being 

scavenged from the dissolved state and bound to the particulate phase. This process has been 

identified in other aquatic systems (e.g., Gallon et al., 2004).  
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Figure 15: Heavy metal concentrations in sediment units in W2001 and W4. Unit A: Homogeneous lake clay, Unit B: Organic laminations, Unit C: inorganic laminations 
and yellow lake clay, Unit D: thick laminations. Asterisk (*) denotes units where there is a statistically significant difference (p<0.05) between distributions of metals in 
W2001 and W4 according to the Kruskal-Wallis Test (p<0.05).    

* * * * * 

* * 
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CONCLUSIONS 
We presented a framework that summarizes the uncertainties inherent in reconstructing historical 

heavy metal pollution trends using sediment cores. First, we have found that micro-XRF core scanning 

can provide accurate measures of heavy metal concentrations in sediments, and are comparable to 

ICP-MS results once the appropriate corrections for moisture content are applied to ensure both 

measurement methods are in consistent units (concentrations in dry weight or in bulk weight). 

Secondly, whilst general trends in heavy metal profiles may not be affected by spatial variability, 

statistical tests show that there can be considerable spatial variability in high resolution heavy metal 

profiles through aquatic systems, even when the sediment cores are taken merely 30 m apart from 

each other. Thirdly, although short-term fluctuations in the heavy metal profiles are lost, overall 

trends in heavy metals can still be identified when coarse (e.g., 15 cm) sub-sampling intervals are 

implemented. 

 

A mass balance model has shown that stormwater and atmospheric metal inputs appear to account 

for the mass of particulate metals that settle on the bed sediment for As, Cr, Cu and Ni. There is a 

discrepancy between the inputs and settled masses for Pb and Zn. This may be due to an additional 

source of Pb and Zn such as overland runoff which was not included in the mass balance model, or 

possibly due to limitations in sampling and modelling strategies. Regardless of this discrepancy, it was 

found that the variability in particulate Pb and Zn masses accumulated in the sediment traps generally 

correlate with modelled Pb and Zn inputs (by stormwater and atmospheric deposition) each month. 

Finally, there is minimal post-depositional mobilisation and loss of metals occurring in the sediment 

cores. This was identified by the similarity (both visually and statistically) between two sediment cores 

taken in the same location 10 years apart, and also using data collected during a 12-month study 

monitoring study of Willsmere Billabong. 

 

The magnitude of uncertainties and the primary sources of these uncertainties differ depending on 

the heavy metal. For As, the greatest uncertainty appears to be associated with sub-sampling. 

However, it should be noted that for As, uncertainties in spatial variability and analytical methods 

could not be evaluated due to the fact that it could not be detected in the ITRAX micro-XRF core 

scanner. For Cr, Cu, Ni, Pb and Zn, the greatest uncertainty appears to be the assumption that metal 

inputs into the billabong are adequately represented by the accumulation of metals in bed sediments. 

For Pb and Zn, spatial variability of heavy metal profiles can also lead to large uncertainties in 

Willsmere Billabong.  Understanding the main sources of uncertainty of different metals, enables us 

to better plan sampling and analytical methods in future studies, so as to obtain accurate heavy metal 

profiles for the heavy metals that are of greatest interest. 
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Through this investigation, we have demonstrated that despite the many uncertainties and 

assumptions, sediment cores can provide us with relatively reliable information about historical trends 

in metal pollution in a small aquatic system. However, we emphasize that the uncertainties quantified 

in this study are relevant to Willsmere Billabong. We recommend that this uncertainty framework be 

applied to other aquatic systems with varying characteristics (e.g. climatic conditions, ecologies, 

catchment characteristics and physico-chemical properties of both the water column and bed 

sediments), to validate that these findings hold for other aquatic systems. Although there is still 

further work required in understanding and quantifying the uncertainties, this study indicates that 

there is great potential for the historical heavy metal pollution records of aquatic systems obtained 

from sedimentary records to be practically applied in the field of environmental engineering, to guide 

the design of management and restoration strategies for aquatic environments. 

 

ACKNOWLEDGEMENTS 
The authors would like to thank Richard Williamson, Dr Christy Briles, Peter Kolotelo, Anthony 

Brosinsky, Nicholas Walsh, Jonathan Tyler, Dr Ursula Pietrzak and Shaohua Yu for their assistance with 

field and laboratory work. Dr Peter Bach assisted in the creation of Figure 2. Lachlan Johnson of 

Manningham City Council and Brad Curtis and Peter Tucker of Boroondara City Council provided access 

to the field sites. Dusan Jovanovic, Peter Kolotelo and Jeddah Breman provided invaluable assistance 

in the development of the mass balance model. This research has been supported by the 2013 Monash 

University Faculty of Engineering Seed Funding Scheme, the Monash-ANSTO collaboration fund and 

an AINSE Post-Graduate Research Award.  

 

REFERENCES 

Appleby, P. G. (2001) ‘Chronostratigraphic techniques in recent sediments’, in Last, W. M. and Smol, J. P. (eds) 
Tracking environmental change using lake sediments Volume 1: Basin analysis, coring and chronological 
techniques. Dordrecht: Kluwer Academic Publishers, pp. 171–203. 

Bábek, O., Faměra, M., Hilscherová, K., Kalvoda, J., Dobrovolný, P., Sedláček, J., Machát, J. and Holoubek, I. 
(2011) ‘Geochemical traces of flood layers in the fluvial sedimentary archive; implications for contamination 
history analyses’, CATENA, 87(2), pp. 281–290. 

Barnekow, L., Possnert, G. and Sandgren, P. (1998) ‘AMS 14C chronologies of Holocene lake sediments in the 
Abisko area, northern Sweden – a comparison between dated bulk sediment and macrofossil samples’, GFF, 
120(1), pp. 59–67. 

Bennion, H., Battarbee, R., Sayer, C., Simpson, G. and Davidson, T. (2011) ‘Defining reference conditions and 
restoration targets for lake ecosystems using palaeolimnology: a synthesis’, Journal of Paleolimnology, 45(4), 
pp. 533–544. 



Chapter 6: Assessing the uncertainties 

187 

 

van den Berg, G. A., Gustav Loch, J. P., van der Heijdt, L. M. and Zwolsman, J. J. G. (1999) ‘Mobilisation of 
Heavy Metals in Contaminated Sediments in the River Meuse, The Netherlands’, Water, Air and Soil Pollution, 
116(3-4), pp. 567–586. 

Bindler, R., Rydberg, J. and Renberg, I. (2011) ‘Establishing natural sediment reference conditions for metals 
and the legacy of long-range and local pollution on lakes in Europe’, Journal of Paleolimnology, 45(4), pp. 519–
531. 

Binford, M. (1990) ‘Calculation and uncertainty analysis of 210Pb dates for PIRLA project lake sediment cores’, 
Journal of Paleolimnology, 3(3), pp. 253–267. 

Bjorck, S. and Wohlfarth, B. (2002) ‘14C Chronostratigraphic techniques in paleolimnology’, in Last, W. M. and 
Smol, J. P. (eds) Tracking environmental change using lake sediments. Dordrecht: Springer, pp. 205–246. 

Blaauw, M. and Heegaard, E. (2012) ‘Estimation of age-depth relationships’, in Birks, H. J. B., Lotter, A., Juggins, 
S., and Smol, J. P. (eds) Tracking Environmental Change Using Lake Sediments: Volume 5: Data Handling and 
Numerical Techniques. Dordrecht: Springer, pp. 379–414. 

Bloesch, J. and Burns, N. M. (1980) ‘A critical review of sedimentation trap technique’, Schweizerische 
Zeitschrift für Hydrologie, 42(1), pp. 15–55. 

Böning, P., Bard, E. and Rose, J. (2007) ‘Toward direct, micron-scale XRF elemental maps and quantitative 
profiles of wet marine sediments’, Geochemistry, Geophysics, Geosystems, 8(5), p. Q05004. 

Boyle, J. (2001a) ‘Inorganic geochemcial methods in palaeolimnology’, in Last, W. M. and Smol, J. P. (eds) 
Tracking environmental change using lake sediments Volume 2: Physical and geochemical methods. Dordrecht: 
Kluwer Academic Publishers, pp. 83–141. 

Boyle, J. (2001b) ‘Redox remobilization and the heavy metal record in lake sediments: a modelling approach’, 
Journal of Paleolimnology, 26(4), pp. 423–431. 

Boyle, J., Mackay, A. W., Rose, N. L., Flower, R. J. and Appleby, P. G. (1998) ‘Sediment heavy metal record in 
Lake Baikal: natural and antrhopogenic sources’, Journal of Paleolimnology, 20(2), pp. 135–150. 

Brown, S. L., Bierman, P. R., Lini, A. and Southon, J. (2000) ‘10 000 yr record of extreme hydrologic events’, 
Geology, 28(4), pp. 335–338. 

Carleton, J. N., Grizzard, T. J., Godrej, A. N. and Post, H. E. (2001) ‘Factors affecting the performance of 
stormwater treatment wetlands’, Water Research, 35(6), pp. 1552–1562. 

Carper, G. L. and Bachmann, R. W. (1984) ‘Wind Resuspension of Sediments in a Prairie Lake’, Canadian 
Journal of Fisheries and Aquatic Sciences, 41(12), pp. 1763–1767. 

Croudace, I. W., Rindby, A. and Rothwell, R. G. (2006) ‘ITRAX: description and evaluation of a new multi-
function X-ray core scanner’, Geological Society, London, Special Publications, 267(1), pp. 51–63. 

Croudace, I. W. and Rothwell, R. G. (2015) Micro-XRF studies of sediment cores. Dordrecht: Springer 
Netherlands. 

Davis, B. and Birch, G. (2011) ‘Spatial Distribution of Bulk Atmospheric Deposition of Heavy Metals in 
Metropolitan Sydney, Australia’, Water, Air, & Soil Pollution, 214(1-4), pp. 147–162. 

Duncan, H. (1999) Urban stormwater quality: a statistical overview. Melbourne: Cooperative Research Centre 
for Catchment Hydrology. 

Foster, I. D. L. and Charlesworth, S. M. (1996) ‘Heavy metals in the hydrological cycle: Trends and explanation’, 
Hydrological Processes, 10(2), pp. 227–261. 



Chapter 6: Assessing the uncertainties 

188 

  

Gallon, C., Tessier, A., Gobeil, C. and Alfaro-De La Torre, M. C. (2004) ‘Modeling diagenesis of lead in sediments 
of a Canadian Shield lake’, Geochimica et Cosmochimica Acta, 68(17), pp. 3531–3545. 

Gulati, R. D., Dionisio Pires, L. M. and Van Donk, E. (2008) ‘Lake restoration studies: Failures, bottlenecks and 
prospects of new ecotechnological measures’, Limnologica - Ecology and Management of Inland Waters, 38(3–
4), pp. 233–247. 

Haschke, M. (2006) ‘The Eagle III BKA system, a novel sediment core X-ray fluorescence analyser with very high 
spatial resolution’, Geological Society, London, Special Publications , 267 (1 ), pp. 31–37. 

Hudson-Edwards, K. A., Macklin, M. G., Curtis, C. D. and Vaughan, D. J. (1998) ‘Chemical remobilization of 
contaminant metals within floodplain sediments in an incising river system: implications for dating and 
chemostratigraphy’, Earth Surface Processes and Landforms, 23(8), pp. 671–684. 

Jouve, G., Francus, P., Lamoureux, S., Provencher-Nolet, L., Hahn, A., Haberzettl, T., Fortin, D. and Nuttin, L. 
(2013) ‘Microsedimentological characterization using image analysis and μ-XRF as indicators of sedimentary 
processes and climate changes during Lateglacial at Laguna Potrok Aike, Santa Cruz, Argentina’, Quaternary 
Science Reviews, 71, pp. 191–204. 

Kido, Y., Koshikawa, T. and Tada, R. (2006) ‘Rapid and quantitative major element analysis method for wet 
fine-grained sediments using an XRF microscanner’, Marine Geology, 229(3–4), pp. 209–225. 

Langbein, W. B. and Schumm, S. A. (1958) ‘Yield of sediment in relation to mean annual precipitation’, Eos, 
Transactions American Geophysical Union, 39(6), pp. 1076–1084. 

Last, W. (1990) ‘Paleochemistry and paleohydrology of Ceylon Lake, a salt-dominated playa basin in the 
northern Great Plains, Canada’, Journal of Paleolimnology, 4(3), pp. 219–238. 

Leahy, P. J. (2007) The palaeolimnology and current status of Yarra River Billabongs (Melbourne, Victoria, 
Australia). PhD thesis, School of Geography and Environmental Science, Monash University: Clayton, Australia. 

Linnik, P. M. and Zubenko, I. B. (2000) ‘Role of bottom sediments in the secondary pollution of aquatic 
environments by heavy-metal compounds’, Lakes & Reservoirs: Research & Management, 5(1), pp. 11–21. 

Livingstone, D. A. (1955) ‘A Lightweight Piston Sampler for Lake Deposits’, Ecology, 36(1), pp. 137–139. 

Lockhart, W. L., Macdonald, R. W., Outridge, P. M., Wilkinson, P., DeLaronde, J. B. and Rudd, J. W. M. (2000) 
‘Tests of the fidelity of lake sediment core records of mercury deposition to known histories of mercury 
contamination’, Science of The Total Environment, 260(1–3), pp. 171–180. 

Löwemark, L., Chen, H. F., Yang, T. N., Kylander, M., Yu, E. F., Hsu, Y. W., Lee, T. Q., Song, S. R. and Jarvis, S. 
(2011) ‘Normalizing XRF-scanner data: A cautionary note on the interpretation of high-resolution records from 
organic-rich lakes’, Journal of Asian Earth Sciences, 40(6), pp. 1250–1256. 

Maher, L. J., Heiri, O. and Lotter, A. F. (2012) ‘Assessment of uncertainties associated with paleolimnological 
laboratory methods and microfosssil analysis’, in Birks, H. J. B., Lotter, A., Juggins, S., and Smol, J. P. (eds) 
Tracking Environmental Change Using Lake Sediments: Volume 5: Data Handling and Numerical Techniques. 
Dordrecht: Springer, pp. 143–166. 

Martin, L., Mooney, S. and Goff, J. (2014) ‘Coastal wetlands reveal a non-synchronous island response to sea-
level change and a palaeostorm record from 5.5 kyr to present’, The Holocene, 24(5), pp. 569–580. 

Menounou, N. and Presley, B. J. (2003) ‘Mercury and Other Trace Elements in Sediment Cores from Central 
Texas Lakes’, Archives of Environmental Contamination and Toxicology, 45(1), pp. 11–29. 

Miller, H., Croudace, I. W., Bull, J. M., Cotterill, C. J., Dix, J. K. and Taylor, R. N. (2014) ‘A 500 Year Sediment 
Lake Record of Anthropogenic and Natural Inputs to Windermere (English Lake District) Using Double-Spike 



Chapter 6: Assessing the uncertainties 

189 

 

Lead Isotopes, Radiochronology, and Sediment Microanalysis’, Environmental Science & Technology, 48(13), 
pp. 7254–7263. 

Moglia, M., Tjandraatmadja, G., Delbridge, N., Gulizia, E., Sharma, A., Butler, R. and Gan, K. (2014) Survey of 
savings and conditions of rainwater tanks. Melbourne, Australia: Clearwater. 

Moor, C., Lymberopoulou, T. and Dietrich, V. J. (2001) ‘Determination of Heavy Metals in Soils, Sediments and 
Geological Materials by ICP-AES and ICP-MS’, Microchimica Acta, 136(3-4), pp. 123–128. 

Moy, C. M., Seltzer, G. O., Rodbell, D. T. and Anderson, D. M. (2002) ‘Variability of El Nino/Southern Oscillation 
activity at millennial timescales during the Holocene epoch’, Nature, 420(6912), pp. 162–165. 

Neale, J. L. and Walker, D. (1996) ‘Sampling sediment under warm deep water’, Quaternary Science Reviews, 
15(5–6), pp. 581–590. 

Parris, K. M., Velik-Lord, M. and North, J. M. A. (2009) ‘Frogs call at a higher pitch in traffic noise’, Ecology and 
Society, 14(1), p. 25. 

Pestman, W. R. (2009) ‘Chapter VI. Non-parametric methods’, Mathematical Statistics. Berlin, Boston: De 
Gruyter. 

Poto, L., Gabrieli, J., Crowhurst, S., Agostinelli, C., Spolaor, A., Cairns, W. L., Cozzi, G. and Barbante, C. (2014) 
‘Cross calibration between XRF and ICP-MS for high spatial resolution analysis of ombrotrophic peat cores for 
palaeoclimatic studies’, Analytical and Bioanalytical Chemistry, pp. 1–7. 

Proske, U., Heijnis, H. and Gadd, P. (2014) ‘Using X-ray fluorescence core scanning to assess acid sulfate soils’, 
Soil Research, pp. 760–768. 

Pyle, S. M., Nocerino, J. M., Deming, S. N., Palasota, J. A., Palasota, J. M., Miller, E. L., Hillman, D. C., Kuharic, C. 
A., Cole, W. H., Fitzpatrick, P. M., Watson, M. A. and Nichols, K. D. (1996) ‘Comparison of AAS, ICP-AES, PSA, 
and XRF in Determining Lead and Cadmium in Soil’, Environmental Science & Technology, 30(1), pp. 204–213. 

Roy, A. H. and Shuster, W. D. (2009) ‘Assessing Impervious Surface Connectivity and Applications for 
Watershed Management1’, JAWRA Journal of the American Water Resources Association, 45(1), pp. 198–209. 

Ruiz-Fernandez, A. C., Paez-Osuna, F., Urrutia-Fucugauchi, J., Preda, M. and Rehault, I. (2004) ‘Historical trace 
metal fluxes in the Mexico City Metropolitan Zone as evidenced by a sedimentary record from the Espejo de 
los Lirios lake’, Journal of Environmental Monitoring, 6(5), pp. 473–480. 

Rydberg, J. and Martinez-Cortizas, A. (2014) ‘Geochemical assessment of an annually laminated lake sediment 
record from northern Sweden: a multi-core, multi-element approach’, Journal of Paleolimnology, 51(4), pp. 
499–514. 

Sakata, M. (1985) ‘Diagenetic remobilization of manganese, iron, copper and lead in anoxic sediment of a 
freshwater pond’, Water Research, 19(8), pp. 1033–1038. 

Schillereff, D. N., Chiverrell, R. C., Macdonald, N. and Hooke, J. M. (2014) ‘Flood stratigraphies in lake 
sediments: A review’, Earth-Science Reviews, 135(0), pp. 17–37. 

Smol, J. P., Birks, H. J. B., Lotter, A. F. and Juggins, S. (2012) ‘The march towards the quantitative analysis of 
palaeolimnological data’, in Birks, H. J. B., Lotter, A., Juggins, S., and Smol, J. P. (eds) Tracking Environmental 
Change Using Lake Sediments: Volume 5: Data Handling and Numerical Techniques. Dordrecht: Springer, pp. 
3–18. 

Spencer, K. L., Cundy, A. B. and Croudace, I. W. (2003) ‘Heavy metal distribution and early-diagenesis in salt 
marsh sediments from the Medway Estuary, Kent, UK’, Estuarine, Coastal and Shelf Science, 57(1–2), pp. 43–
54. 



Chapter 6: Assessing the uncertainties 

190 

  

Standards Australia (2003) Methods for sampling and analysis of ambient air - Determination of particulate 
matter - Deposited matter - Gravimetric Method, AS/NZS 3580.10.1-2003. Available at Australian Standards. 

Telford, R. J., Heegaard, E. and Birks, H. J. B. (2004) ‘All age–depth models are wrong: but how badly?’, 
Quaternary Science Reviews, 23(1–2), pp. 1–5. 

Tessier, A. and Campbell, P. G. C. (1987) ‘Partitioning of trace metals in sediments: Relationships with 
bioavailability’, Hydrobiologia, 149(1), pp. 43–52. 

Thompson, R., Bloemendal, J., Dearing, J. A., Oldfield, F., Rummery, T. A., Stober, J. C. and Turner, G. M. (1980) 
‘Environmental Applications of Magnetic Measurements’, Science, 207(4430), pp. 481–486. 

Turney, C. S. M., Flannery, T. F., Roberts, R. G., Reid, C., Fifield, L. K., Higham, T. F. G., Jacobs, Z., Kemp, N., 
Colhoun, E. A., Kalin, R. M. and Ogle, N. (2008) ‘Late-surviving megafauna in Tasmania, Australia, implicate 
human involvement in their extinction’, PNAS, 105(34), pp. 12150–12153. 

US EPA (2007) SW-846 Test Methods. Available at http://www.epa.gov/osw/hazard/testmethods/sw846/, 
accessed 27 March 2013. 

Vane, C. H., Chenery, S. R., Harrison, I., Kim, A. W., Moss-Hayes, V. and Jones, D. G. (2011) ‘Chemical signatures 
of the Anthropocene in the Clyde estuary, UK: sediment-hosted Pb, 207/206Pb, total petroleum hydrocarbon, 
polyaromatic hydrocarbon and polychlorinated biphenyl pollution records’, Philosophical Transactions of the 
Royal Society A: Mathematical, Physical and Engineering Sciences, 369(1938), pp. 1085–1111. 

Verschuren, D. (1999) ‘Sedimentation controls on the preservation and time resolution of climate-proxy 
records from shallow fluctuating lakes’, Quaternary Science Reviews, 18(6), pp. 821–837. 

Vic SES (2012) Manningham City Countil Flood Emergency Plan: A sub-plan of the municipal emergency 
management plan. Melbourne, Australia: City of Manningham. 

Vic SES (2013) Boroondara City Council Flood Emergency Plan: A sub-plan of the municipal emergency 
management plan. Melbourne, Australia: City of Boroondara. 

Walker, M. (2012) ‘Dating environmental change and constructing chronologies’, in Matthews, J. A., Bartlein, 
P., Briffa, K. R., Dawson, A. G., De Vernal, A., Denham, T., Fritz, S. C., and Oldfield, F. (eds) The SAGE handbook 
of environmental change. Volume 1: approaches, evidence and causes. London: SAGE Publications. 

Weltje, G. J. and Tjallingii, R. (2008) ‘Calibration of XRF core scanners for quantitative geochemical logging of 
sediment cores: Theory and application’, Earth and Planetary Science Letters, 274(3–4), pp. 423–438. 

Wildi, W., Dominik, J., Loizeau, J.-L., Thomas, R. L., Favarger, P.-Y., Haller, L., Perroud, A. and Peytremann, C. 
(2004) ‘River, reservoir and lake sediment contamination by heavy metals downstream from urban areas of 
Switzerland’, Lakes & Reservoirs: Research and Management, 9(1), pp. 75–87. 

Winter, L. T., Foster, I. D. L., Charlesworth, S. M. and Lees, J. A. (2001) ‘Floodplain lakes as sinks for sediment-
associated contaminants — a new source of proxy hydrological data?’, Science of The Total Environment, 
266(1–3), pp. 187–194. 

Wolman, M. G. and Schick, A. P. (1967) ‘Effects of construction on fluvial sediment, urban and suburban areas 
of Maryland’, Water Resources Research, 3(2), pp. 451–464.  

 

 



Chapter 6: Assessing the uncertainties 

191 

 

6.3 Discussion 

6.3.1 Uncertainties associated with reconstructing historical heavy metal pollution trends 

in aquatic systems using bed sediment cores 

An uncertainty framework was proposed in this chapter, which summarizes the uncertainties 

associated with reconstructing historical heavy metal pollution trends using sediment cores. This 

framework contained four types of uncertainties: (1) uncertainties in creating heavy metal depth 

profiles using sediment cores (including sampling and analytical uncertainties), (2) uncertainties in 

dating these heavy metal depth profiles, (3) uncertainties in the assumption that heavy metal inputs 

are reflected by heavy metals in the bed sediments and (4) uncertainties due to post-depositional 

changes to metals in sediment cores. The uncertainties associated with building sediment 

chronologies was not discussed in this chapter.  

 

It was demonstrated that it is important to consider that micro-XRF heavy metal abundances 

represent heavy metal concentrations in terms of bulk sediment, and that ICP-MS heavy metal 

concentrations are generally in terms of dry sediment. If either the micro-XRF data or ICP-MS data are 

adjusted to account for this difference, micro-XRF and ICP-MS heavy metal profiles correlate positively 

(ρ>0.3). As such, these two methods can be used interchangeably when identifying heavy metal 

abundances in sediment cores. It was also found that heavy metal profiles developed using coarse 

sub-sampling intervals tend to decrease in accuracy for heavy metals that have short term fluctuations 

through the sediment core. In fact, this was the greatest source of uncertainty in the development of 

undated As pollution trends. We also found that there can be quite large uncertainties associated with 

spatial variability, particularly for Zn, where the percentage difference in median heavy metal 

concentrations in the profiles is 58% and the percentage difference in the spread of heavy metal 

concentrations is 105%. The greatest source of uncertainty in the development of Cr, Cu, Ni and Pb 

pollution trends was the assumption that metal levels deposited on the bed sediments reflect trends 

in metal inputs.  

 

6.3.2 Effect of post-depositional mobilisation of contaminants on interpretations of 

sediment core heavy metal profiles 

The occurrence of post-depositional mobilisation of heavy metals in sediment cores was assessed 

using two sediment cores taken approximately 10 years apart in Willsmere Billabong, and also using 

results obtained from monitoring the heavy metals settling in Willsmere Billabong over a 12 month 

period. Comparison of the two cores taken 10 years apart (both visually and statistically) indicated 

that post-depositional mobilisation has a relatively small role to play in the overall uncertainty 
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framework. Although some metals (e.g., Pb) showed statistically significant differences in heavy metal 

concentrations between the two cores, this may be due to spatial variability, which generally has 

larger magnitudes of uncertainty than post-depositional mobilisation. There was also little difference 

between the cumulative sum of metals settled each month in sediment traps deployed in Willsmere 

Billabong and the continuous deposition of metals in a sediment trap over a 12-month period. This 

suggests that post-depositional mobilization of heavy metals in both the bed surface and deeper in 

bed sediment, has minimal effect on the interpretation of sediment core heavy metal profiles.  

 

6.3.3 Correlation between contaminant levels in the bed sediments of aquatic systems and 

the pollution state of the aquatic system 

To assess whether contaminant levels in bed sediments reflect the pollution state of aquatic systems, 

the metal masses accumulated on the bed of Willsmere Billabong (measured using sediment traps) 

were compared to modelled metal inputs (stormwater and atmospheric deposition) of Willsmere 

Billabong. The results of this mass balance indicate that over a 12-month period, the modelled levels 

of As, Cr, Cu and Ni entering Willsmere Billabong by stormwater and atmospheric deposition are 

equivalent to the mass of these metals being deposited on the sediment bed of the billabong. However, 

it appears that modelled Pb and Zn inputs are less than the masses of these metals deposited on the 

billabong sediment bed. This may be due to the fact that one or more sources of metals (e.g., overland 

runoff) were not considered in the mass balance. Regardless of this discrepancy, there was a 

correlation between the mass of metals coming into the billabong (by stormwater and atmospheric 

deposition) each month and the mass of metals being deposited on the billabong sediment bed in that 

same month. This suggests that the heavy metal levels in bed sediments of Willsmere Billabong reflect 

the pollution of aquatic systems caused by stormwater and atmospheric deposition.  
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6.4 Conclusion 

In summary, this chapter presented: 

 a framework that summarises the uncertainties associated with creating historical pollution 

records from sediment cores; 

 that there can be large differences in the heavy metal profiles based on where in the billabong 

the sediment cores were obtained; 

 that there can be errors in the heavy metal profiles if coarser sub-sampling intervals are used 

particularly when there are short-term fluctuations in the heavy metal profiles;  

 that post-depositional mobilisation of heavy metals does not appear to affect the 

interpretation of sediment core heavy metal profiles; and  

 that heavy metal levels in bed sediments appear to vary according to the amount of heavy 

metals from stormwater and atmospheric deposition entering the aquatic environment.  
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7.1  Introduction 

In the literature review (Chapter 2), it was identified that not many studies have used sediment cores 

to understand how fluvial flooding contributes to the heavy metal pollution of billabongs. Furthermore, 

the relationship between the concentration of heavy metals deposited in billabongs, and river flow 

characteristics have not yet been quantified using sediment cores.  

This chapter focuses on research objective 4 and its associated research question 8:  

Research objective 4: To use sediment cores to identify the contaminant levels in flood-

deposited sediments in the Yarra River billabongs. 

 Research question 8: What is the level of contaminants contained in fluvial flood 

deposits and how do they compare to contaminant levels in sediments not deposited 

by floods within the sediment cores of the Yarra River billabongs? 

The primary component of this chapter (Section 7.2) is a paper currently under internal review for 

submission to Water Research. This paper, titled “Recreating historical data from sediment cores; to 

protect aquatic environments” is cited as Lintern et al., (in preparation-c) throughout the thesis. The 

supplementary material accompanying the paper is provided in Appendix A.5. The paper is followed 

by the development and presentation of functions that relate river flow characteristics to heavy metal 

concentrations in billabong sediment deposits (Section 7.3). The chapter finishes with a short 

discussion and conclusion that summarises the main findings of this chapter (Section 7.4 and 7.5). 

 

 

 

 

 

 

 

 



Chapter 7: Fluvial floods and pollution 

 

197 

 

7.2  Recreating historical data from sediment cores; to protect aquatic 

environments 

 

RECREATING HISTORICAL DATA FROM SEDIMENT CORES; TO PROTECT 

AQUATIC ENVIRONMENTS 

 

Anna LINTERN1*, Paul J. LEAHY2, Atun ZAWADZKI3, Patricia GADD3, Henk HEIJNIS3, Ana DELETIC1,4, 
David T. MCCARTHY1,4 
 
1Monash Water for Liveability, Department of Civil Engineering, Monash University, Clayton, 3800, 
Victoria, Australia 
2 EPA Victoria, Applied Sciences Group, Ernest Jones Drive, Macleod, Victoria, 3085, Australia 
3 Institute for Environmental Research, Australian Nuclear Science and Technology Organisation, New 
Illawarra Road, Lucas Heights, New South Wales 2234, Australia 
4Environmental and Public Health Microbiology Laboratory (EPHM Lab), Monash University, Clayton, 
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*Corresponding author’s e-mail: anna.lintern@monash.edu 
 

ABSTRACT 
To design mitigation and restoration strategies for aquatic systems affected by heavy metal 

contamination, we should pinpoint the site-specific sources of these pollutants. In this study, we 

introduce a methodology that identifies the dominant sources and transport pathways of heavy metal 

contamination of water-bodies. This is done by comparing sediment core heavy metal profiles (i.e., 

historical pollution trends) to physical and chemical properties of sediments in these cores (i.e., 

historical hydrologic trends). This methodology is applied to Willsmere and Bolin Billabongs, two urban 

floodplain lakes (billabongs) of the Yarra River (South-East Australia). Both billabongs are periodically 

inundated by flooding of the Yarra River and one billabong (Willsmere Billabong) is connected to an 

urban stormwater drainage network. 1 to 2-m long sediment cores (containing sediment deposits up 

to 500 years old) were taken from the billabongs and analysed for heavy metal concentrations 

(arsenic, chromium, copper, lead, nickel, zinc). In cores from both billabongs, arsenic concentrations 

are high in the flood-borne sediments, suggesting that historically, arsenic pollution in the billabongs 

came from the river. The river also appears to be the main source of chromium for both billabongs, 

possibly due to naturally high chromium levels in soils in the upper regions of the Yarra River 

catchment. In Bolin Billabong copper, lead and zinc levels tend to be higher in flood-deposited 

sediments compared to other types of sediment deposits after the 1950s, suggesting that the river is 

the main source of these metals. In the same period in Willsmere Billabong, copper, lead and zinc 

levels were generally lower in fluvial flood-borne sediments in the core, suggesting that the main 
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source of these metals is the local billabong catchment, likely urban stormwater. There was no clear 

correlation between Ni concentrations in sediments of the two billabongs and the occurrence of fluvial 

flooding. The methodology presented in this study can be applied to other polluted aquatic systems, 

to identify the main factors governing contamination of these systems. As a cost effective and less 

time consuming alternative to extensive field monitoring, our proposed method is an additional tool 

that can be used by engineers and environmental scientists trying to manage the pollution of aquatic 

systems.   

 

KEYWORDS 
Flood pollutants, heavy metals, micro-XRF, mitigation, stormwater, surface water quality 

 

INTRODUCTION 

Heavy metal contamination of aquatic environments is a growing problem (Kivaisi, 2001). Due to the 

threat to human health and species biodiversity, there is a need for strategies that can prevent and 

remediate heavy metal pollution in aquatic environments. The development of successful strategies 

requires: (1) accurate identification of pollutant sources and their magnitudes, thereby allowing 

efficient and focused mitigation efforts and (2) a sound understanding of the effectiveness of pollution 

mitigation methods (ANZECC/ARMCANZ, 2000). Accordingly, an understanding of long-term pollution 

trends is invaluable (Saunders and Taffs, 2009; Seddon et al., 2014). A time series of metal deposition 

in aquatic environments that spans 50 to 100 years can be used to identify when water quality 

degradation (or improvement) occurred, and thereby infer the main causes of these fluctuations. 

Despite the importance of understanding long-term heavy metal contamination trends, water quality 

data spanning many decades is not available for most aquatic systems (Alexander et al., 1998). On-

going field monitoring should also be used to build these datasets but this is a costly and time 

consuming undertaking.  

 

This paucity in data could be overcome by using sediment cores from the beds of aquatic 

environments. Indeed, previous works have reconstructed historical pollution records using dated 

sediment cores (e.g., Ruiz-Fernandez et al., 2002; Townsend and Seen, 2012; Vane et al., 2011). 

However when investigating the factors governing historical pollution trends in aquatic systems, it is 

important to also consider concurrent trends in the system’s hydrology. These hydrologic trends can 

reveal the source and transport pathways of contaminants. For example, by comparing contaminant 

levels in discrete fluvial flood deposits and in discrete local runoff deposits, we can better understand 

how fluvial floods and local runoff contribute to the contamination of an aquatic system. This 

understanding will allow us to identify the most critical pollutant sources and thereby focus our 
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mitigation efforts. It will also enable us to identify the quality of flood-deposited sediments and 

thereby prepare appropriate risk management strategies.  

 

To our knowledge, five studies (Bábek et al., 2011; Chen et al., 2015; Daessle et al., 2009; Ferrand et 

al., 2012; Nguyen et al., 2009; Thevenon et al., 2013) have identified pollutant sources in aquatic 

systems using historical hydrologic trends determined using sediment cores. However, further 

exploration of this methodology is required. Chen et al. (2015), Ferrand et al., (2012) and Thevenon 

et al. (2013) investigate the overall relationship between hydrologic change and pollution levels, 

rather than identifying pollution levels in discrete sediment layers (e.g., from floods). Bábek et al. 

(2011), Nguyen et al. (2009) and Daessle et al. (2009) identified discrete flood deposits in floodplain 

lake sediments and identified the pollutant levels in these deposits. However their findings are 

somewhat uncertain as the occurrence of these flood layers in the cores were not verified using 

observed flow data. As such, there is a need to refine this methodology to demonstrate that it can be 

used for the management of polluted aquatic environments. 

 

The main aim of this study is to demonstrate that we can use sediment cores to help us mitigate the 

heavy metal contamination of aquatic environments. Two urban floodplain lakes (billabongs), 

Willsmere and Bolin Billabong, in the Yarra River catchment in South-East Australia are used as case 

studies. We identify the long-term high resolution heavy metal pollution trends in these billabongs. 

These are then compared to both overall (or average) historical trends in hydrology and high 

resolution trends in hydrology (i.e., the occurrence of discrete flood deposits in the cores). These 

trends and flood deposits were previously identified and verified using flow data in Lintern et al. (in 

preparation-a). The heavy metal profiles from Willsmere and Bolin Billabong have been previously 

explained in Lintern et al. (2015) and Lintern et al. (submitted). In this study, some of the findings from 

these previous works will be verified using an understanding of the hydrologic trends of the billabongs. 

In addition, the focus will be on comparing the profiles from the two billabongs, to help explain the 

specific pollution sources and transport pathways. The analysis presented here will not only allow us 

to identify the sources and transport pathways of the pollutants into the two billabongs but will also 

further our understanding about the relative importance of fluvial flooding on the heavy metal 

contamination of these two billabongs. The work also will provide an insight into the contamination 

levels in overbank flood-borne sediment deposits. We envisage that the methodology used in this 

study could be applied to other aquatic environments when designing site-specific, water quality 

management programs. 
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MATERIALS AND METHODS 

Study site 

As shown in Figure 1, the Yarra River catchment (Victoria, Australia) is approximately 4000 km2 in area 

and contains both urban and non-urban (agricultural and forested) areas. Two billabongs of this river, 

Bolin Billabong and Willsmere Billabong, are the focus of this study. Both are relatively small systems, 

with bank-full areas of 3.4 ha for Bolin Billabong, and 1.9 ha for Willsmere Billabong (Leahy, 2007). 

They receive water from their local catchments (15 ha for both billabongs) by overland runoff and 

from the greater Yarra River catchment through overbank flows of the Yarra River (Leahy, 2007). 

Minor flood levels at Bolin Billabong and Willsmere Billabong are approximately 6 m and 3 m 

Australian Height Datum (AHD) (Vic SES, 2013, 2012a). Although these billabongs historically received 

water once a year from the Yarra River on average, since the mid-20th century, inundation frequencies 

have reduced to once every 3 to 4 years (Sinclair Knight Merz, 2005). Willsmere Billabong also receives 

urban stormwater from a nearby residential area (1.8 ha) through a drain that was installed in the 

1940s (David Barclay, City of Boroondara, personal communication, 2nd April 2013). A stormwater 

treatment wetland was built in 2006, approximately 500 m2 in surface area, between the residential 

catchment and Willsmere Billabong, which treats this urban stormwater (Figure 1). Bolin Billabong is 

not directly connected to the urban drainage network.  

 

Sampling 

In October 2012, two cores were obtained from Willsmere Billabong: (1) a 210-cm long core (W1) 

using a light-weight modified hammer-driven piston corer (Neale and Walker, 1996) with a 50-mm 

diameter polyvinyl chloride (PVC) barrel and (2) a 96-cm long core (W4) using a 40-mm diameter 

Livingstone corer (Livingstone, 1955). W1 and W4 have previously been discussed in Lintern et al. 

(2015). In this previous study, it was identified that the top 70 cm of the Willsmere Billabong 

sedimentary record was lost from W1. W1 therefore is a continuation of W4, with approximately 25 

cm of the top of W1 overlapping with the bottom of W4. A 204-cm long sediment core (W2001) that 

was taken from Willsmere Billabong using the light-weight modified hammer-driven piston corer 

(Neale and Walker, 1996) in 2001 by Leahy (2007) is also briefly discussed in this study. This core was 

previously introduced and discussed in detail in Lintern et al. (in preparation-a).  

 

A 204-cm long core was taken in June 2013 from Bolin Billabong using the light-weight modified 

hammer-driven piston corer (Neale and Walker, 1996). This core was named B3. A replicate core was 

taken in two drives (bed surface to depth 65 cm; depth 65 cm to 157 cm) approximately 3 m away 
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from the first core using the 40-mm diameter Livingstone corer (Livingstone, 1955) and this core was 

named B5. Both cores have previously been described in Lintern et al. (in preparation-a). 

 

 

 

 

Figure 1: Location of Willsmere Billabong and Bolin Billabong in the Yarra River catchment, with inserts 
showing the location of the Yarra River catchment in the state of Victoria and the location of the state of 
Victoria in Australia (a); and the local Willsmere Billabong and Bolin Billabong catchments (b). 

 

 

 

(a) 

(b) 
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Sample analyses 

Image and heavy metal analyses 

W1, W4, B3 and B5 were split longitudinally and one half of each core was scanned in the ITRAX micro-

X-ray fluorescence (XRF) core scanner (Croudace et al., 2006). The top 13 cm of B3 was not scanned 

due to its watery nature. A molybdenum tube (30-kV voltage, 45-mA current) was used with an 

exposure time of 10 s and reading at 1-mm intervals. Magnetic susceptibility measurements were also 

taken at 0.5-cm intervals. All micro-XRF readings were normalised by the total counts per second 

(kcps) to enable comparisons between the different cores (as per Martin et al., 2014). Due to an error 

during the micro-XRF scan for W1, micro-XRF readings for W1 were not used in this study. The heavy 

metals that were analysed using micro-XRF were chromium (Cr), copper (Cu), nickel (Ni), lead (Pb) and 

zinc (Zn). The levels of other heavy metals were too low for reliable detection. Micro-XRF heavy metal 

results have been averaged over discrete 0.5-cm depth intervals to match the resolution of the 

magnetic susceptibility measurements.  

 

Some of the sediment cores (W4, W1 and B3) were also sub-sampled for heavy metal analysis using 

un-plasticized PVC (uPVC) equipment. The sub-sampling interval was 0.5 cm for W1 and 1 cm for W4 

and B3. Samples were stored in glass jars at 40C for approximately 48 hours before being composited 

over 1 cm for W4, and sections of W1 (0-57 cm) and B3 (20-170 cm). The bottom of W1 (57-213 cm) 

and B3 (170-220) were composited over 10-cm and 5-cm intervals, respectively. The top 20 cm of B3 

was not sub-sampled due to its lack of consistency. The composited samples were air-dried and then 

analysed for heavy metals at a National Association of Testing Authorities (NATA) accredited 

laboratory (ALS, Melbourne, Australia) using digestion by aqua regia and inductively coupled plasma 

mass spectrometry (ICP-MS) in accordance with USEPA SW846 Rev 2007 (US EPA, 2007). 24 metals 

were analysed, of which the following seven metals will be discussed in this study (with Limits of 

Reporting; LOR provided in parentheses): aluminium; Al (5 mg/kg), arsenic; As (5 mg/kg), Cr (5 mg/kg), 

Cu (5 mg/kg), Pb (5 mg/kg), Ni (5 mg/kg), Zn (5 mg/kg). Quality assurance and control procedures 

involved the analysis of blank and duplicate samples and identification of recovery rates using spiked 

samples. Recovery rates were above 80.6% and relative percentage differences between duplicate 

samples ranged from 0.2% to 18.5%. 

 

Sediment dating 

The sediment cores were dated using radio-isotopic analysis (unsupported 210Pb and 137Cs activities), 

pollen and radiocarbon (14C). The method used to build the chronologies of these cores has been 
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discussed in detail in a separate study (Lintern et al., in preparation-a) and is therefore only 

summarised briefly below.  

 

W4 and B5 were dated using 210Pb and 137Cs. These techniques were not used to date W1 and B3 due 

to the loss of the top sediment in W1 when coring (Lintern et al., 2015) and the lack of consistency of 

the top 20 cm of B3. 1-cm thick samples were taken between 0 and 42-cm depth of W4 and between 

0 and 40-cm depth of B5, at intervals of 1 to 5 cm. Unsupported 210Pb activities were estimated as the 

difference between total 210Pb activity (measured from 210Po) and supported 210Pb activity (measured 

from 226Ra), as described in Appleby (2001). Samples were processed using the method described in 

Atahan et al. (2015). Unsupported 210Pb activities were used to estimate calendar ages using both the 

Constant Initial Concentration (CIC) and Constant Rate of Supply (CRS) models for W4 and just the CIC 

model for B5 (Appleby, 2001). These calendar ages were then validated using 137Cs activities measured 

for 1-cm thick samples obtained at 5 to 12-cm intervals between 18 and 70-cm depth (W4) and 17 and 

34-cm depth (B5). The age-depth models developed for W4 and B5 using radio-isotope activities were 

then adapted to W1 and B3 by correlating the sediment cores from the same billabongs using 

magnetic susceptibility profiles obtained in the ITRAX micro-XRF core scanning.  

 

An additional chronological marker for W4 and B3 was the earliest appearance of 

dichlorodiphenyldichloroethylene (DDE), a metabolite of dichlorodiphenyltrichloroethane (DDT) in 

the cores. This was given the year of approximately 1946, which is the earliest recorded use of DDT in 

Australia (Olsen et al., 1992). The 1-cm thick sediment sub-samples were composited over 4 cm for 

W4 and 7 cm for B3, air-dried and then analysed at a NATA accredited laboratory (National 

Measurement Institute, Sydney, Australia) using gas chromatography with an electron capture 

detector (GC-ECD) (US EPA 2007). 0.0002 mg/kg (dry weight) was the limit of reporting. Standard 

quality assurance and control procedures were implemented (Lintern et al., in preparation-a). 

 

Furthermore, radiocarbon analysis (14C) was performed on two 1-cm thick bulk sediment samples, 

taken at 169-170-cm depth and 203-204-cm depth in W1 (OZS087 and OZS088). Lastly, sediment 

samples were taken at 5-cm intervals between 156 and 201 cm in B3, and at 8-cm intervals between 

102 and 142 cm in W1 and from 134 to 135-cm depth and 154 to 155-cm depth in B5 for palynological 

analysis. These were treated as outlined in Lintern et al. (in preparation-a) and the pollen slides were 

used to identify the depth in the cores that pollen grains of non-native vegetation appear (i.e., 

vegetation introduced into Australia with European settlement in the 19th century). Specifically, we 
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were looking for Pinus and introduced Plantago in the pollen slides and the lowest depth at which 

these pollen appeared in the cores were assigned the date of 1870 (Lintern et al., in preparation-a). 

 

Data analyses 

In a previous study (Lintern et al., in preparation-a), sediment cores were used to identify how the 

hydrologies of Willsmere and Bolin Billabongs have changed over time. The detailed methodology has 

been previously discussed in Lintern et al., (in preparation-a), and a brief summary is provided below.  

 

Overall trends in hydrology were determined for the Willsmere Billabong core W2001 and the Bolin 

Billabong core B3. These trends were inferred from shifts in sediment sources and transport processes, 

which can be identified by changes in sediment characteristics through the cores (D’Haen et al., 2012; 

Wolfe et al., 2006). Depths in the core where sediment sources and transport processes change were 

identified using constrained hierarchical cluster analysis with magnetic susceptibility, organic matter 

(represented by the ratio of incoherent to coherent scatter; inc/coh), particle size (represented by the 

ratio of zirconium to rubidium; Zr/Rb) and elemental composition as variables. The historical trends in 

hydrology, inferred from the clusters obtained from the constrained cluster analysis were checked 

against flow rates measured in the Yarra River between 1891 and 2001. 

 

Discrete flood deposits were also identified in sedimentary records from Willsmere and Bolin Billabong 

(W4 and B5, respectively) in Lintern et al. (in preparation-a). Two methods were developed for 

identifying these flood deposits. The first, named the Traditional Method, used four common 

characteristics of flood-deposited sediments to identify discrete flood deposits. These characteristics 

are: the occurrence of laminations in the core, high magnetic susceptibility, high particle size, and low 

organic matter. The second method, the Flood Signal Strength method, quantifies the likelihood that 

a discrete sediment deposit is of fluvial origin, based on the number of flood-borne sediment 

characteristics that are met and the magnitude of these properties. These flood-borne sediment 

characteristics are: high levels of magnetic susceptibility, inorganic matter, sediment particle size and 

elements that are more enriched in the catchment source geological deposits compared to local soils 

(silicon; Si, potassium; K, titanium; Ti, zirconium; Zr, terbium; Tb). Each of these parameters was scaled 

to a value between 0 and 1 (Equation 1) and the sum of the scaled parameters at discrete depths 

through the sediment core was calculated as the Flood Signal Strength. In Equation 1, x is the original 

unscaled value of the parameter at a certain depth in the core, xmin is the minimum value of the 

parameter through the core, xmax is the maximum value of the parameter through the core, and xscaled 

is the scaled value of the parameter at a certain depth in the core. Heavy metals (Cr, Cu, Ni, Pb, Zn) 
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were not included in the Flood Signal Strength. Comparison of observed flood records of the Yarra 

River to the reconstructed flood histories indicated that whilst the Traditional Method could only 

identify major floods, the Flood Signal Strength was also able to identify minor floods events.  

 

                                                                                              Equation 1 

 

For the work presented here, the previously identified historical hydrological trends were compared 

to heavy metal profiles developed for the Willsmere and Bolin Billabong sediment cores. Due to the 

loss of the top 70 cm of W1, heavy metal and sediment characteristic profiles for W4 and W1 have 

been plotted together, showing W1 as a continuation of W4, with the top of W1 corresponding to 70-

cm depth in W4. B3 trends are presented only below 20 cm because the top 20 cm was discarded for 

ICP-MS. First we compared the overall trends in hydrology for Willsmere and Bolin Billabongs to the 

heavy metal profiles (As, Cr, Ni, Cu, Pb, Zn) created using ICP-MS heavy metal analyses. These heavy 

metal profiles were created for B3, W4 and W1, but historical trends in hydrology were not identified 

directly for W4 and W1 in the previous study (Lintern et al., in preparation-a). As such, we determined 

historical trends in hydrology for W4 and W1 by correlating both W4 and W1 to W2001 using their 

magnetic susceptibility profiles (correlations between the cores provided in Figure S1 in the 

supplementary material).  

 

We then identified the level of heavy metals contained in discrete flood layers in the sediment cores 

from Willsmere and Bolin Billabong (W4 and B5). The 0.5-cm resolution micro-XRF heavy metal 

profiles were used to determine the heavy metal concentrations in the flood deposits instead of the 

ICP-MS heavy metal profiles because of their higher resolution. It should be noted that As trends could 

not be identified at this higher resolution as the detection limits for As using micro-XRF were too high. 

The Mann-Whitney test was used to assess whether there were statistically significant differences in 

heavy metal concentrations in flood-deposited sediments compared with sediments not deposited by 

floods, identified by the Traditional Method. This statistical test was selected as it is a non-parametric 

test and it can be used when groups have unequal sample sizes (Mann and Whitney, 1947; Sheskin, 

2004). Spearman’s Rank Correlation Coefficient (ρ) was used to assess the strength of the relationship 

between the Flood Signal Strength (i.e., the likelihood that the deposit is flood-borne) and heavy metal 

concentrations. Plots showing cross-correlations (with Spearman’s Rank Correlation Coefficients) 

between the parameters that make up the Flood Signal Strength (magnetic susceptibility, inc/coh, 

Zr/Rb, Si, K, Ti, Zr, Tb) and the heavy metals (Cr, Cu, Ni, Pb and Zn) are provided in Figure S2 and Figure 

S3 in the supplementary material.  
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RESULTS AND DISCUSSION 

Identifying pollutant sources and transport processes 

Previously in Lintern et al. (in preparation-a), both Willsmere and Bolin Billabong were found to have 

experienced significant changes in hydrology through the 19th and 20th centuries. These changes can 

be conceptualised as hydrological zones (Figure 2). The identified hydrological trends were discussed 

in detail in Lintern et al. (in preparation-a), and are summarised only briefly below. Prior to European 

settlement, mainly organic sediments were deposited on the lake bed (Zone E-Wil). However, after 

European settlement, from the mid- to late 19th century, inorganic materials entering the billabongs 

increased, most likely due to increased catchment disturbance (Zone C-Wil and Zone D-Wil and Zone 

C-Bol and Zone D-Bol). The sediment deposits within these regions of the sedimentary record are 

characterised by high magnetic susceptibility, high Zr/Rb (i.e., sediment particle size) and inorganic 

element levels (e.g., Si, K, Ti) (Lintern et al., in preparation-a). In the 20th century, the billabongs are 

less influenced by fluvial flows, and receive less inorganic sediments (Zone A-Wil, Zone B-Wil, Zone A-

Bol and Zone B-Bol). In these regions of the sedimentary record, there are decreasing levels of 

magnetic susceptibility and Zr/Rb, and increasing levels of inc/coh (i.e., organic matter).  
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Figure 2: Zones based on sediment deposition processes, optical and radiographic images, magnetic 
susceptibility and Al (mg/kg) profiles for Willsmere Billabong cores W4 and W1 (a) and Bolin Billabong core 
B3 (b). Zones adapted from Lintern et al., (in preparation-a). W1 profile has been shifted 70 cm downwards 
(i.e., core surface is at 70 cm depth). 

 

We compared the As, Cr, Cu, Pb, Ni and Zn profiles (determined using ICP-MS) to the hydrological 

trends described above (as shown in Figure 3). Absolute concentrations in terms of mg/kg (dry weight) 

are provided in Figure 3. As noted previously in Lintern et al. (2015) there is some discrepancy between 

the W4 and W1 heavy metal concentrations in the region that these sedimentary records overlap, but 

this is most likely due to spatial variability within the billabong. We have not corrected for this spatial 

variability because these differences do not interfere with our interpretations of the heavy metal 

profiles.  
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Figure 3: Absolute metal concentrations deposited in the sediments of Willsmere Billabong and Bolin 
Billabong. W1 profile has been shifted 70 cm downwards (i.e., core surface is at 70 cm depth). Depositional 
zones and chronological markers for Willsmere Billabong cores on left and those for the Bolin Billabong core 
is on the right. 

 

For both lakes, absolute As concentrations are low and relatively stable in sediments that were 

deposited in the 19th century, followed by a maximum in the early 20th century (Figure 3). In a previous 

study (Lintern et al., 2015), based on the timing of this As maximum, we hypothesized that the As 

trend in the Willsmere Billabong sedimentary record was being significantly influenced by gold mining 

activities in the Yarra River Catchment upstream of Willsmere Billabong. Gold mining occurred in the 

river catchment between 1850 and 1913, with the highest levels of gold extraction occurring in 1905 

(Brizga et al., 1995). The heavy metal profile of B3, and an understanding of the hydrology of Willsmere 

and Bolin Billabongs, helps to strengthen our earlier findings. The fact that As exhibits a similar trend 

0 
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in a sedimentary record from a separate billabong suggests that the As of both billabongs have 

common sources. Arsenic mobilized by gold mining in the Yarra River catchment could be transported 

into both Willsmere and Bolin Billabongs during high flows of the Yarra River. Indeed, the region of 

the sediment cores with high As concentrations corresponds to regions of the sedimentary records 

that are characterized by high fluvial activity (Zones C-Wil and C-Bol). The decrease in As coincides not 

only with the cessation of gold mining, but also with start of Zones B-Wil and B-Bol, which are regions 

of the sediment core that that contain sediments deposited when the billabong was more 

disconnected from the main river channel (Lintern et al., in preparation-a).  

 

There is a region of elevated absolute Cr concentrations in W4 but such a region of high Cr is not 

apparent in B3 (Figure 3). In the region of W4 where high Cr concentrations occur (50-53 cm in W4), 

there are also elevated levels of magnetic susceptibility and Zr/Rb (representing particle size; Lintern 

et al., in preparation-a) (Figure S4 in the supplementary material). These are characteristic of flood-

borne sediments. There are also elevated levels of calcium (Ca), Ti, iron (Fe) and strontium (Sr). We 

found in a previous study that these elements are elevated in geological deposits in the Darebin Creek 

catchment (Figure S5 in the supplementary material), which meets the Yarra River downstream of 

Bolin Billabong but upstream of Willsmere Billabong (Lintern et al., in preparation-a). Indeed, there 

may be higher Cr in flood-borne deposits from Darebin Creek due to high Cr levels in the geological 

deposits in the Darebin Creek catchment (Figure S5 in the supplementary material). Thus it appears 

the increasing level of Cr in W4 at this region of the core correlates to overbank flooding of the Yarra 

River, and in particular, flood sediments from the Darebin Creek catchment. 

 

Both billabongs experienced increasing Cu, Pb and Zn concentrations over time. However, Figure 3 

shows that concentrations are noticeably higher in the Willsmere Billabong core compared to the Bolin 

Billabong core. The increasing trend in Cu, Pb and Zn in both billabongs is most likely due to the 

increase in heavy metal emissions due to urbanisation, the introduction and proliferation of motor 

vehicles and industrial development through the 20th century, as previously discussed in Lintern et al. 

(2015) and Lintern et al. (submitted). The difference in the magnitude of the increase may be due to 

the fact that Willsmere Billabong is downstream of Bolin Billabong. It is possible that there are heavy 

metal inputs into the Yarra River between the two billabongs via both tributaries and stormwater 

inputs that contribute to higher levels of heavy metal pollution at Willsmere Billabong.  

 

Another possible explanation for the discrepancy between the two billabongs is that Willsmere 

Billabong is connected to the local stormwater drainage network but Bolin Billabong is not. Indeed, 
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Cu, Pb, and Zn concentrations in Willsmere Billabong begin to overtake Bolin Billabong at 60 cm depth 

in W4 and 84 cm depth in B3. These sediment core depths date to approximately the 1940s, which is 

when the stormwater drain was installed in Willsmere Billabong (David Barclay, City of Boroondara, 

personal communication, 2nd April 2013). Furthermore, in the mid-1970s, a major freeway (estimated 

to have a vehicle load of 130,000 in 2009; Parris et al., 2009) was constructed 300 m away from 

Willsmere Billabong (the Eastern Freeway; Figure 1). It would be expected that motor vehicle 

emissions due to the this freeway may contribute considerable amounts of Cu, Pb and Zn 

(Hjortenkrans et al., 2006) via atmospheric deposition either directly into Willsmere Billabong or into 

the billabong’s local catchment, which can then be transported into the billabong by urban 

stormwater runoff. Indeed, there are further increases evident in Cu, Pb and Zn levels in W4 sediments 

from approximately the 1970s (approximately 40-cm depth; Figure 3).  

 

In W4 the highest levels of Cu, Pb and Zn coincide with a period in which Willsmere Billabong was 

largely disconnected from the main river channel (Zone A-Wil; Figure 3). The fact that the greatest 

deposition of Cu, Pb and Zn occurs when there is a low amount of flood-borne sediments within the 

sediment core suggests that fluvial activity is likely not a significant source of heavy metal pollution in 

Willsmere Billabong. On the other hand, this increase in Cu, Pb and Zn may be due to higher metal 

concentrations in the deposits of individual flood events, even if there is a fewer number of these 

flood events. As such, the main cause of the increase in Cu, Pb and Zn concentrations is not clear 

without identifying the Cu, Pb and Zn levels in discrete flood deposits through the sediment cores.  

 

Determining heavy metal abundances in flood deposits 

Heavy metal concentrations in flood deposits identified using the Traditional Method 

The flood-deposited sediments identified in the sedimentary records from Willsmere Billabong (W4) 

and Bolin Billabong (B5) using the Traditional Method were previously presented in Lintern et al. (in 

preparation-a), and these results are provided again in Figure S6 and Figure S7 in the supplementary 

materials. The heavy metal concentrations in the flood-deposited sediments identified using the 

Traditional Method are shown in Figure 4, where the heavy metal abundances in flood deposits are 

also compared to that of sediments that were not deposited by floods.  

 

For Willsmere Billabong, sediments that are not deposited by floods have greater Zn concentrations 

compared to flood-deposited sediments and this difference is statistically significant (p<0.05). Visually, 

Ni, Cu, Pb appear to also have greater concentrations in non-flood deposits (Figure 4), but these 

differences are not statistically significant, most likely due to the small sample size of flood-deposits. 
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This suggests that local catchment inputs, such as the urban stormwater runoff, appear to be 

contributing to heavy metal contamination of Willsmere Billabong’s bed sediments, more so than 

fluvial floods. The higher concentration of heavy metals in the non-flood deposits in Willsmere 

Billabong could also be due to the fact that heavy metals preferentially bind to fine-grained or organic 

sediments (Foster and Charlesworth, 1996; Loring and Rantala, 1992), which are enriched in the non-

flood deposits of Willsmere Billabong.    

 

In Bolin Billabong, there are no statistically significant differences between heavy metal 

concentrations in flood and non-flood deposits. This suggests that the major floods identified by the 

Traditional Method contribute similar amounts of heavy metals to the billabong as non-flood deposits. 

However, flood-borne sediments at Bolin Billabong have statistically significantly higher Zn 

concentrations (p<0.05) compared to the flood-borne sediments at Willsmere Billabong. This may 

result from the larger number of stormwater outlets, which can act as inputs of heavy metals into the 

Yarra River, close to Bolin Billabong (the nearest drain, which is 600 mm in width being less than 1 km 

upstream) compared to Willsmere Billabong (where the nearest drain of 300-mm diameter, is 3.4 km 

upstream). The fact that the other metals have similar concentrations in the flood deposits of the two 

billabongs suggests that these remaining metals may not be greatly affected by these stormwater 

outlets near Bolin Billabong.  
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Figure 4: Distribution of Cr, Ni, Cu, Pb and Zn intensities normalised to total counts per second in flood- 
deposited sediments (Flood) and sediments not deposited by floods (Non-flood) for the Willsmere Billabong 
core W4 and the Bolin Billabong core B5. Number of samples used to create each boxplot (n) shown in plots.  

 

Heavy metal concentrations in likely flood deposits identified using the Flood Signal Strength  

The Flood Signal Strength identified for the Willsmere and Bolin Billabong sedimentary records, W4 

and B5 were previously presented and checked in Lintern et al. (in preparation-a) and the results are 

included in Figures S6 and S7 in the supplementary materials. The relationships between the 

previously evaluated Flood Signal Strengths and heavy metal concentrations at 0.5-cm intervals in W4 

and B5 are shown in Figure 5. The relationship between the heavy metal concentrations and the Flood 

Signal Strength essentially represents the relationship between heavy metal abundances and the 

extent to which the sediment deposits match characteristics of flood-borne sediments. 
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Spearman Rank Correlation Coefficients (ρ) indicated that for both W4 and B5, there was a positive 

relationship between Cr and the Flood Signal Strength (Figure 5). This positive relationship suggests 

that the main source of Cr into the billabongs is the Yarra River. Although this contrasts with the results 

of the Traditional Method (Figure 4), it was previously found by comparing the hydrologic trends and 

the pollution trends that Cr appeared to be entering Willsmere Billabong by fluvial flooding. This 

difference is most likely due to the fact that the Traditional Method was not able to identify the minor 

flood deposits in the sedimentary records (Lintern et al., in preparation-a). It is possible that it is these 

minor flood events that are contributing high amounts of Cr to the floodplain lakes.  

 

For W4, the remaining metals (Ni, Cu, Zn and Pb) do not have a positive relationship to Flood Signal 

Strength, indicating that the concentrations of these metals in Willsmere Billabong sediment deposits 

are not correlated to the occurrence of fluvial flooding. In fact, there is a negative relationship (p<0.05) 

between the Flood Signal Strength and Cu, Zn and Pb (Figure 5), again suggesting the importance of 

local catchment metal inputs in the Cu, Zn and Pb pollution of Willsmere Billabong. This negative 

relationship may be due to the direct urban stormwater input. Due to high levels of heavy metals in 

urban stormwater (Duncan, 1999), this drain may be the main source of Cu, Pb and Zn into the 

billabong and the occurrence of flood events may be diluting this pollutant load. Furthermore, the 

urban stormwater runoff from the local Willsmere Billabong catchment is expected to be higher in Cu, 

Pb and Zn also, due to the proximity of the Eastern Freeway (Figure 1). This correlates with the findings 

(particularly for Zn) that were obtained when the Traditional Method was used to identify flood 

deposits.  

 

For B5, there is no clear positive or negative relationship between Ni, Cu, Zn and Pb and the Flood 

Signal Strength (Figure 5). However, if the dataset for Pb is partitioned at 70 cm (a depth that dates to 

approximately the mid-1950s) there is a positive relationship between Pb and the Flood Signal 

Strength in the recent deposits and a negative relationship in the older deposits. This could be 

indicating changing sources of Pb into Bolin Billabong over time. The negative correlation between 

Flood Signal Strength and Pb in the first half of the 20th century suggests that the primary source of Pb 

into the billabong may have been overland runoff in the local billabong catchment. Between 1919 and 

1934, the local Bolin Billabong catchment was used for agriculture (Leahy, 2007; Leahy et al., 2005). It 

is therefore likely that Pb-based pesticides would have been used, leading to high Pb levels in local 

catchment soils, which could be transported into the billabong by overland runoff. However, with the 

end to agricultural activities in the catchment, the supply of Pb in the local catchment would have 

decreased. As a result, fluvial flooding may have become a more significant source of Pb into Bolin 
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Billabong, particularly due to the presence of two stormwater drains into the Yarra River less than 1 

km upstream of the billabong. If the Cu and Zn datasets are also partitioned at 70 cm, there is also a 

slight positive trend between the pollutant levels and the Flood Signal Strengths in the more recent 

sediments. This suggests that in the second half of the 20th century the occurrence of fluvial floods 

may be contributing to the Cu, Zn and Pb contamination of sediments deposited in Bolin Billabong. 

When the Traditional Method was used to identify flood deposits we did not find significant 

differences in the Cu, Ni, Pb and Zn concentrations in flood and non-flood deposits, but this may be 

indicating that it is the minor flood events rather than the major floods (that are identified using the 

Traditional Method), that contribute heavy metals to the billabongs.   
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Figure 5: Correlation between heavy metal intensity and Flood Signal Strength for Willsmere Billabong core 
W4 (a) and Bolin Billabong core B5 (b). Spearman Rank Correlation Coefficients (ρ), p-values are provided. 
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Using the proposed methodology to develop management strategies  

An enhanced understanding of the transport processes and sources of heavy metals into aquatic 

environments allows us to develop targeted mitigation strategies for polluted systems. For example, 

we found that there was a negative correlation between the presence of flood deposits and Cu, Pb 

and Zn contamination in the Willsmere Billabong sediment core. This suggests that the main driver for 

metal contamination in Willsmere Billabong may be urban stormwater. As such, the findings above 

indicate that to decrease Cu, Pb and Zn levels in the bed sediments of Willsmere Billabong, stormwater 

quality improvement strategies in the local catchment would be required. Although there has been a 

slight decrease in Cu, Pb and Zn levels following the construction of the stormwater treatment wetland 

in 2006, metal concentrations at the core surface (i.e., in sediments deposited in 2012) are still 2.5 to 

5.5 times greater than at the beginning of the sedimentary record in the late-19th century. Therefore, 

it appears that alternative mitigation strategies, specifically designed for the removal of Cu, Pb and Zn 

are required to further reduce the amount of heavy metals entering Willsmere Billabong via urban 

stormwater.  

 

We also found that the heavy metals depositing on the Bolin Billabong bed sediment appear to be 

influenced by overbank flooding. Thus, although Bolin Billabong has experienced less heavy metal 

contamination compared to Willsmere Billabong, decreasing the contamination of Bolin Billabong may 

be more difficult, as instead of a localised point source, the heavy metal pollution of the main river 

channel will need to be addressed. Without one point source of heavy metals that can be targeted, 

the restoration of Bolin Billabong may be reliant on reducing the emission of heavy metals at their 

sources (Charlesworth et al., 2003).  

 

This investigation also demonstrated that conveying urban stormwater, even after treatment, into 

aquatic systems can result in the heavy metal contamination of bed sediments of aquatic systems. In 

the early 2010s, there was a proposal to discharge treated stormwater into Bolin Billabong, (Lachlan 

Johnson, City of Manningham, personal communication, 26th June 2013). It was envisaged that this 

additional water supply to Bolin Billabong would help keep lake levels high even in the face of 

decreased hydrologic connectivity to the Yarra River (Lintern et al., in preparation-a). Although this 

plan never came to fruition, the example of Willsmere Billabong indicates that such plans may have 

deleterious implications for the health of the billabong in terms of toxicant contamination.  
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CONCLUSIONS 

This investigation demonstrated how an understanding of historical water quality juxtaposed with our 

understanding of whether the sediments are flood-borne, can be used to infer the origins and 

transport pathways of pollutants. This understanding can be used to identify the sources that must be 

targeted for the remediation of aquatic environments. In the case of Willsmere and Bolin Billabongs, 

it was determined that As appeared to have been transported into the billabongs by overbank flooding 

from its source in the middle and upper Yarra catchment. Pollutant levels contained in fluvial flood 

deposits indicates that the occurrence of fluvial flooding appears to be influencing Cr levels in 

Willsmere and Bolin Billabong sediments. The recent deposits of Cu, Pb and Zn in Bolin Billabong also 

appear to be governed by the occurrence of flood events. On the other hand, Cu, Pb and Zn 

concentrations in Willsmere Billabong sediments are lower in flood deposits. This suggests that the 

main source of Cu, Pb and Zn into Willsmere Billabong is the local catchment (likely the urban 

stormwater drain). These results highlight that different strategies need to be employed to reduce Cu, 

Pb and Zn levels in Willsmere and Bolin Billabongs. Whilst local catchment sources (i.e., urban 

stormwater) should be targeted for Willsmere Billabong, at-source pollution control strategies for 

reducing the emission of heavy metals into the main river channel are likely to be more successful for 

Bolin Billabong. 

 

We believe that the approach demonstrated in this study has wide applications. This technique can 

be used to design effective and targeted mitigation strategies for degraded aquatic environments. For 

example, the influence of the direct connection to the urban stormwater drainage network on the 

contamination of Willsmere Billabong sediments was identified using our understanding of the 

sediment core heavy metal profile and the location of discrete flood deposits through the sediment 

core. This suggests that treatment of this stormwater would aid in the reduction of these heavy metal 

concentrations in Willsmere Billabong bed sediments. Similarly, we determined that whilst Bolin 

Billabong has not experienced such a dramatic increase in Cu, Pb and Zn concentrations, reducing 

these concentrations to background levels may be more complex due to the diffuse nature of the 

pollutants.  
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7.3  Heavy metal concentrations in fluvial flood deposits 

7.3.1  Objectives 

This section has the objective of identifying the heavy metal concentrations in units of mg/kg (dry 

weight) contained in flood-deposited sediments in Willsmere and Bolin Billabongs. The predicted 

heavy metal concentrations are in mg/kg (dry weight), to enable comparison to current Australian 

sediment quality guidelines (ANZECC/ARMCANZ, 2000). Previously in Chapter 4 (Lintern et al., 

submitted), it was argued that current generic sediment quality trigger values provided in 

ANZECC/ARMCANZ guidelines (ANZECC/ARMCANZ, 2000) may not be appropriate for use as sediment 

quality trigger values for the Yarra River catchment, due to the discrepancy between these generic 

values and background conditions. As such, both the generic sediment quality trigger values from 

ANZECC/ARMCANZ (2000) and the reference conditions discussed in Lintern et al. (submitted) will be 

used for the comparisons. It is envisaged that this dataset of the distribution of heavy metal 

concentrations in fluvial flood deposits could be used to help predict the concentration of heavy 

metals deposited by the Yarra River in its floodplains during future overbank floods. 

 

7.3.2 Methodology 

Expressing micro-XRF data in terms of mg/kg (dry weight) 

Least squares linear regression was used to convert elemental abundances identified using micro X-

Ray Fluorescence (micro-XRF) into heavy metal concentrations in terms of mg/kg (dry weight). The (1) 

micro-XRF heavy metal abundances (adjusted for moisture content using inc/coh) and (2) the heavy 

metal concentrations found using ICP-MS and expressed in terms of mg/kg (dry weight) for the 

Willsmere Billabong core W4 and the Bolin Billabong core B3, both at 1-cm intervals were used for the 

regression. Both of these datasets were introduced and described previously in Chapter 6 in Lintern 

et al. (in preparation-b). The linear functions developed for all metals were forced through the origin, 

as it would be expected that when the micro-XRF heavy metal abundances are zero, the heavy metal 

concentrations in terms of mg/kg (dry weight) will also be zero (Weltje and Tjallingii, 2008). The linear 

functions obtained for chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), zinc (Zn), are shown in Figure 

7.1 with Nash-Sutcliffe Coefficient of Efficiency values (E) (Nash and Sutcliffe, 1970) and 95% 

confidence intervals. The E values were above 0.5 for only Pb and Zn. Therefore, only these two heavy 

metals were investigated further. It was previously demonstrated in Lintern et al. (in preparation-b) 

that trends in Cr, Ni and Cu obtained by ICP-MS correlate to those obtained using micro-XRF. The linear 

functions in Figure 7.1 probably have a poor fit for these three metals because the functions were 

forced through the origin. As such, it appears that whilst the trends in Cr, Ni and Cu can be represented 

by trends in micro-XRF heavy metal abundances, simple linear functions cannot be used to convert 

micro-XRF heavy metal abundances of these three metals into heavy metal concentrations in terms of 
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mg/kg (dry weight). Further investigations are required to develop functions for converting the micro-

XRF heavy metal abundances into sediment concentrations by dry weight for these three metals.  

 

The linear functions provided in Figure 7.1 for Pb and Zn were used to convert the micro-XRF Pb and 

Zn abundances obtained at 0.5-cm intervals for the Willsmere Billabong core W4 and the Bolin 

Billabong core B5 into heavy metal concentrations in terms of mg/kg (dry weight).   

 

 

Figure 7.1: Linear functions identified for Cr, Cu, Ni, Pb and Zn that can be used to express micro-XRF heavy 
metal abundances in terms of mg/kg (dry weight). 

 

Identifying the heavy metal concentrations in flood deposits 

In Chapter 5 (Lintern et al., in preparation-a), two methods for identifying flood deposits in sediment 

cores were introduced. The first was the Traditional Method, which uses flood proxies commonly used 

in literature to identify flood-deposited sediments in sediment cores. These characteristics are the 
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occurrence of high density in the sediment core (Gilbert et al., 2006), maxima in magnetic 

susceptibility (Arnaud et al., 2005), minima in organic matter (Nesje et al., 2001), and fining upwards 

sequences in particle size (Ambers, 2001). In Section 7.2 (Lintern et al., in preparation-c), boxplots 

were presented, that depict the distribution of heavy metals abundances (in micro-XRF units) in flood-

deposited sediments that were identified using the Traditional Method in W4 and B5. These boxplots 

were re-created here, where Pb and Zn levels are expressed in terms of mg/kg (dry weight) instead of 

in micro-XRF units. These data were also used to develop cumulative density functions of Pb and Zn 

concentrations in fluvial flood deposits in Bolin Billabong and Willsmere Billabong.  

 

The second method used to identify flood deposits in the sedimentary records, the Flood Signal 

Strength, is a more novel method. The Flood Signal Strength quantifies the likelihood that the 

sediments were deposited by fluvial flooding. This is done by finding the magnitude of flood-borne 

sediment characteristics (high magnetic susceptibility, low organic matter, high particle size and high 

levels of elements that are more enriched in the upstream Yarra River catchment compared to the 

local Willsmere and Bolin Billabong catchments) at discrete intervals through the sediment core. As 

previously discussed in Lintern et al. (in preparation-a), the elements that were included were silicon 

(Si), potassium (K), titanium (Ti), zirconium (Zr) and terbium (Tb). Heavy metals (e.g., Pb and Zn) were 

not included in the calculation of the Flood Signal Strength. In Chapter 5 (Lintern et al., in preparation-

a) we showed that the five year averages of the Flood Signal Strength positively correlate to five year 

averages of the flow characteristics of the Yarra River adjacent to the two billabongs (average daily 

flow and the number of days each year that the billabong was flooded). We developed a statistical 

model, using least squares linear regression, to express the Flood Signal Strength in terms of river flow 

characteristics. As the number of minor flooding days had little effect on the overall linear function 

(i.e., p>0.05), this parameter was removed from the statistical model. The functions that relate the 

Flood Signal Strength to average daily flow are shown in Figure 7.2. The E values of these functions 

are above 0.5, suggesting that these statistical models are relatively strong. These functions enabled 

us to find the average daily flows (m3/s) at 0.5-cm intervals through W4 and B5, using the Flood Signal 

Strengths identified in Chapter 5 (Lintern et al., in preparation-a). The average daily flows calculated 

using these functions represent the average daily flow occurring in the river whilst each discrete 0.5-

cm thick sediment layer was deposited in the billabong. These average daily flows corresponding to 

each 0.5-cm thick sediment deposit were then compared to Pb and Zn heavy metal concentrations 

(expressed in mg/kg; dry weight) in these 0.5-cm thick sediment deposits (identified using the 

functions in Figure 7.2).  
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Figure 7.2: Linear functions relating FSS (Flood Signal Strength) to Q (average daily flow m3/s) at five year 
averages for Willsmere Billabong core W4 (a) and Bolin Billabong core B5 (b), showing E values.  

 

7.3.3 Results and Discussion 

Heavy metal concentrations in flood deposits identified by the Traditional Method 

The distribution of Pb and Zn concentrations (mg/kg) in flood-deposited sediments through the 20th 

century identified using the Traditional Method in Bolin and Willsmere Billabongs are provided in 

Figure 7.3 and Figure 7.4. The Mann-Whitney U-test indicated that Pb concentrations in flood-

deposited sediments were not significantly different to those in sediments not deposited by floods for 

neither B5 nor W4 (p>0.05 for both B5 and W4). However, the lack of statistical significance could be 

influenced by the small number of flood events detected in W4 using the Traditional Method (10 

events). Figure 7.3 suggests visually that Pb levels are greater in flood-deposited sediments compared 

to sediments that are not deposited by floods in W4.  

 

By expressing the heavy metal levels in concentrations (mg/kg) instead of in micro-XRF units, we can 

compare the Pb concentrations in flood deposits against the sediment quality guideline trigger values 

provided by ANZECC/ARMCANZ (2000). Figure 7.3 shows that the 75th percentile Pb concentrations in 

flood deposits in both Willsmere Billabong and Bolin Billabong are above the trigger values that 

represent low probability of toxic effects (50 mg/kg). As such, both sediments deposited by floods and 

those not deposited by floods in Willsmere and Bolin Billabongs have concentrations exceeding 

recommended sediment quality guideline trigger values. The cumulative density functions in Figure 

7.4 indicate that the 90th percentile Pb concentration in flood deposited sediments is approximately 

58 mg/kg (above the trigger value of 50 mg/kg for low probability of toxic effects) for both Willsmere 

Billabong and Bolin Billabong. However, both flood and non-flood Pb concentrations in the two 

billabongs are consistently above the background concentrations of Pb in Willsmere and Bolin 

Billabongs obtained in Lintern et al. (submitted) from Chapter 4. 

(a) (b) 
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Figure 7.3: Boxplots showing distribution of Pb and Zn concentrations expected in sediments deposited by 
floods (as identified by the Traditional Method) in the middle Yarra River catchment at Bolin Billabong (B5) 
and Willsmere Billabong (W4). Dot-dash lines in red represent the guideline trigger values for low and high 
probability of toxic effects provided in the ANZECC/ARMCANZ sediment quality guidelines (2000). Dashed 
lines in black represent the background Pb and Zn concentrations for Bolin and Willsmere Billabongs identified 
in Lintern et al. (submitted) from Chapter 4. One outlier in W4, non-flood deposits for Zn at 800 mg/kg is not 
shown. 
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Figure 7.4: Cumulative density functions of Pb and Zn concentrations in fluvial flood-deposited sediments 
(identified using the Traditional Method) in Bolin Billabong (a) and Willsmere Billabong (b). 

 

Zn concentrations in flood deposits are significantly less than in non-flood deposits for W4 (p<0.05) 

but are not significantly different in B5 (p=0.29). This also corresponds with the findings of Section 7.2, 

suggesting that major floods do not contribute Zn pollution to either billabong and in fact major floods 

appear to reduce Zn pollution in Willsmere Billabong. Figure 7.3 shows that Zn concentrations in the 

flood deposits in both Willsmere Billabong and Bolin Billabong are below the guideline trigger values 

provided by ANZECC/ARMCANZ (2000). The cumulative density functions of Zn concentrations in 

fluvial flood deposits (Figure 7.4) show that the 90th percentile Zn concentrations in flood deposits are 

approximately 120 mg/kg for Bolin Billabong and 100 mg/kg for Willsmere Billabong, both under the 

trigger values for low probability toxic effects (ANZECC/ARMCANZ, 2000). Whilst sediments that are 

not deposited by floods are below these trigger values for Bolin Billabong, for Willsmere Billabong, the 

Zn concentration in non-flood deposits can exceed even the trigger value for high probability of toxic 

effects. As for Pb, Zn concentrations in flood and non-flood deposits exceed the background conditions 

(pre-anthropogenic pollution conditions) identified for both Bolin and Willsmere Billabong in Lintern 

et al. (submitted) from Chapter 4. 

 

Heavy metal concentrations in flood deposits identified by the Flood Signal Strength method 

The relationships between the heavy metals (Pb and Zn) in each 0.5-cm thick sediment deposit in 

Willsmere and Bolin Billabong, and the average daily flow in the Yarra River adjacent to the two 



Chapter 7: Fluvial floods and pollution 

 

227 

 

billabongs is shown in Figure 7.5. Figure 7.5 allows us to identify the heavy metal concentration likely 

to be in a sediment deposit in Willsmere Billabong and Bolin Billabong, if the average daily flow during 

the period of deposition of that 0.5-cm thick sediment layer is known. The average daily flow at the 

Banksia St stream gauge has a weak negative correlation to concentrations of Pb (ρ=-0.29, p<0.05) 

and Zn (ρ=-0.46, p<0.05) in Bolin Billabong sediment deposits. There are stronger negative correlations 

between the average daily flow at the Chandler Highway stream gauge and Pb (ρ=-0.79, p<0.05) and 

Zn (ρ=-0.71, p<0.05) concentrations in Willsmere Billabong sediment deposits. Below flows of 20 m3/s 

at both the Chandler Highway and Banksia St stream gauges, Pb and Zn concentrations are above the 

sediment quality trigger values for low probability toxic effects (Figure 7.5). This suggests that smaller 

and more frequent events may be resulting in greater pollution of the aquatic system. It also indicates 

the importance local pollution sources (e.g., the urban stormwater connection) at Willsmere Billabong 

in contributing heavy metals to the aquatic system.  

 

General discussion 

There is some uncertainty associated with the pollutant distributions and relationships presented in 

Figure 7.3, Figure 7.4 and Figure 7.5. Firstly, these distributions and relationships are comprised of 

data obtained from 0.5-cm intervals in the sediment cores. However, the linear statistical models 

(Figure 7.1 and Figure 7.2) that were used to create these distributions and relationships were 

developed for coarser resolution data. The linear functions converting micro-XRF heavy metal 

abundances into heavy metal concentrations in terms of dry weight (Figure 7.1) were developed using 

data collected from the cores at 1-cm intervals. The functions used to convert the Flood Signal 

Strength to average daily flows (Figure 7.2) were developed for five year averages of both Flood Signal 

Strengths and average daily flows. Given the sediment accumulation rates of the billabongs, there 

potentially could have been up to 22.5 cm deposited in B5 over five years (between 1927 and 1922; 

see Chapter 5 for sediment chronologies). It is possible that these functions developed for coarser 

resolution sediment core data cannot fully represent the trends in high resolution sediment core data. 

In future work, the effect of these data agglomerations should be tested by seeing if the results change 

significantly when sediment core data at coarser intervals (e.g., 1 cm or 5 cm) are used.  

 

Secondly, uncertainties in the age-depth model were not incorporated into the linear function that 

relates the Flood Signal Strength to average daily flow at the Chandler Highway and Banksia St stream 

gauges. It was instead assumed that this error was accounted for by averaging the Flood Signal 

Strength and the average daily flow data over five year intervals. Due to the inability to create a 

detailed chronology below 20-cm depth in B5, the uncertainties in the chronology below this point 
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could not be quantified. It is possible that age-depth model uncertainties below 20 cm in B5 exceed 

five years, which would undermine the choice to use five year averages of daily flows and Flood Signal 

Strengths for developing the linear function in Figure 7.2.  

 

Heavy metals concentrations (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn) in the water column at the Banksia St 

stream gauge have been measured approximately once a week between 1984-1986 and 1990-1997 

(Department of Sustainability and Environment, 2013). However, only two of these grab samples 

occurred when the river was in minor flooding conditions at the stream gauge (i.e., river level greater 

than 6 m; Lintern et al., in preparation-a). As such, these relationships could not be validated using 

existing heavy metal data of flood-deposited sediments or flood waters.  

 

In spite of these uncertainties however, we have demonstrated the implementation of a methodology 

that could be applied to other billabongs to gain a better understanding of the heavy metal 

concentrations within fluvial flood-deposited sediments. Such understanding of the past is critical to 

understand the possible heavy metal concentrations of future flood deposits.  
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Figure 7.5: Relationship between average daily flow at the Banksia St stream gauge and the heavy metal (Pb, Zn) concentrations in Bolin Billabong deposits (a) and the 
relationship between average daily flow at the Chandler Highway stream gauge and the heavy metal (Pb, Zn) concentrations in Willsmere Billabong deposits (b). Error 
bars represent 95% confidence intervals. Black dashed lines indicate sediment quality trigger values (ANZECC/ARMCANZ, 2000). 
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7.4  Discussion 

This chapter identified the relationship between the occurrence of fluvial river flooding and heavy 

metals in billabong bed sediments. This was determined by comparing the hydrologic trends of 

Willsmere and Bolin Billabongs (previously identified in Chapter 5 in Lintern et al., in preparation-a) to 

heavy metal profiles. These comparisons suggested that high As levels in the sediments of Willsmere 

and Bolin Billabongs most likely result from overbank flood events of the Yarra River, which 

transported the As mobilized by mining activities in the upper Yarra River catchment in the late 19th 

and early 20th century into the billabongs. Similarly, the correlation between high Cr levels and the 

occurrence of discrete flood layers in the sedimentary records indicate that the Cr in the billabong 

sediments is largely deposited by overbank fluvial floods.  

 

When the occurrence of flood-deposited sediments through the sediment cores were compared to 

high resolution pollution profiles, a slight correlation was detected between high Cu, Pb and Zn 

concentrations and the occurrence of flood-deposited sediments in Bolin Billabong in the latter part 

of the 20th century. This may be due to the input of stormwater into the river itself nearby Bolin 

Billabong. On the other hand, high Cu, Pb and Zn levels in the bed sediments of Willsmere Billabong 

appear to correlate negatively to the presence of overbank fluvial deposits. Furthermore, the fact that 

Willsmere Billabong has experienced a greater increase in Cu, Pb and Zn concentrations compared to 

Bolin Billabong suggests that local catchment sources such as the urban stormwater draining into 

Willsmere Billabong may be the key source of Cu, Pb and Zn in the Willsmere Billabong bed sediments.  

 

In addition, understanding the relative contribution of overbank fluvial flooding to the contamination 

of billabong bed sediments allows us to pinpoint the mitigation strategies that should be implemented 

to reduce contamination levels in the billabong bed sediments. For example, the slight positive 

correlation between the occurrence of flood events and Cu, Pb and Zn levels in the Bolin Billabong bed 

sediments suggests that mitigation strategies of Bolin Billabong should focus on reducing the level of 

heavy metals entering the billabong via overbank flooding. This could be done by reducing the heavy 

metal inputs into the main river channel. On the other hand the negative correlation between the 

occurrence of flood events and Cu, Pb and Zn levels in the Willsmere Billabong bed sediments suggest 

that mitigation strategies of Willsmere Billabong should not focus on reducing heavy metal transport 

via overbank flooding of the Yarra River. Instead, the heavy metals entering through other sources, 

such as urban stormwater, should be reduced. 
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This chapter also provided Pb and Zn concentrations in Bolin Billabong and Willsmere Billabong flood 

deposits. The cumulative density functions of Pb and Zn concentrations in flood-deposited sediments 

(created using the flood deposits identified by the Traditional Method) show the range of Pb and Zn 

concentrations in flood-deposited sediments of approximately the last 100 years. In addition, a 

relationship was developed between Pb and Zn concentrations in sediment deposits of the two 

billabongs and the average daily flow in the river whilst each 0.5-cm thick sediment layer was being 

deposited in the billabong. Although there are uncertainties in these relationships, they provide rough 

estimates of the relationship between Pb and Zn concentrations occurring in the billabong deposits 

and river flow rates during the last 100 years.  

 

7.5  Conclusion 

The key messages of this chapter are the following: 

 hydrologic trends, particularly the identification of discrete flood deposits in sediment cores, 

can be used in conjunction with the pollution profiles to better understand the sources and 

transport processes of heavy metals in aquatic systems, 

 this understanding aids in the identification of the key mitigation strategies for reducing 

pollution of the aquatic systems, and  

 the methodology presented in this chapter can assist in enhancing our understanding of the 

quality of flood-borne sediments deposited in inundated areas and the risk that these flood 

deposits pose to humans and the natural environment; as demonstrated by the creation of 

cumulative distribution functions of flood deposit quality in the 20th century, and the 

development of relationships linking river flow characteristics with sediment deposit quality 

in billabongs.  
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8.1 Introduction 

The main aim of this PhD was to determine the historical pollutant concentrations within sediments 

deposited by overbank fluvial floods, using sediment cores. In trying to achieve this aim, four key 

research objectives were addressed: 

 to identify the historical contamination trends in the Yarra River billabongs using sedimentary 

records; 

 to identify discrete fluvial flood deposits in sediment cores from the Yarra River billabongs; 

 to assess the uncertainties associated with using sediment cores to reconstruct historical 

heavy metal pollution trends in aquatic systems; and  

 to use sediment cores to identify the contaminant levels in flood-deposited sediments in the 

Yarra River billabongs. 

There were both strengths and weaknesses in the manner in which these four objectives were 

investigated. As such, this chapter will present the key conclusions and findings of this work after a 

detailed discussion of these strengths and weaknesses.  

 

8.2 Strengths and Weaknesses 

 

8.2.1 Research objective 1: To identify the historical contamination trends in the Yarra 

River billabongs using sedimentary records. 

 
Strengths. 

1. An understanding of the history of the Yarra River catchment was employed to identify the factors 

affecting the dated pollutant profiles identified using the sediment cores.  

This is the first time that historical pollution records have been reconstructed for the Yarra 

River catchment. One of the strengths in the work presented in Chapter 4 is that an 

understanding of catchment history was used to help explain the historical pollution trends 

identified in the dated Willsmere and Bolin Billabong sediment cores. The trends in toxicant 

concentrations through the sedimentary records (heavy metals for both Willsmere and Bolin 

Billabongs and persistent organic pollutants for just Willsmere Billabong) were compared to 

population, car ownership and catchment development data in order to identify the main 

factors affecting the dated pollutant profiles. Knowledge of when certain technologies and 

pollution mitigation policies were adopted was also utilized to understand why certain shifts 

occurred in the pollution states of the two billabongs. This understanding of the catchment 

(particularly of the local Willsmere Billabong catchment) helped us infer that urban 

stormwater even from purely residential catchments can have a deleterious effect on the 
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pollution states of aquatic systems. This finding suggests that aquatic systems are at risk from 

residential developments, and that the implementation of strategies (e.g., stormwater 

treatment tools) for the protection of existing waterways should beconsidered in future 

residential development plans. 

2. The performance of a pollution mitigation tool (stormwater treatment wetland) was assessed 

using the dated pollutant records from Willsmere Billabong.  

A stormwater treatment device (a stormwater treatment wetland) was installed in the local 

Willsmere Billabong catchment in 2006 to treat urban stormwater from the 1.8 ha local 

residential catchment prior to its discharge into Willsmere Billabong. Whilst a decrease in 

heavy metal concentrations was detected in the dated pollution profiles of the Willsmere 

Billabong cores after the construction of this wetland, the heavy metal levels did not return 

to pre-disturbance levels. By including a field site that has recently experienced the 

implementation of a pollution reduction strategy, this thesis has helped demonstrate that 

sediment cores can be used to assess how successful structural pollution reduction strategies 

have been in reducing pollution states. This methodology has the potential to be applied to 

other aquatic systems currently undergoing remediation, to assess the success of these 

projects.  

 

Weaknesses. 

1. How pollution trends are affected by the proximity of the aquatic system to urban centres, was 

not fully explored.  

A sediment chronology could not be developed for the Yarra Flats Billabong due to sediment 

dredging that occurred in the late 1990s.  Thus, the pollution trends at this site were not 

studied in this project. It was originally envisaged that a comparison between historical 

contamination trends of the billabongs within metropolitan Melbourne (Willsmere and Bolin 

Billabong) and the Yarra Flats Billabong (outside metropolitan Melbourne) would help 

elucidate and quantify how land use and proximity to urban areas affects pollution in aquatic 

systems. The catchment of the Yarra Flats Billabong has been used for agriculture and grazing 

over almost two centuries. However, even without the pollution trends from the Yarra Flats 

Billabong, Willsmere and Bolin Billabong had enough variability in their catchments (in terms 

of land-use) that the impact of residential stormwater and urban growth on pollution levels 

of aquatic systems could be demonstrated using these two billabongs.  
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2. Sub-samples from Willsmere Billabong sediment cores (W1 and W4) were not used to date the 

pollutant concentration profiles. 

In Chapter 4, W4 and W1 were dated by correlating these cores to a Willsmere Billabong 

sediment core for which a sediment chronology had been developed in a previous study 

(Leahy, 2007). Sub-samples from W4 were not analysed for radio-isotopic activities due to lack 

of access to a radiochemistry laboratory at the time that the work in Chapter 4 was being 

completed. Only one sample from W1 was outsourced to a commercial laboratory for 14C 

dating due to financial limitations. The analysis of multiple sub-samples from W4 and W1 

would have led to more precision in the dating of the pollution profiles.  

 

However, access to radiochemistry laboratories was gained later and as such, W4 was dated 

using 210Pb and 137Cs activities, and W1 was re-dated using two 14C dates. This newer age-

depth model was used in Chapters 5 to 7. The age-depth model used in Chapter 4 was very 

similar to the model developed in Chapter 5. This suggests that the core-correlation 

methodology used in Chapter 4 to date W4 and W1 did not have a significant impact on the 

interpretations of the pollution profiles.  

3. The Bolin Billabong sediment cores did not contain extensive records of pre-European sediment 

accumulation. 

The Bolin Billabong sediment cores obtained specifically for this PhD project in 2013 did not 

contain pre-European sediments. This is because I could not gain permission to take cores 

more than 2-m long from the billabong. A longer core (2.9 m) had previously been taken from 

Bolin Billabong by Leahy (2007) in 2001 and analysed for heavy metal concentrations. As the 

longest core containing the oldest sediments, these previously obtained heavy metals data 

were used in Chapter 4. Four sediment sub-samples were obtained and analysed from the 

part of the sediment core deposited before 1850, which is assumed to be the start of 

disturbance in the Yarra River catchment. The temporal variability in heavy metal sediment 

concentrations prior to catchment disturbance therefore could not be assessed in detail and 

compared to post-disturbance sediment concentrations. Thus, it could not be verified that 

post-disturbance sediment concentrations were outside the range of natural variability in 

heavy metal concentrations under background conditions.  
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Longer sediment cores were obtained from Willsmere Billabong, which dated back to 

approximately the early 1300s CE. Given the minimal down-core variability in the heavy metal 

concentrations of seven pre-disturbance sediment sub-samples from W1, it is unlikely that 

there would have been large variations in the pre-disturbance heavy metal concentrations in 

Bolin Billabong.   

 

8.2.2 Research objective 2: To identify discrete fluvial flood deposits in sediment cores 

from the Yarra River billabongs. 

 

Strengths.  

1. High resolution data from three locations in the Yarra River catchment were used to identify Zr/Rb 

as a proxy for particle size. 

An element or elemental ratio that can represent particle size was determined by using both 

laser diffraction to measure particle size on sediment sub-samples and micro-XRF to measure 

elemental composition at a high resolution (0.5 cm and 1 cm) through sedimentary records 

from three billabongs (Willsmere, Bolin and Yarra Flats Billabong). This resulted in the analysis 

of over 300 samples for the determination of a particle size proxy.  

 

The inclusion of sub-samples from three different billabongs enabled us to demonstrate the 

applicability of Zr/Rb as a proxy for median particle size (D50) throughout the whole Yarra River 

catchment. The high resolution of the sub-sampling in addition to the large number of samples 

used for the analysis increases our confidence about both the precision and the accuracy of 

this proxy, allowing us to use Zr/Rb, instead of particle size measured using laser diffraction, 

to identify historical hydrologic trends in the sedimentary records. As discussed in the 

literature review, previous studies that assessed the applicability of Zr/Rb as a particle size 

proxy were not based on such rigorous methods. However, we acknowledge that based on 

the elemental composition of the geological deposits of catchments, the appropriate particle 

size proxy may vary. This study has demonstrated a methodology that should be adopted 

when validating the applicability of Zr/Rb as an indicator of particle size outside of the Yarra 

River catchment. 
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2. Multiple lines of evidence were used to identify both the overall historical trends in hydrology and 

discrete flood layers. 

A multi-proxy approach was adopted in this study to infer the historical hydrology of 

Willsmere and Bolin Billabongs using sedimentary records. This is especially apparent in the 

multiple lines of evidence used to calculate the Flood Signal Strength. In addition, the overall 

hydrologic trends and the flood layers identified in the sediment cores were checked using an 

additional line of evidence – historical measured flow records. The use of multiple lines of 

evidence enabled greater confidence that the hydrological trends and flood layers had been 

correctly identified using the sedimentary records.  

 

Weaknesses. 

1. The longest continuous dated sediment core from Willsmere Billabong could not be used to 

identify historical hydrologic trends due to errors in the micro-X-Ray Fluorescence (XRF) core 

scanning. 

As the ITRAX micro-XRF core scanner used in this study cannot scan a core that is more than 

1.8 m long, sediment cores exceeding this length (e.g., W1) had to be scanned in several 

sections. However, when scanning W1 (introduced in Chapter 4) there were discrepancies in 

the micro-XRF readings between the ends of two adjacent sections from the same core. In 

other words, the elemental abundances detected at the bottom of one section (i.e., one end 

of the cut) were noticeably different to the elemental abundances detected at the top of the 

next section (i.e., the other end of the cut). The equipment settings were kept constant over 

the multiple sections and therefore, it is unclear why these discrepancies occurred in the 

micro-XRF readings. As sub-samples from this sediment core had previously been dated using 

14C and pollen assemblages, the original plan was to use this core to identify long-term 

changes in the hydrology of Willsmere Billabong.  

 

Micro-XRF results of W2001 (introduced in Chapter 5) were instead used to identify the long 

term changes in hydrology because there appeared to be no errors in the micro-XRF 

measurements for this core. W2001 was dated by correlating it to W1 using the magnetic 

susceptibility profiles. We believe that dating the Willsmere Billabong cores by correlating 

them to one another using their magnetic susceptibility profiles is a sound method because 

when comparing the Willsmere Billabong (W4 and W1) sediment chronologies developed in 

Chapter 4 and Chapter 5, it was demonstrated that sediment chronologies from one core can 
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be applied to another from the same billabong by correlating the magnetic susceptibility 

profiles.  

2. It was assumed that all source rocks (i.e., sediment sources) from the Yarra River catchment were 

sampled and analysed. These sediment samples were used to identify the elements that were 

more concentrated in flood-borne sediment deposits compared to sediments conveyed by 

overland runoff from the local billabong catchments.  

Geological maps were used to identify the geological deposits in the Yarra River catchment 

upstream of Willsmere and Bolin Billabong, which contribute sediments to billabongs. 

However, resolutions of geological maps are quite coarse, and it is possible that some 

important sources of sediment into Willsmere and Bolin Billabong were not included on the 

map and therefore not sampled. Furthermore, it is uncertain whether variability in elemental 

composition within geological deposits has been adequately represented by the sampling 

methodology. Regardless of these uncertainties, validation of the reconstructed flood record 

using measured flow data suggests that the rock and sediment sampling procedure was 

adequate in identifying flood deposits within the sedimentary records.   

3. The chronologies for the Bolin Billabong cores were not very precise.  

As discussed previously in Chapter 5, the sediments below approximately 20 cm could not be 

dated using 210Pb, due to the non-monotonic decrease in the unsupported 210Pb activities. 

Whilst 137Cs and plutonium activities were also analysed in the top 70 cm of B5, detection was 

either too low (137Cs) or no peak in activity could be detected (plutonium). As such, the 

chronology of B5 below 20-cm depth was developed by correlating B5 to the core from 

Willsmere Billabong (W4), for which there was a more precise sediment chronology. Whilst 

these are able to provide approximate dates, precise ages could not be assigned to the 

sediment deposits.  

4. The pre-European hydrology of Bolin Billabong could not be determined because the cores were 

not long enough.  

In previous section (Section 8.2.1), it was discussed that sediment cores containing pre-

European sediments could not be obtained and that this hindered our ability to identify 

background heavy metal concentrations. This also made it difficult to infer the pre-

disturbance hydrological trends of Bolin Billabong. Although the Bolin Billabong core obtained 

in 2001 (Leahy, 2007; Leahy et al., 2005) contained an approximately 30-cm thick layer of pre-

European sediments, this core was no longer available for micro-XRF core scanning as it had 
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been opened and sub-sampled in 2001. As such, this sedimentary record could not be used to 

determine historical hydrologic trends. Whilst the pre-European hydrology of Bolin Billabong 

could not be identified in this study, previous works (Leahy, 2007; Leahy et al., 2005) suggest 

that the characteristics of pre-European sediment deposits and the diatom flora in Bolin 

Billabong are similar to those of Willsmere Billabong. As such, it is assumed that the pre-

European hydrological conditions of Bolin Billabong are similar to that determined for 

Willsmere Billabong. 

 

5. Further checking of the reconstructed hydrological trends and identified flood layers is required. 

The long-term Yarra River streamflow observations used to check the hydrologic trends 

inferred from the sedimentary records were missing data between 1934 and 1959 and 

between 1969 and 1974. This was a period with a significant increase in water extractions, 

with the construction of the Upper Yarra Reservoir in 1957. It would therefore be expected 

that the flow regime of the river would have experienced a large shift during this period. We 

would be able to have more confidence in the method used to identify historical hydrologic 

trends if the dataset used to confirm the reconstructed trends was not missing this crucial 

period in the history of the Yarra River. 

 

Furthermore, there was some uncertainty in the age-depth model that was used to identify 

the timing of the flood-deposited layers. Being unable to obtain precise dates for sediment 

deposits meant that accuracy of the Flood Signal Strength was checked using five year 

averages. This means that we evaluated the ability of the Flood Signal Strength to identify the 

likelihood that a sediment layer deposited over a five year period was due to an overbank 

flood, rather than the effectiveness of the Flood Signal Strength in identifying the likelihood 

that a 0.5 cm sediment layer was due to an overbank fluvial flood.  

 

Regardless of these limitations, the promising comparison of the measured flow data and the 

reconstructed hydrological trends presented in this thesis suggest that it is likely that the 

framework used to identify historical trends in hydrology and identify flood layers is reliable, 

and will continue to improve with increased precision in sediment dating. 
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8.2.3 Research objective 3: To assess the uncertainties associated with using sediment 

cores to reconstruct historical heavy metal pollution trends in aquatic systems. 

 

Strengths. 

1. A large dataset was used to identify the relationship between heavy metal abundances obtained 

by micro-XRF and heavy metal concentrations obtained by ICP-MS.  

Heavy metal abundances were measured using micro-XRF at 1-cm intervals through sediment 

cores from both Willsmere and Bolin Billabongs (W4 and B3). In addition, heavy metal 

concentration (in terms of dry weight) was determined at 1 cm intervals through both cores 

using ICP-MS. This resulted in a dataset of approximately 490 points that could be used to 

evaluate the accuracy and precision of micro-XRF heavy metal results.  

 

To our knowledge, previous studies have not used such large datasets to identify the 

relationships between micro-XRF heavy metal profiles and heavy metal profiles developed 

using more traditional analytical methods (e.g., ICP-MS or conventional XRF). The size of the 

dataset was critical in ensuring that correlations between the heavy metal levels obtained 

using micro-XRF and ICP-MS were statistically significant. Furthermore, the fact that the data 

were from cores from two different billabongs increased the robustness of the analysis, 

making it more likely that the relationships identified are applicable to sediment cores from 

other sites within the Yarra River catchment.  

2. The spatial and temporal variability between heavy metal profiles from sedimentary records 

were assessed using high resolution heavy metal profiles. 

Previous studies have not systematically quantified the differences in heavy metal profiles due 

to spatial variability or post-depositional mobilisation. Spatial variability between the heavy 

metal profiles of three sediment cores from Willsmere Billabong was assessed using heavy 

metal measurements obtained at 0.5-cm intervals through the three cores. This high 

resolution enabled the assessment of spatial variability in short-term fluctuations in heavy 

metal trends. Similarly, the effects of post-depositional mobilization on sediment core heavy 

metal profiles was assessed using heavy metal concentrations obtained at a high resolution 

(1-cm intervals) through cores taken ten years apart from each other. This also enabled the 

assessment of the effect of post-depositional mobilization or transformation on short-term 

fluctuations. 
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The findings in Chapter 6 indicated that whilst overall trends in heavy metals may be similar 

regardless of the location from which the core was taken, there can be considerable short 

term fluctuations. Thus, to assess the true uncertainty in heavy metal profiles due to the 

spatial variability of heavy metal deposition and accumulation, it is critical to use high 

resolution measurements of heavy metals.  

 

Weaknesses. 

1. There were some uncertainties in the measurement of heavy metal inputs into Willsmere 

Billabong during the 12-month field monitoring, thereby introducing uncertainty in the 

comparisons between bed sediment heavy metal levels and heavy metal inputs into Willsmere 

Billabong. 

Firstly, overbank flooding of the Yarra River did not occur during the 12-month monitoring 

period of Willsmere Billabong. As such, the effect of overbank flooding on the quality of 

billabong sediment deposits and the billabong water column could not be determined. 

However, the contribution of non-flood metal sources (e.g., urban stormwater, atmospheric 

deposition) to heavy metal levels depositing on the bed sediments of Willsmere Billabong 

could be determined. This allowed us to find that the heavy metal masses deposited on the 

bed of Willsmere Billabong generally correlate to the heavy metal masses entering Willsmere 

Billabong.  

 

There were also difficulties in quantifying the heavy metal inputs into Willsmere Billabong via 

stormwater and atmospheric deposition. The diameter and the location of the stormwater 

drain into Willsmere Billabong did not allow for the installation of an auto-sampler. Whilst 

several stormwater grab samples were obtained, it is not certain how accurately these grab 

samples represent Event Mean Concentrations (EMCs). In addition, the dust-deposition gauge 

could not be collected as soon as it was filled with rainwater. Whilst (1) it was verified that the 

mass of heavy metals deposited in the dust deposition gauge had no relationship to the 

volume of overflow occurring, and (2) we corrected for this error, there is still some 

uncertainty in the atmospheric metal influxes evaluated for Willsmere Billabong. However, 

the modelled masses of particulates and heavy metals in stormwater and atmospheric 

deposition were comparable to literature values of total suspended solids and metals in urban 

stormwater and total particulates and metals in atmospheric deposition. This suggests that 
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the errors in the modelled particulates and heavy metals masses in stormwater and 

atmospheric deposition were negligible.  

 

Finally, there were limitations in the sampling methodology of the water column. One grab 

sample was taken of the water column just before the sediment traps were retrieved each 

month. However, it would have been more effective to sample several locations through the 

billabong and at different depths in the water column to capture the spatial variability in heavy 

metals in the water column. Conversely, the use of a passive sampling device may have been 

able to more effectively capture fluctuations in water quality over time, so that these 

fluctuations could then be compared to the heavy metal content of sediments settled in the 

sediment traps. Despite the inability to accurately detect the heavy metal concentrations in 

the water column, we were able to verify that the heavy metal masses deposited on the bed 

sediments were representative of the heavy metal inputs (stormwater and atmospheric 

deposition) into the billabong, using a mass balance model. 

2. Micro-XRF results were not consistent between cores, which meant that one core had to be 

excluded from the spatial variability uncertainty analysis and micro-XRF measurements of W4 and 

W2001 could not be used to assess the post-depositional mobilization uncertainties.   

Micro-XRF data for one group of sediment cores (B3, W4, W1-1, W3-1) were obtained in 

November of 2013, using the ITRAX core scanner. A second group of cores (W2001 and W5, 

which is discussed briefly in Chapter 4) was analysed in the same core scanner nine months 

later, in August 2014. It was intended that W4, W5, W1-1 and W3-1 would be used to assess 

spatial variability in heavy metal profiles and that the micro-XRF heavy metal trends of W2001 

would be compared to W4 to evaluate the influence of post-depositional transformation on 

heavy metal profiles in sediment cores. However, the X-Ray molybdenum tube was replaced 

in the nine month period between the two micro-XRF core scans. As a result, the micro-XRF 

readings obtained for the cores scanned in August 2014 differed in magnitude to those of the 

cores scanned in November 2013 and the micro-XRF results for W5 and W2001 could not be 

compared to those of W4, W1-1, and W3-1.  

 

However, there were ICP-MS results that could be used to compare the heavy metal 

composition of W2001 and W4, and three cores (W1-1, W4, W3-1) scanned in November 2013 

(the first round) already represented different coring locations within Willsmere Billabong. 

Thus the exclusion of W5 and W2001 did not greatly hinder the assessments of spatial 
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variability and post-depositional mobilisation. It is also for this reason that the micro-XRF 

heavy metal abundances of W2001 were not used to assess the ability of micro-XRF to 

accurately represent heavy metal concentrations in sediments, even though there were both 

micro-XRF heavy metal abundances and ICP-MS heavy metal concentrations available for 

W2001.  

 

3. The sediment cores used to evaluate the effects of spatial variability and post-depositional 

mobilisation on sediment core heavy metal profiles were not dated. 

Some of the sediment cores used to assess spatial variability uncertainties (W1-1, W3-1) and 

post-depositional mobilization uncertainties (W2001) were not dated due to financial 

constraints. Therefore, the effect of spatial variability and post-depositional mobilization 

could not be assessed by comparing sediments deposited in the same time period (e.g., the 

same year or decade).  

 

Instead, the main sedimentary (or lithological) units in the cores were identified in the cores 

and these sedimentary units represent sediments that would have been deposited in the 

same time period. The heavy metal levels in each sedimentary unit were compared across the 

cores. Sedimentary units were identified primarily using visual assessment of the stratigraphy 

(i.e., using the optical and radiographic images of the cores) and magnetic susceptibility 

profiles. It is unlikely that dating all four cores would have significantly changed the spatial 

variability or post-depositional mobilization uncertainties presented in Chapter 6.  

 

8.2.4 Research objective 4: To use sediment cores to identify the contaminant levels in 

flood-deposited sediments in the Yarra River billabongs. 

 

Strengths. 

1. Sediment cores were used to identify both historical hydrologic trends and historical pollution 

trends, and these two were compared to infer the sources and transport pathways of pollutants 

into the billabongs.  

In Chapter 7, the sources and transport processes of heavy metals into Willsmere and Bolin 

Billabong were identified by comparing the historical hydrologic trends with the historical 

pollution profiles identified in sedimentary records. This enabled us to identify pollution levels 

within stormwater, overland runoff, and fluvial flooding. For example, it confirmed previous 
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findings from Chapter 4, that elevated arsenic (As) levels in the Willsmere and Bolin Billabong 

cores were a result of As mobilized by mining in the upstream reaches of the Yarra River 

catchment, and transported into the billabongs by fluvial flooding. This method has the 

potential to be applied to other aquatic systems, to better understand the sources of pollution, 

and thereby design targeted plans for reducing pollution levels in these systems.  

 

This methodology also enabled us to identify the heavy metal concentrations in flood-

deposited sediments in Willsmere and Bolin Billabong. This is both the first time that the heavy 

metal concentrations in flood deposited sediments in the Yarra River catchment have been 

identified, and the first time that ranges and distributions in heavy metal concentrations in 

fluvial flood-deposited sediments have been presented. This methodology can be applied to 

other river systems, to enhance understanding about the risks of contamination of flood-

inundated areas, and thereby develop appropriate risk management strategies.  

2. Two billabongs with varying degrees of connectivity to the urban stormwater drainage network 

were compared. 

When addressing research objective four, the historical hydrologic trends and pollution trends 

of two billabongs were compared. Whilst one billabong receives a direct urban stormwater 

input (Willsmere Billabong), the other does not (Bolin Billabong). This enabled us to identify 

the effect of stormwater on both the hydrology and the pollution levels of these billabongs. 

The historical hydrologic trends identified for Willsmere Billabong and Bolin Billabong in 

Chapter 5 showed that stormwater can be a source of water and sediments to billabongs, 

helping to maintain lake levels when the frequency and magnitude of overbank flooding 

decreases. However, it was found that urban stormwater also transports significant amounts 

of heavy metals (lead; Pb, zinc; Zn and copper; Cu) into the billabong. As such, whilst there 

has been a plan proposed at Bolin Billabong to fill the drying billabong with treated 

stormwater, the history of Willsmere Billabong indicates that such schemes may lead to 

increased pollutant levels in the billabongs, which would also have negative effects on the 

ecosystem.  
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Weaknesses. 

1. There were uncertainties in the relationships that link average daily river flow to Pb and Zn 

concentrations in billabong deposits. 

Although the Pb and Zn concentrations in Willsmere Billabong and Bolin Billabong deposits 

were plotted against average daily river flow (at points in the river adjacent to Willsmere and 

Bolin Billabongs) in Chapter 7 (Figure 7.5), there are uncertainties associated with these 

relationships as represented by the error bars (95% confidence intervals). These uncertainties 

likely arise from the fact that there are few data points used to develop the functions used to 

convert Flood Signal Strength into average daily flows, due to the gap in measured streamflow 

data in the 20th century.  

 

Whilst these uncertainties hinder the use of these relationships for predicting the exact Pb 

and Zn concentrations in future Willsmere Billabong and Bolin Billabong sediment deposits, 

the relationships are still able to provide a range of heavy metal (Pb or Zn) concentrations 

expected in a sediment deposit in Willsmere or Bolin Billabong given the average daily flow of 

the Yarra River during the period of sediment deposition.  

  



Chapter 8: Final discussion and conclusions 

 

250 

  

8.3 Key findings 

8.3.1 Historical contamination trends in the Yarra River billabongs identified using their 

sedimentary records 

Firstly, the main sources of contaminants such as heavy metals and POPs into an aquatic system were 

identified using a dated bed sediment core. The pollutant trends identified in the sedimentary records 

were compared to an understanding of catchment history. For example, it was found that urban 

development and the introduction of motor vehicles have contributed to heavy metal and persistent 

organic pollutants (POPs) pollution of Willsmere Billabong. The sedimentary records from Willsmere 

Billabong also suggest that urban stormwater from purely residential catchments contribute to the 

heavy metal and POPs pollution of urban aquatic environments. This emphasises the need to 

incorporate stormwater treatment strategies in future residential developments that are created near 

waterways. In addition, it was demonstrated that sediment cores can be used to evaluate pollution 

reduction strategies such as stormwater treatment tools or pollutant emission regulations (e.g., 

banning of Pb-based petrol). 

 

It was also identified that generic sediment quality trigger values for heavy metals provided by existing 

water quality guidelines in Australia (ANZECC/ARMCANZ, 2000) differ from site-specific background 

sediment metal concentrations at Bolin and Willsmere Billabongs in the Yarra River catchment. This 

highlights the importance of identifying site-specific background concentrations when developing 

sediment quality targets or when assessing the pollution state of aquatic environments. We have 

shown that these site-specific background concentrations can be obtained using sediment cores that 

contain sediments deposited before catchment disturbance.  

 

8.3.2 Historical hydrologic trends of the Yarra River billabongs identified using their 

sedimentary records  

Long-term hydrologic trends of the Yarra River and its billabongs were reconstructed using 

sedimentary records from Willsmere and Bolin Billabongs. Overall trends in hydrology were identified 

using sediment characteristics such as magnetic susceptibility, organic matter, particle size and 

elemental composition. It was found that prior to the 20th century Willsmere and Bolin Billabong 

received fluvial inputs regularly, but became increasingly disconnected from the river in the late 20th 

century.  
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In addition, two methods for identifying discrete flood layers in sediment cores were identified. One 

of these methods used traditional flood layer identification methods (e.g., presence of laminations, 

high magnetic susceptibility, low organic matter, high grain size). The second method used the 

elemental composition of sediment deposits, in addition to the traditional markers to identify likely 

flood layers. Elemental composition had not previously been utilized as a proxy for identifying discrete 

flood events. The reconstructed overbank flood records were checked using actual flow records of the 

Yarra River through the 20th century. The study demonstrated that the use of elemental composition 

of sediments, in conjunction with magnetic susceptibility, particle size and inorganic matter content, 

can be used to identify discrete flood-deposited sediment layers in sediment cores. This method 

could potentially be applied when analysing sediment cores from other river systems for 

environmental flow management purposes. 

 

8.3.3 Uncertainties associated with using sediment cores to reconstruct historical heavy 

metal pollution of aquatic systems 

A framework that conceptualizes the uncertainties associated with reconstructing historical heavy 

metal pollution trends in aquatic systems using sediment cores was presented. This framework not 

only summarises the main sources of uncertainties, but also presents the linkages between them. The 

sources of uncertainties identified in this framework include: spatial variability, sub-sampling intervals, 

analytical methods, loss of metals during settlement and post-depositional mobilization. Whilst it is 

acknowledged that there can be large uncertainties when sediment cores are used to reconstruct 

historical environmental changes, these have not previously been quantified.  

 

This work indicates that main source of uncertainty differs depending on the heavy metal being 

studied. The largest source of uncertainty for most metals appears to be the assumption that metal 

inputs into the billabongs are deposited on the bed sediment. However, the analysis has shown that 

over a 12-month monitoring period, the fluctuations in the bed sediment metal masses reflected 

variability in the inputs, which increases confidence in the use of sediment core heavy metal profiles 

for identifying historical pollution trends. It is envisaged that the uncertainty framework, and the 

quantified sources of uncertainties in Chapter 6 can be used by other researchers in the future to plan 

sediment core sampling strategies, and analyses that minimize and correct for these uncertainties.  
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8.3.4 Contaminants in flood-deposited sediments in the Yarra River billabongs identified 

using sediment cores 

The trends in sediment properties (used to infer historical hydrologic trends), juxtaposed with 

pollutant profiles for the Willsmere and Bolin Billabong sediment cores helped to confirm the main 

drivers for heavy metal pollution, which were previously identified using just the dated pollutant 

profiles in Chapter 4. It was demonstrated that an understanding of sediment characteristics, and 

hence historical hydrological trends, greatly aids in identifying contaminant sources. In particular the 

negative relationship between the occurrence of flood-deposited sediments (as inferred from the two 

flood deposit identification methods proposed in the thesis) and the concentration of Cu, Pb and Zn 

in the sediment deposits suggested the deleterious contribution of residential stormwater on 

Willsmere Billabong. This indicates that heavy metal pollutant reduction strategies in Willsmere 

Billabong should focus on the stormwater drain. However, the slight positive correlation between the 

Flood Signal Strength and Cu, Pb and Zn concentrations in Bolin Billabong in the latter half of the 20th 

century suggests that Bolin Billabong has received contaminants mainly from fluvial flooding. The 

method demonstrated in this work (i.e., using both historical hydrological and pollution trends using 

sediment cores to identify pollutant sources) should be applied in future studies that aim to identify 

pollution sources of aquatic environments. 

 

The cumulative distribution functions of Pb and Zn concentrations in sediments that have been 

deposited by floods through the 20th century contributes to a better understanding of the level of 

heavy metals contained within flood-deposited sediments of the Yarra River. Comparisons between 

the heavy metal (Pb and Zn) concentrations in flood-deposited sediments and guideline sediment 

quality trigger values indicates that if these trigger values were used as a criteria to assess the 

contamination extent of sediment deposits, Zn concentrations in flood-deposited sediments at both 

billabongs have been below heavy metal trigger values, but the sediments that deposited during non-

flood periods in Willsmere Billabong have been above trigger values. On the other hand, Pb 

concentrations in flood deposits have often exceeded recommended trigger values for both billabongs. 

Thus, a dataset of the heavy metal contamination (Pb and Zn) of historical flood deposits has been 

developed for Bolin and Willsmere Billabongs. This dataset could be used for future predictions of 

heavy metal concentrations in these areas, much like in flood-frequency analysis. 

 

Finally, a relationship between average daily river flow rate and heavy metal concentrations within 

billabong deposits was provided. Whilst further investigation is required to refine this relationship, 

the presented methodology can be applied to other river catchments for providing rough estimates 
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of the concentration of heavy metals contained in sediments deposited in floodplains. Not only will 

this help us identify remediation or mitigation priorities to combat water quality degradation of 

billabongs, but it will also increase our understanding of the risk management and flood-clean-up 

strategies that must be implemented during and after river floods. 

 

8.4 Further Investigation 
 

8.4.1 Further investigations into the practical applications of historical pollution trends 
obtained using sediment cores 
 
Reconstructing historical water quality data. 

An understanding of the toxicant concentrations within flood deposits is critical during flood clean-up 

efforts. However, the quality of flood water is also an important issue that must be addressed to equip 

future generations to better cope with the likely increase in the frequency and intensity of floods. It is 

therefore worthwhile investigating whether historical sediment concentration data can be used to 

model historical water quality. The sediment quality data collected in this project could be coupled 

with existing models of the fate of pollutants in aquatic environments. One example is STUMP 

(Vezzaro et al., 2010) and although this is a model of pollutant fate in stormwater treatment units, the 

model could be modified to simulate a natural lake, and be used to back-calculate the water quality 

using sediment concentration data (i.e., the known fate of the pollutants).  

 

Furthermore, if historical water quality can be successfully modelled using historical sediment deposit 

concentrations, background concentrations of historical water quality (in terms of mg/L) could be 

developed and be used to assess trigger values of water quality currently provided in water quality 

and environmental monitoring guidelines (e.g., ANZECC/ARMCANZ, 2000).  

 

Exploring the effect of water quality management strategies on the heavy metal levels in the 

sediments of Willsmere and Bolin Billabong. 

This thesis provided a brief exploration of the effect of water quality management strategies on heavy 

metal concentrations in the sediments accumulating on the billabong bed sediments (e.g., removal of 

lead additives, the regulation of DDT). However, in the future (due to further sediment deposition) we 

may be able to pinpoint the effects of further water quality mitigation strategies such as the 

implementation of stormwater wetlands and/or the installation of rainwater tanks in the billabong 

catchments. As such, sediment cores should be taken from Bolin Billabong and Willsmere Billabong 

one or two decades from now, and the heavy metal levels in recent sediment deposits should be 

compared to past trends and background levels.  
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Correlating the trends in historical toxicant concentrations to trends in historical ecological 

conditions. 

It is recommended that further work be conducted to link the trends in sediment toxicant 

concentrations with trends in indicators of species health (e.g., diatoms or chironomids) in sediment 

cores. This would be one way of identifying and quantifying the site-specific toxicant levels that may 

be correlated to past ecological shifts. These correlations could be used to develop site-specific 

sediment and water quality targets, so that water quality management plans can be developed based 

on not only an understanding of background or pre-disturbance conditions, but also on the level of 

ecosystem protection that is desired.  

 

Identifying historical trends in heavy metal masses in sediment cores. 

Trends in pollutant concentrations through sediment cores were the primary focus of this study. The 

focus on pollutant concentrations is justified because these are the means by which sediment and 

water quality are generally assessed, particularly for lentic systems such as the Yarra River 

(ANZECC/ARMCANZ, 2000). However, one disadvantage of assessing historical pollution trends using 

pollutant concentrations is that the trends can be affected by the bulk amount of sediments being 

deposited on the sediment bed. Toxicant masses and toxicant concentrations have different uses in 

ecological management, and it would therefore be worthwhile investigating toxicant masses buried 

in sediment cores and to use these data to estimate historical mass influxes.  

 

8.4.2 Further investigations into the use of sedimentary records to understand historical 
hydrological trends 
 
Applying Bayesian change point algorithms to sedimentary records to infer historical hydrological 

trends.  

In this study, overall trends in hydrology were identified using hierarchical constrained cluster analysis 

to identify the points in the sediment core at which sediment characteristics change. Constrained 

cluster analysis is a statistical method that assesses the similarity of variables through sediment cores 

based on the magnitude of the variables included in the cluster analysis. Although observed 

streamflow data confirmed the hydrological trends reconstructed by applying constrained cluster 

analysis to sediment core data, we acknowledge that there are Bayesian change point algorithms (e.g., 

Dynamic Connectivity Regression; Cribben et al., 2012) which can also be used to identify significant 

changes in sediment characteristics through the cores. In particular, the benefit of Dynamic 

Connectivity Regression would be that changes in the variability of sediment characteristics, instead 
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of just the magnitudes of the sediment characteristics, would be considered when determining the 

main change points within the sedimentary record. It is recognised that there is a further opportunity 

for using advanced statistical methods to interpret sedimentary records, not just for identifying 

historical trends in hydrology, but also for identifying historical environmental changes such as climate 

variability or fire regimes.  

 

Applying flood deposit identification methods to other catchments. 

Whilst an attempt was made in the project to verify the inferred hydrological trends to known flood 

occurrences, this was made difficult by two issues. First, that there was a significant period 

(approximately 25 years) of missing flow data; and second, there were uncertainties in the ages 

assigned to sediment deposits. As such, it is recommended that the methods used in this project to 

identify historical hydrology and identify discrete flood events be applied to another river catchment, 

preferably one which has a continuous streamflow record spanning over 100 years. Furthermore, it 

would be ideal if the sedimentary records contained a greater number of chronological markers, 

allowing for a highly precise age-depth model. Successfully applying the framework for inferring 

historical hydrological trends to another river catchment would increase confidence in the wide 

applicability of this method.  

 

Investigating the use of mixing models for identifying discrete flood deposits within sediment 

cores. 

Preliminary work conducted in this thesis indicated that existing linear and Bayesian mixing models 

such as SourceTracker (Knights et al., 2011) were not suited to identifying discrete flood deposits 

within sedimentary records, particularly if some of the sediment sources themselves are mixtures of 

upstream sediment sources. It should be further investigated whether existing models can be adapted 

to accommodate for these ‘mixed sources’. Analysis of prepared and known mixtures of sediments 

could be used to help validate the performance of these adapted models.  

 

8.4.3 Further investigation of uncertainties in the use of sediment cores to reconstruct 
historical pollution trends 
 
Quantifying uncertainties associated with building sediment chronologies.  

Previous studies have quantified the uncertainties in age-depth modelling, and as such these were not 

explored in the thesis. However, these age-depth modelling uncertainties have not previously been 

compared to other sources of uncertainty in the development of historical pollution trends (e.g., 

spatial, sub-sampling interval, post-depositional mobilisation). Quantifying the uncertainties due to 
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age-depth modelling for Willsmere Billabong, and then comparing these to the uncertainties 

quantified in the thesis, would yield a more holistic understanding of the potential errors associated 

with developing historical pollution records of aquatic environments.  

 

Identifying uncertainties for other aquatic environments.  

It would be worthwhile to apply the uncertainty framework proposed in this study to additional 

aquatic environments. Whilst uncertainties associated with (1) post-depositional mobilisation of 

metals; (2) sediment sub-sampling; (3) spatial variability and (4) loss of metals during sediment 

settlement, were quantified for Willsmere Billabong, it is likely that the magnitude and significance of 

these uncertainties vary according to the physical and chemical characteristics of aquatic systems. It 

would be beneficial to identify whether there is a relationship between the physical or chemical 

characteristics of the aquatic systems (and their catchments), and the contribution of each type of 

uncertainty to the overall uncertainty framework. This will enable greater understanding in the level 

of uncertainty expected in the reconstruction of historical heavy metal pollution trends using bed 

sediment cores. From this, it will be easier to estimate the expected uncertainty in reconstructed 

historical pollution trends for specific systems without undertaking extensive field monitoring and 

data collection.  

 

Creating an uncertainty framework for reconstructing historical POPs contamination using 

sediment cores.  

Given the toxicity of POPs to both humans and the ecosystem, accurate reconstruction of historical 

POPs trends is critical. In this study however, the effect of post-depositional mobility on the 

interpretation of sediment core POPs profiles has not been measured. The differences between POPs 

in bed sediments and the influx of POPs into the aquatic system have not been quantified either. The 

post-depositional mobility of POPs could not be quantified in this study because the sediment core 

taken in 2001 (W2001) used for assessing the extent of post-depositional mobilization of toxicants, 

was stored in a Polyvinyl Chloride (PVC) pipe for over 10 years, which may have resulted in the leaching 

of POPs from the PVC pipe into the sediments during storage. In addition, the link between POPs 

inputs into the billabong and POPs settlement onto the bed sediment of the billabong could not be 

determined because POPs were below detection levels in both the inputs and the settled bed 

sediments during period of long-term field monitoring at Willsmere Billabong. These uncertainties 

should be quantified in the future so that the magnitude of uncertainty associated with reconstructing 

historical POPs trends is better understood.  
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8.4.4 Further investigations into the use of sediment cores to identify contaminant levels 

in flood-deposited sediments 

 
Reducing uncertainties in the relationships between heavy metal concentrations of billabong 

sediment deposits and average daily river flow. 

As discussed previously, there were uncertainties in the relationship between heavy metal 

concentrations of billabong deposits, and the average daily flow during the period of sediment 

accumulation. One way to do this would be to address the uncertainties in the function that converts 

the flood signal strength to average daily flows. This could be done by (1) increasing the precision in 

the age-depth model or (2) filling the gaps in the dataset of average daily flows by modelling the Yarra 

River flows over the 20th century. 

 

Developing a model that accounts for the impact of urbanisation on concentration of heavy metals 

within flood deposits.  

Further work should be conducted to adjust the heavy metal concentration in flood deposits identified 

in Chapter 7 according to the extent of urban development in the catchment at the time of the flood. 

It is important to take into account not only the effect of flood characteristics on the contaminant 

levels within flood-deposited sediments, but also how the extent of pollution generation activities 

within the catchment affects contaminant levels in flood deposits. This would enable the 

quantification of heavy metal concentrations in flood-deposited sediments at different stages of urban 

development. Frequency distributions for contaminant concentrations in flood-deposits could be 

developed for various levels of urbanisation. Such a dataset would be of great use in predicting the 

heavy metal contamination of future flood deposits of the Yarra River. If would also enable us to 

approximate pollutant concentrations in sediments deposited by floods in other river systems around 

the world.  
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Figure S1: Heavy metal concentrations in 18th and 19th century deposits in the Willsmere Billabong sediment 
core (adapted from Lintern et al. 2015).  Horizontal black dashed line represents 1850.  



Appendix A.1: Supplementary materials: Using sediment cores to establish targets (Chapter 4) 

262 

  

 

Figure S2: Metal profiles for Bolin Billabong, where metal concentrations are normalized by the average pre-1850 concentration of that metal. Sediment core depths 
provided on secondary Y axis of Al. Open circle and dashed line represents suspect data from the surface of the sediment core. 
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Table S1: P-values obtained in the Shapiro-Wilk test for normality of metal concentrations identified in the 
Bolin Billabong sediment core. Asterisks (*) denote normally distributed elements (p>0.05).  

 Metal concentrations 

Al Cd Cr Cu Fe Pb Ni Mn Sn Zn 

P-value  8.4×10-5  3.1×10-7 0.28* 0.23* 0.74* 0.012 0.45* 
 

0.30* 0.095* 0.031 

 

Table S2: Metal concentrations at 8 cm intervals through the Bolin Billabong sediment core.  

Depth 
(cm) Year 

Element concentrations (mg/kg-dry weight) 

Al Cd Cr Cu Fe Pb Ni Mn Sn Zn 

0 2000 1736.5 1.7 10.3 13.4 5768.0 39.7 7.6 137.9 0.2 79.6 

8 1993 6644.7 1.6 23.9 24.8 36877.3 56.8 15.3 251.0 0.5 121.0 

16 1986 5570.1 0.3 21.3 24.1 30650.0 47.8 15.7 198.1 0.3 109.0 

24 1981 5380.6 0.3 22.5 27.5 32390.1 59.5 15.5 259.5 0.3 134.7 

32 1977 4498.2 0.3 20.3 23.9 26950.8 59.0 12.9 191.9 0.3 93.8 

40 1972 4442.5 0.3 20.7 22.5 26772.6 59.6 13.9 189.8 0.3 109.2 

48 1967 4045.7 0.6 19.9 26.1 26176.2 59.8 13.2 205.5 0.3 142.2 

56 1962 3380.2 0.4 19.1 20.1 25994.5 48.4 14.7 171.9 0.3 89.7 

64 1958 3134.7 0.3 17.7 19.3 20925.2 49.8 12.0 145.0 0.3 98.1 

72 1953 3362.9 0.7 18.9 20.1 23447.5 44.2 13.3 162.6 0.3 89.4 

80 1948 2898.1 0.3 16.8 18.2 22150.4 41.7 12.0 205.4 0.2 84.5 

88 1944 2968.9 0.3 18.0 20.1 23748.0 49.5 13.6 251.2 0.4 94.6 

96 1939 2406.8 0.3 15.8 21.0 18441.1 37.2 13.4 138.8 0.2 85.2 

104 1934 2401.4 0.3 16.3 18.3 22359.6 36.2 12.4 241.9 0.3 95.4 

112 1930 2392.3 0.3 16.4 17.1 20425.0 33.1 13.8 147.3 0.3 71.9 

120 1925 2134.9 0.2 15.0 14.3 22006.9 30.7 9.7 284.6 0.2 72.3 

128 1921 2120.6 0.2 14.8 16.5 17589.0 31.0 10.0 94.6 0.3 67.3 

136 1916 2059.2 0.2 14.3 16.6 17962.4 30.7 9.2 129.0 0.2 69.6 

144 1912 1779.3 0.2 13.3 14.7 20350.4 29.5 10.7 225.1 0.2 55.7 

152 1907 1865.5 0.3 13.0 12.7 17263.0 23.6 9.8 179.4 0.2 43.1 

160 1903 2174.9 0.4 15.6 12.3 12307.4 15.7 10.4 112.4 0.2 44.0 

168 1897 1626.2 0.2 12.0 10.3 19511.1 24.1 8.8 352.1 0.2 36.9 

176 1892 1910.4 0.3 13.9 13.5 15198.3 30.0 13.3 111.1 0.2 54.3 

184 1886 1698.9 0.3 12.5 11.5 20448.5 23.9 12.1 432.9 0.2 43.0 

192 1881 1351.8 1.0 10.3 7.9 9486.9 16.0 6.5 91.8 0.1 26.7 

200 1875 1720.4 0.1 12.4 9.0 10034.5 16.6 8.6 57.0 0.1 24.9 

208 1870 1818.0 0.1 13.1 11.8 16221.6 21.1 11.1 264.7 0.1 33.3 

216 1866 1370.4 0.2 10.3 8.0 7933.2 13.7 7.8 75.6 0.1 23.2 

224 1862 2007.9 0.1 14.1 10.6 15951.3 20.9 10.1 258.2 0.1 26.9 

232 1859 1121.7 0.5 9.4 6.1 5702.3 8.8 7.9 43.8 0.1 19.4 

240 1855 1923.6 0.1 13.4 10.4 11034.5 17.0 10.1 174.9 0.1 33.7 

248 1851 2164.9 0.2 14.0 11.0 13178.7 18.5 11.0 357.5 0.2 29.6 

256 1847 1789.0 0.1 11.9 8.8 8189.5 14.4 9.0 121.4 0.1 25.4 

264 1844 1973.1 0.1 12.0 9.1 7495.8 14.6 8.5 112.5 0.2 24.7 

272 1840 2381.2 0.4 14.7 16.4 11554.3 13.1 9.9 213.3 0.2 55.3 
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Table S3: Spearman Rank Correlation Coefficient (ρ) matrix of heavy metal profiles obtained from the Bolin Billabong sediment core. Asterisks (*) represent statistically 
significant correlations (p<0.05). 

 Year Al Cd Cr Cu Fe Pb Mn Ni Sn Zn 

Year 1 0.80* 0.46* 0.87* 0.89* 0.93* 0.94* 0.19 0.76* 0.86* 0.92* 

Al 0.80* 1 0.40* 0.97* 0.92* 0.81* 0.82* 0.27 0.81* 0.86* 0.89* 

Cd 0.46* 0.40* 1 0.42* 0.43* 0.38* 0.35* -0.060 0.38* 0.48* 0.46* 

Cr 0.87* 0.97* 0.42* 1 0.95* 0.88* 0.88* 0.31 0.86* 0.89* 0.94* 

Cu 0.89* 0.92* 0.43* 0.95* 1 0.90* 0.92* 0.31 0.85* 0.91* 0.97* 

Fe 0.93* 0.81* 0.38* 0.88* 0.90* 1.00 0.94* 0.52* 0.82* 0.86* 0.92* 

Pb 0.94* 0.82* 0.35* 0.88* 0.92* 0.94* 1.00 0.32 0.81* 0.88* 0.93* 

Mn 0.19 0.27 -0.060 0.31 0.31 0.52* 0.32 1.00 0.37* 0.26 0.34* 

Ni 0.76* 0.81* 0.38* 0.86* 0.85* 0.82* 0.81* 0.37* 1.00 0.79* 0.82* 

Sn 0.86* 0.86* 0.48* 0.89* 0.91* 0.86* 0.88* 0.26 0.79* 1.00 0.94* 

Zn 0.92* 0.89* 0.46* 0.94* 0.97* 0.92* 0.93* 0.34* 0.82* 0.94* 1.00 
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Table S4: Results of Mann-Whitney U-test for equal distributions (W statistics and p-values), comparing pre-
1850 (n=4) and post-1850 (n=30) metal concentrations in the Bolin Billabong sediment core. Asterisks (*) 
represent statistically significant differences (p<0.05).  

 Metal concentrations 

Al Cd Cr Cu Fe Pb Ni Mn Sn Zn 

W 
statistic 

71 84 90 92 106 109 91 57 91 98 

p-value 0.59 0.22 0.12 0.09 0.01* 5.22×10-3* 0.10 0.90 0.10 0.04* 

 

Table S5: Results of Mann-Whitney U-test for equal distributions (W statistics and p-values), comparing pre-
1850 Bolin Billabong (n=4) and pre-1850 Willsmere Billabong (n=6) heavy metal concentrations. Asterisks (*) 
represent statistically significant differences (p<0.05). 

 Metal concentrations 

Cd Cr Cu Pb Ni Zn 

W 
statistic 

21 0 14 20 0 0 

p-value 0.15 0.01* 0.99 0.29 0.01* 0.07 

 

Table S6: Spearman Rank Correlation Coefficient (ρ) matrix comparing trends in heavy metal concentrations 
in the Bolin Billabong sediment core and the number of dwellings in the City of Manningham and in the Yarra 
River catchment upstream of Bolin Billabong between 1921 and 2011; and comparing trends in heavy metal 
concentrations in the Bolin Billabong sediment core and the population in the City of Manningham and in the 
Yarra River catchment upstream of Bolin Billabong between 1851 and 2011. Asterisk (*) represents 
statistically significant correlations (p<0.05). 

 Dwellings Population 

Dwellings  
(in the City of 
Manningham) 

Dwellings  
(in the Yarra River 
catchment upstream of 
Bolin Billabong) 

Population  
(in the City of 
Manningham) 

Population  
(in the Yarra River 
Catchment 
upstream of Bolin 
Billabong) 

Al 0.99* 0.99* 0.98* 0.97* 

Cd 0.50 0.50 0.68* 0.67* 

Cr 0.90* 0.90* 0.95* 0.95* 

Cu 0.88* 0.88* 0.92* 0.91* 

Fe 0.73* 0.73* 0.75* 0.74* 

Pb 0.73* 0.73* 0.82* 0.82* 

Mn 0.55 0.55 0.14 0.11 

Ni 0.89* 0.89* 0.92* 0.90* 

Sn 0.48 0.48 0.67* 0.64* 

Zn 0.85* 0.85* 0.88* 0.87* 
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historical changes in floodplain lake hydrology’ (Chapter 5)
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Discussion S1:  

Justification of the use of Zr/Rb as an indicator of particle size in the sediment cores 

Methods 

 

Sampling. Sediment cores from Willsmere Billabong (W4), Bolin Billabong (B5) and an additional 

billabong, the Yarra Flats Billabong were used to determine the elemental ratio that would act as a 

suitable particle size proxy. The sites and coring methods at Willsmere Billabong and Bolin Billabong 

are provided in the main body of the text and as such will not be discussed here.  

 

The Yarra Flats Billabong (location provided in Figure 1 in the main body of the text) is outside the area 

of metropolitan Melbourne and is located in a rural area near the township of Yarra Glen. It has a local 

catchment area of 15 ha and a bank-full area of approximately 2.4 ha. It receives flows from the main 

river when the river is at 4 m at the Yarra Glen stream gauge, which is adjacent to the billabong (Vic 

SES, 2012b).  

 

In August 2013, a sediment core was taken from the Yarra Flats Billabong (Figure 1 in the main body 

of the text). This core was taken in ten drives (bed surface to depth 17 cm; depth 17 cm to depth 46 

cm; depth 46 cm to depth 71 cm; depth 71 cm to depth 100 cm; depth 100 cm to depth 131 cm; depth 

131 cm to depth 167 cm; depth 167 cm to depth 202.5 cm; depth 202.5 cm to depth 244.5 cm; depth 

244.5 cm to depth 298.5 cm; depth 298.5 cm to depth 353.5 cm) using the 40-mm diameter 

Livingstone corer (Livingstone, 1955). This will be referred to in this study as YG1. A map of the 

catchment of the Yarra Flats Billabong, showing the coring location is provided in Figure S2 in the 

supplementary material. 

 

Sediment dredging in the Yarra Flats Billabong in 1998 resulted in the loss of approximately 10 to 15 

cm of sediments from the sedimentary record (Rod Baker, VicRoads, pers. comm., 12 February 2015). 

Due to this sediment discontinuity, reliable sediment chronologies could not be developed for YG1. 

As a result, YG1 was used only for the determination of an element or element ratio that can act as a 

reliable grain size proxy.  

 

Particle size analysis. Particle size of sediments can be strongly correlated to their elemental 

composition (Cuven et al., 2010; Jones et al., 2012). Using a particle size proxy allows us to develop an 

understanding of the particle size of sediments in cores that have not been directly analysed for 

particle size, if the elemental composition of sediments is known. Furthermore, it enables the 

identification of fluctuations in grain size at finer resolutions (e.g., 1-mm intervals) than could be 



Appendix A.3: Supplementary material: Historical changes in hydrology (Chapter 5) 

285 

 

determined by destructive sub-sampling of the core. Therefore, W4, B5 and YG1 were sub-sampled 

for particle size analysis. Approximately 0.5 g of moist sediment was taken at 1-cm intervals from W4 

and at 0.5-cm intervals from B5. Approximately 0.5 g of moist sediment was also taken at 0.5-cm 

intervals from three sections of YG1 (0-39.5 cm, 145-154.5 cm, 250-264.5 cm). These YG1 sections 

were selected so as to include clay, silt and sand deposits in the analysis. The sediment samples were 

suspended in de-ionized water and were treated using approximately 10 mL of hydrogen peroxide 

(H2O2) (30%) to remove the organic matter and 1 mL of sodium hexametaphosphate (Na(PO3)6) to 

disperse the solution. The samples were then ultrasonicated for 30 minutes prior to analysis in a 

Malvern Mastersizer 2000. Sixty additional sediment samples from sediment core regions in B5 with 

a large range in particle sizes (100-109.5 cm; 120-129.5 cm; 140-153 cm) were suspended in water 

and ultrasonicated until the obscuration stabilised (as per Kermode et al., 2012) and their particle size 

distributions were measured in the Malvern Mastersizer 2000. The particle size results (10th percentile 

of particle diameters, D10; 50th percentile of particle diameters, D50; and 90th percentile of particle 

diameters, D90) of these sixty additional sub-samples from B5 were compared to their replicates that 

were subjected to chemical dispersion to assess whether the treatment of sediment samples prior to 

laser diffraction analysis significantly changes the particle size distribution of the sediments.  

 

There was a strong correlation between the particle size distributions of the treated and untreated 

sediment sub-samples of B5, particularly for D50 and D90 (ρ=0.82); as shown in Figure S3 in the 

supplementary material. As such, it appears that the pre-treatment method of sediment sub-samples 

prior to laser diffraction analysis will not significantly affect the selection of a particle size proxy. Thus, 

laser diffraction results of the chemically dispersed samples were used to determine the optimal grain 

size proxy. 

 

The particle size properties obtained from the Malvern Mastersizer 2000 for the chemically dispersed 

sediment samples were compared to K, Fe, Rb, Zr, Ti, Si, Zr/Rb, Ti/Rb, Fe/Rb, K/Rb and Zr/Ti chemical 

element profiles, which we obtained using the ITRAX core scanner (as described in the main body of 

the text). The above elements and element ratios were studied because they have been previously 

identified as possible grain size proxies in literature (Cuven et al., 2010; Jones et al., 2012; Kylander et 

al., 2011). Correlations between grain size distributions and potential grain size proxies were assessed 

using the Spearman Rank Correlation Coefficient (ρ), where α=0.05, calculated in RStudio version 3.1.0 

(Free Software Foundation, Inc. Boston).  
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Results 

We compared the median particle size (D50) of sub-samples from W4, B5 and YG1 and possible grain 

size proxies identified previously from the literature: K, Fe, Rb, Zr, Ti, Si, Zr/Rb, Ti/Rb, Fe/Rb, K/Rb and 

Zr/Ti (Cuven et al., 2010; Jones et al., 2012). This is shown in Figure S4 in the supplementary material. 

Although Al intensity is also recommended as an particle size proxy due to the abundance of Al in clay 

particles (Jones et al., 2012), Al was not considered as a potential grain size proxy in this study due to 

its low detection in the ITRAX micro-XRF core scanner. The correlation plots and the results of the 

Spearman Rank Correlation Coefficient (ρ) in Figure S4 in the supplementary material indicate that 

Zr/Rb has the strongest correlation to D50.  As such, Zr/Rb was used to represent grain size through 

the sedimentary records.  
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Tables 

 

Table S1: Locations where geological deposits were sampled. The sampling locations listed in this table are 
shown in Figure 1 in the main body of the text and local billabong catchment sampling locations shown in 
Figure S1 in the supplementary material. 

Geological deposit Sampling location Abbreviation used 
throughout the study 

Early Devonian Sedimentary Upper Yarra Reservoir Park UYR 

Upper Devonian Marysville 
Igneous Rhyodacite Complex 

Fernshaw Picnic Ground FPG 

Silurian Sedimentary (Dargile 
Formation) 

Mount Lofty Park MLP 

Silurian Sedimentary (Anderson 
Creek Formation) 

Warrandyte State Park 100 
steps lookout 

100S 

Quaternary Newer Volcanics 
West Bank of Darebin Creek at 
Bridge Inn Road 

WB 

Norris Bank Reserve NBR 

Quaternary Alluvium 

Westerfolds Park WP 

Birrarung Park (Templestowe) BP 

Local Bolin Billabong catchment BP 

Local Willsmere Billabong 
catchment (residential area) 

WR 

Local Willsmere Billabong 
catchment (park area) 

WP 
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Figures 

 

 

Figure S1: Coring and sampling locations within Willsmere Billabong catchment (a), Bolin Billabong catchment 
(b). For (a): sampling points 1 and 2 represent Quaternary Alluvium from parkland, (b) sampling points 3, 4 
and 5 represent Quaternary Alluvium from urban catchment. 

 

 

Figure S2: Yarra Flats Billabong catchment and the coring location.  

 

 

 

Coring location 
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Figure S3: Comparison of grain size distributions determined with (treated) and without (untreated) chemical 
pre-treatment of sediment samples from B5. Spearman Rank Correlation Coefficient (ρ) and p-values are 
shown. Asterisk (*) denotes statistically significant correlations (p<0.05).  
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Figure S4: Correlations between D50 and grain size proxies for grain size data from W4, B5 and YG1. Spearman Rank Correlation Coefficient (ρ) and p-values shown. 
Asterisk (*) denotes statistically significant correlations (p<0.05). 
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Figure S5: Average elemental composition of source rocks, with error bars representing standard deviation. WP: Willsmere Park (parkland), WR: Willsmere Residential 
(urban catchment), B: Bolin, Local (W): Local Catchment of Willsmere Billabong, Local (B): Local Catchment of Bolin Billabong, NBR: Norris Bank Reserve, BIR: Bridge Inn 
Rd, WP: Westerfolds Park, BP: Birrarung Park, OHS: Warrandyte State Park, ML: Mount Lofty, FPG: Fernshaw Picnic Ground, UYR: Upper Yarra Reservoir, QV: Quaternary 
Volcanics, QA: Quaternary Alluvium, SS: Silurian Sedimentary, MIR: Marysville Igneous Rhyodacite, DS: Devonian Sedimentary. 
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 Figure S5 (continued): Average elemental composition of source rocks, with error bars representing standard deviation. WP: Willsmere Park (parkland), WR: Willsmere 
Residential (urban catchment), B: Bolin, Local (W): Local Catchment of Willsmere Billabong, Local (B): Local Catchment of Bolin Billabong, NBR: Norris Bank Reserve, BIR: 
Bridge Inn Rd, WP: Westerfolds Park, BP: Birrarung Park, OHS: Warrandyte State Park, ML: Mount Lofty, FPG: Fernshaw Picnic Ground, UYR: Upper Yarra Reservoir, QV: 
Quaternary Volcanics, QA: Quaternary Alluvium, SS: Silurian Sedimentary, MIR: Marysville Igneous Rhyodacite, DS: Devonian Sedimentary. 
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Figure S5 (continued): Average elemental composition of source rocks, with error bars representing standard deviation. WP: Willsmere Park (parkland), WR: Willsmere 
Residential (urban catchment), B: Bolin, Local (W): Local Catchment of Willsmere Billabong, Local (B): Local Catchment of Bolin Billabong, NBR: Norris Bank Reserve, BIR: 
Bridge Inn Rd, WP: Westerfolds Park, BP: Birrarung Park, OHS: Warrandyte State Park, ML: Mount Lofty, FPG: Fernshaw Picnic Ground, UYR: Upper Yarra Reservoir, QV: 
Quaternary Volcanics, QA: Quaternary Alluvium, SS: Silurian Sedimentary, MIR: Marysville Igneous Rhyodacite, DS: Devonian Sedimentary. 
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Figure S6: Selected element profiles obtained from micro-XRF core scan for W4.  
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Figure S7: Selected element profiles obtained from micro-XRF core scan for B5. 
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Figure S8: Rating curves for the stream gauges at Chandler Highway (a) and Banksia St (b), developed using 
available river level and average daily flow data from 1975 to 2013 (Department of Sustainability and 
Environment, 2013).  

 

 

 

(a) 

(b) 
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Figure S9: 210Pb and 137Cs activity for W4 (a, c) and B5 (b, d). 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure S10: Age-depth models for W4 (a), B5 (b), W2001(c) and B3 (d). The grey box in (d) represents the top 
13 cm of the core that was not analysed in the ITRAX micro-XRF core scanner.  

 

(a) 

(b) 

(c) 

(d) 
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Figure S11: Magnetic susceptibility profiles of W1 (a) and W2001 (b). The grey line in (a) denotes the suspect 
data due to sediment compaction and loss during coring. The numbers in parentheses represent points where 
the two magnetic susceptibility curves correlate with each other and W4 (Figure 3).   
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Figure S12: Element profiles obtained from micro-XRF core scanner for W2001.  
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Figure S13: Element profiles obtained from micro-XRF core scanner for B3.  
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Figure S14: Boxplots showing the distribution of magnetic susceptibility, inc/coh, Zr/Rb and element levels 
(normalised to total counts, which is expressed as kilo-counts per second; kcps) within each zone for 
Willsmere Billabong core W2001 (a) and Bolin Billabong core B3 (b). 

(a) (b) 
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Figure S14 (continued): Boxplots showing the distribution of magnetic susceptibility, inc/coh, Zr/Rb and 
element levels (normalised to total counts, which is expressed as kilo-counts per second; kcps) within each 
zone for Willsmere Billabong core W2001 (a) and Bolin Billabong core B3 (b). 

 

(a) (b) 
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Figure S14 (continued): Boxplots showing the distribution of magnetic susceptibility, inc/coh, Zr/Rb and 
element levels (normalised to total counts, which is expressed as kilo-counts per second; kcps) within each 
zone for Willsmere Billabong core W2001 (a) and Bolin Billabong core B3 (b). 

(a) (b) 
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Figure S14 (continued): Boxplots showing the distribution of magnetic susceptibility, inc/coh, Zr/Rb and 
element levels (normalised to total counts, which is expressed as kilo-counts per second; kcps) within each 
zone for Willsmere Billabong core W2001 (a) and Bolin Billabong core B3 (b). 

(a) (b) 
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Figure S14 (continued): Boxplots showing the distribution of magnetic susceptibility, inc/coh, Zr/Rb and 
element levels (normalised to total counts, which is expressed as kilo-counts per second; kcps) within each 
zone for Willsmere Billabong core W2001 (a) and Bolin Billabong core B3 (b). 

(a) (b) 
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Figures 

 

 

Figure S1: Mass of modelled metal inputs (stormwater discharge and atmospheric deposition) compared to the mass of settled metals in the particulate form and dissolved 
form over the 12-month monitoring period. Under modelled inputs, P represents inputs that are only in the particulate form, and P+D represents the total inputs (i.e., 
inputs that are in both particulate and dissolved form). 
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Figure S2: Moisture content (%) and proportion of clay (a) and proportion of silt (b) measured at 1-cm intervals 
through W4. Grain size data for W4 is from Lintern et al. (in preparation-a). Spearman Rank Correlation 
Coefficient (ρ) and p-values shown. 

 

 

Figure S3: Magnetic susceptibility profiles of the two sediment cores taken from Location 3 (W3-1 and W3-2) 
using the Bartington MS Series One meter and core scanning loop. 

(a) (b) 
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Figure S4: Heavy metal profiles (Cr, Cu, Pb, Ni, Zn) for three Willsmere Billabong cores (W1-1, W4, W3-1). 
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Figure S4 (continued): Heavy metal profiles (Cr, Cu, Pb, Ni, Zn) for three Willsmere Billabong cores (W1-1, W4, 
W3-1). 
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Figure S4 (continued): Heavy metal profiles (Cr, Cu, Pb, Ni, Zn) for three Willsmere Billabong cores (W1-1, W4, 
W3-1). 
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Figure S5: Proportion of heavy metals entering Willsmere Billabong by stormwater and by atmospheric deposition (cumulative over 12 months). P represents the mass 
of particulate matter entering by urban stormwater and atmospheric deposition, and P+D represents the total mass entering (sum of particulate matter and dissolved 
matter) by urban stormwater and atmospheric deposition.  
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Figure S6: Correlation between DO (%), pH and heavy metal masses deposited on sediment bed each month 
(mg/m2/month). Spearman Rank Correlation Coefficients (ρ) and p-values shown for each metal. 
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Figure S7: Correlation between median settled metal masses measured in the sediment traps and median 
modelled metal inputs each month. Error bars represent 95% confidence intervals. Spearman Rank 
Correlation Coefficients (ρ) and p-values shown for each metal.  
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Figure S8:  High resolution (1-cm interval) metal trends for Willsmere Billabong cores W4 (on primary y axis) 
and W2001 (on secondary y axis). 
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Tables 
Table S1: Comparison between log-transformed measured stormwater heavy metal levels and stormwater heavy metal levels around the world. Shaded cells indicate 
where data are unavailable.  

 Log-transformed data:  mean (standard deviation) 

TSS As Cr Cu Pb Ni Zn 

Measured stormwater concentrations in this 
study 

1.93 
(1.25) 

-0.61 
(0.83) 

-3.14 (2.68) -1.85 (3.33) -0.65 (1.09) -1.54 (2.29) 0.145 (2.38) 

Measured 
stormwater 

concentrations 
around the worlda 

(by land use) 

Roads   -1.91 (0.25) -1.09 (0.44) -0.66 (0.55)   

High urban roads 2.41 
(0.46) 

     -0.33 (0.35) 

Low urban roads 1.84 
(0.66) 

     -0.71 (0.37) 

Roofs 1.55 
(0.38) 

  -1.62 (0.56) -1.68 (0.7)   

Roofs (zinc)       0.57 (0.7) 

Roofs (non-zinc)       -0.8 (0.55) 

Urban (high) 2.19 
(0.48) 

   -0.84 (0.56) -1.5 (0.3)  

Urban (high, non- 
residential) 

  -1.48 (0.61) -1.21 (0.49)   -0.49 (0.38) 

Urban (medium/low)   -1.71 (0.19) -1.43 (0.19) -1.35 (0.62)  -0.71 (0.54) 

Agricultural 2.27 
(0.47) 

      

Forest 1.90 
(0.30)) 

      

Residential   -1.88 (0.66) -1.44 (0.42)   -0.79 (0.45) 
a(Duncan, 1999)



Appendix A.4: Supplementary material: Uncertainties in pollution data (Chapter 6) 

318 

  

Table S2: Comparison between modelled atmospheric deposition heavy metal concentrations and atmospheric deposition heavy metal concentrations measured in 
Sydney, Australia. Shaded cells indicate where data are unavailable. 

 TSS 
(mg/m2/day) 

As 
(µg/m2/day) 

Cr 
(µg/m2/day) 

Cu 
(µg/m2/day) 

Pb 
(µg/m2/day) 

Ni 
(µg/m2/day) 

Zn 
(µg/m2/day) 

Total 
modelled 

deposition 

Minimum 167 5.44 1.47 0.0486 3.02 1.38 26.0 

25th percentile 194 29.5 55.9 70.7 174 48.1 115 

Median 209 35.0 71.7 109 189 64.5 126 

75th percentile 222 41.3 86.9 136 201 73.2 138 

Maximum 237 101 159 215 252 136 199 

Mean 
measured 
data from 
Sydney (by 
land use)a 

Background (low) 19   11 12  131 

Background (high) 30   20 29  118 

Road (low) 58   28 39  238 

Road (medium) 212   184 83  865 

Road (high) 288   246 106  1354 
a(Davis and Birch, 2011)
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Figure S1: The magnetic susceptibility profiles of W4 and W1 (a) and the magnetic susceptibility profile of the 
replicate Willsmere Billabong core W2001 that was studied in Lintern et al. (in preparation-a) (b). Numbers 
on magnetic susceptibility profile represent points of correlation between the profiles. Correlations between 
hydrologic or depositional zones in W2001 and W4 and W1 shown.  
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Figure S2: Cross-correlation plots between parameters used to determine the Flood Signal Strength and heavy 
metals for Willsmere Billabong core W4. Spearman’s Rank Correlation Coefficients (ρ) shown were all 
statistically significant (p<0.05). 
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Figure S2 continued: Cross-correlation plots between parameters used to determine the Flood Signal Strength 
and heavy metals for Willsmere Billabong core W4. Spearman’s Rank Correlation Coefficients (ρ) shown were 
all statistically significant (p<0.05). 
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Figure S2 continued: Cross-correlation plots between parameters used to determine the Flood Signal Strength 
and heavy metals for Willsmere Billabong core W4. Spearman’s Rank Correlation Coefficients (ρ) shown were 
all statistically significant (p<0.05). 
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Figure S2 continued: Cross-correlation plots between parameters used to determine the Flood Signal Strength 
and heavy metals for Willsmere Billabong core W4. Spearman’s Rank Correlation Coefficients (ρ) shown were 
all statistically significant (p<0.05). 
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Figure S3: Cross-correlation plots between parameters used to determine the Flood Signal Strength and heavy 
metals for Bolin Billabong core B5. Spearman’s Rank Correlation Coefficients (ρ) shown were all statistically 
significant (p<0.05). 
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Figure S3 continued: Cross-correlation plots between parameters used to determine the Flood Signal Strength 
and heavy metals for Bolin Billabong core B5. Spearman’s Rank Correlation Coefficients (ρ) shown were all 
statistically significant (p<0.05). 
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Figure S3 continued: Cross-correlation plots between parameters used to determine the Flood Signal Strength 
and heavy metals for Bolin Billabong core B5. Spearman’s Rank Correlation Coefficients (ρ) shown were all 
statistically significant (p<0.05). 
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Figure S3 continued: Cross-correlation plots between parameters used to determine the flood signal strength 
and heavy metals for B5. Spearman’s rank correlation coefficients shown were all statistically significant 
(p<0.05).
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Figure S4: Cr (mg/kg) trends compared to trends in magnetic susceptibility and particle size (Zr/Rb) and selected elements (Ca, Ti, Fe, Sr) for Willsmere Billabong core W4. 
Black rectangle indicates region of elevated Cr levels. Optical and radiographic image of the core provided on the left.  
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Figure S5: Cr/kcps, Ti/kcps, Ca/kps, Fe/kcps, Sr/kcps in source rocks and soils, with error bars representing standard deviation. WP: Willsmere Park (parkland), WR: 
Willsmere Residential, B: Bolin Billabong, Local (W): Local Catchment of Willsmere Billabong, Local (B): Local Catchment of Bolin Billabong, NBR: Norris Bank Reserve, BIR: 
Bridge Inn Rd, WP: Westerfolds Park, BP: Birrarung Park, OHS: Warrandyte State Park, ML: Mount Lofty, FPG: Fernshaw Picnic Ground, UYR: Upper Yarra Reservoir, QV: 
Quaternary Volcanics, QA: Quaternary Alluvium, SS: Silurian Sedimentary, MIR: Marysville Igneous Rhyodacite, DS: Devonian Sedimentary. Sampling locations and 
methodologies of the analyses of these sources rocks have previously been discussed in Lintern et al. (in preparation – a).  
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Figure S6: Flood deposits identified using the Traditional Method and Flood Signal Strength method for 
Willsmere Billabong core W4 (adapted from Lintern et al., in preparation-a). Selected chronological markers 
and optical and radiographic images of the core provided on the left. Other chronological markers of W4 are 
provided in Lintern et al. (in preparation-a). 
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Figure S7: Flood deposits identified using the Traditional Method and Flood Signal Strength method for Bolin 
Billabong core B5 (adapted from Lintern et al., in preparation-a). Selected chronological markers and optical 
and radiographic images of the core provided on the left. Other chronological markers of B5 are provided in 
Lintern et al. (in preparation-a). 
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Figure B.1: Satellite photograph of Willsmere Billabong taken October 2012 (Source: Nearmap, 
www.nearmap.com). 

 

Figure B.2: Photograph of Willsmere Billabong from north bank (October 2012).  
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Figure B.3: Photograph of Willsmere Billabong from east bank (October 2012).  
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Appendix B.2 Photographs of Bolin Billabong
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Figure B.4: Satellite photograph of Bolin Billabong taken June 2013 (Source: Nearmap, www.nearmap.com). 

 

 

Figure B.5: Photograph of Bolin Billabong from south bank (July 2013).  
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Figure B.6: Photograph of Bolin Billabong from east bank (June 2013).  
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Appendix B.3 Photographs of Yarra Flats Billabong
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Figure B.7: Satellite photograph of Yarra Flats Billabong taken April 2011 (Source: Nearmap, 
www.nearmap.com). 

 

 

Figure B.8: Photograph of Yarra Flats Billabong from footbridge south bank looking west (June 2013).  
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Figure B.9: Photograph of Yarra Flats Billabong from footbridge south bank looking north (August 2013).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




