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Abstract 

Understanding of the sources and in-catchment stores of fluvial sediment, along with 

a full characterisation of the transport processes operating during the transit of sediment 

from upstream hillslopes to catchment outlet, is essential to accurately target 

management actions designed to reduce sediment delivery to receiving waters. An 

implicit assumption within catchment sediment models is that once sediment has 

entered the river it is transported to the outlet of the catchment. However, the 

accumulations of fine and coarse sediments in river channels and on floodplains tell us 

this is not correct at least not at all time scales. The consequences of this storage on end-

of-catchment sediment loads have rarely been examined. To explore this critical 

knowledge gap, this thesis examines the true path sediment takes, from sites of erosion 

to the channel, and thence along the channel to the outlet, with apparently numerous 

periods of storage within alluvium along the way. The study area is Emu Creek, a small 

headwater catchment in southeastern Queensland, Australia. 

 Prior to determining the contribution of different geological sources to sediments, it 

is important to select an appropriate mixing model to accurately ascribe the source 

contributions. Various sediment tracing mixing models are reviewed and techniques 

compared using data from two different catchments. The results provide clear evidence 

that the application of different mixing models to the same dataset will produce 

dramatically different source contributions. Furthermore, this analysis highlights the 

challenges faced in assessing the accuracy of various mixing models in the absence of 

secure data as to the true nature of the final mixture. To circumvent this problem, 

mixing model robustness was tested by comparing their source contribution estimates 

with the actual proportions using artificial mixtures of sediment collected from three 

well-distinguished geologic sources within Emu Creek catchment. The four mixing 

models tested were: Modified Hughes, Modified Collins, Landwehr and Distribution 

models. For 20 individual sediment mixtures, the Distribution model with average Mean 

Absolute Error (MAE) of 10.8% and Standard Error (SE) of 0.9% calculated source 

contributions closer to their actual proportion than the other three mixing models. 

Modified Hughes with 2% higher MAE was the second most accurate model. In group 

sediments, Modified Hughes (MAE = 5.4%; SE = 1.5%) was the most accurate source 

contribution predictor and the Distribution model with only 0.7% higher uncertainty 
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was the second most accurate. These results highlight the need to test mixing models 

with known sediment mixtures prior to applying them to field samples. 

Having determined the most accurate mixing model to use, the geochemical tracing 

technique was employed to examine the initial sources of sediments transported by Emu 

Creek. This was achieved by measuring geochemical characteristics of the dominant 

rock types and comparing these to those measured for suspended and river bed 

sediments. Source proportions were determined at spatially distributed sites in major 

tributaries and along the main channel of Emu Creek. Three different size fractions of 

sediments were examined including fine silts and clays (<10 μm), silts (10-63 μm), and 

fine sands (63-212 μm). Estimating source apportionments in single composited 

sediment samples using the Distribution model, the most accurate mixing model to 

predict the source contributions to individual sediments, indicated that particle size and 

location of sources within a catchment are major factors that affect the measured 

contribution of sources to river bed and suspended sediments. For all size fractions 

proximal sources of sediment make a higher contribution to both types of sediments 

than distal sources. However, the actual percentage contributions greatly varied between 

different size fractions, emphasizing the need to match the size fraction used in tracing 

studies to that size fraction causing problems downstream. 

An opportunity was provided in this thesis to compare the sediment source 

proportions in river bed sediments with suspended sediments. Contribution of sources to 

river bed and suspended sediments (collected using time-integrated suspended sediment 

samplers installed for 18 months duration) were essentially the same. In the case of Emu 

Creek, the material stored on the dry channel bed is broadly representative of that 

carried in suspension during intermittent flows. This finding suggests that, in at least 

some circumstances, complicated sampling strategies involving installed in-stream 

samplers, are not necessary.   

Geochemical and fallout radionuclide tracing of river-bed and alluvial sediments are 

used to determine the true pathways of sediment along Emu Creek. As expected, 

activity concentrations of 137Cs on the river sediments are consistent with channel 

erosion being the dominant source at all sites sampled along the river. To examine 

downstream trends in the fluvial/alluvial relationship, a novel geochemical tracing 

approach was used. This entailed treating separate alluvial pockets as discrete sinks and 

comparing the sources for these alluvial pockets with the sources for bed sediments 

obtained adjacent to each of the alluvial pockets. The contribution of the initial hillslope 
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sources to river bed and alluvial sediments at each sampling site was identical for all 

three different size fractions, but varied along the stream. Identical contribution of 

sources to both river bed and alluvial pockets, together with the dominant erosion form 

being channel banks as indicated by the radionuclide data, indicates that recurrent 

sediment interchange between the channel and alluvial stores is a significant part of the 

sediment transport pathway.   

In addition to applying widely used geochemical and radionuclide tracers, this thesis 

describes the application of the linearly modulated optically stimulated luminescence 

(LM-OSL) technique to distinguish surface-soil derived sediments from those derived 

from channel bank erosion. LM-OSL signals from quartz extracted from fifteen surface-

soil and five channel bank samples were analysed and compared to those from samples 

collected from two downstream river sites. The results show that the shape of the LM-

OSL curves for the surface soil samples from different sampling sites were very similar, 

no matter where in the catchment they originate. With the detachment and transport of 

these materials from surface soils and deposition and compaction of materials into 

alluvium making up the channel banks, the peak height of the tail of LM-OSL curves 

increases. This is apparently due to the effects of transport across the hillslope surface 

and into the upper reaches of the channel network. This increase is interpreted as 

signifying progression of natural cycles of irradiation and bleaching experienced by 

grains during erosion and transport. Discriminant analysis showed that the detrapping 

probabilities of fast, first slow and second slow components of the LM-OSL signal can 

be used to differentiate between the samples collected from the channel bank and 

surface-soil sources. Using selected LM-OSL components to identify dominant erosion 

processes, produced estimates consistent with those determined using 137Cs. Therefore, 

LM-OSL may provide an alternative to the use of fallout radionuclides for source 

tracing. However, more research is required to test the reliability of this technique in 

different catchments.  
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CHAPTER ONE 

 

1 Introduction 

Developing a more complete understanding of the sources and in-catchment stores of 

fluvial sediment, along with a full characterisation of the transport processes operating 

during the transit of sediment from upstream hillslopes to catchment outlet, remains as key 

scientific challenges for those targeting management actions to reduce sediment delivery 

(Collins and Walling 2004; Walling 2005). It is well known that for many river systems 

most of the sediment which enters the system does not get transported all the way to the 

catchment outlet (Walling 1983; Wasson 1994; Caitcheon et al. 2012), at least not over 

timescales relevant to catchment management. Whilst this is not surprising for large rivers 

with significant within-catchment storage areas, it appears to also be the case for smaller 

catchments with more modest opportunities for sediment storage. The most probable cause 

of the widely observed decline in unit sediment yield with catchment area is sediment 

deposition on foot-slopes, floodplains (including isolated pockets of alluvium) and within 

channels (Prosser et al. 2001). However, catchment properties vary greatly both spatially 

and temporally, with this complexity preventing accurate prediction and modelling of the 

fate of eroded sediments from sources to sinks (Davis and Fox 2009; Parsons 2012). The 

aim of this thesis is to apply innovative sediment tracing methods to determine the true 

(rather than assumed) path of sediment from erosion sources to a catchment outlet.  

To accomplish this aim, the thesis will: 

- Determine the contribution of different initial source areas to sediment sampling 

sites through the catchment of Emu Creek, a small headwater catchment in 

southeastern Queensland, Australia; 

- Determine the dominant erosion processes (surface-soil vs. subsoil) contributing the 

sediment, and  

- Characterise the deposition and remobilisation cycles of sediment in the catchment. 
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1.1 Introduction to methods used 

The methods used are fully described in each of the chapters; a brief introduction to each is 

provided here, so the research approach can be understood.  

Geochemical tracing: Geochemical tracing techniques are used to distinguish sediments 

derived from soils formed from different rock types The geochemical characteristics of 

eroded sediments are strongly influenced by those of the soils and ultimately the rock-types 

from which they are derived (Klages and Hsieh 1975; Caitcheon et al. 2006). Different 

underlying parent rock materials often results in spatial sources with distinct geochemical 

compositions (Olley et al. 2001; Motha et al. 2002; Douglas et al. 2009). Sediments eroded 

from soils derived from a particular rock type often maintain these distinct geochemical 

properties during sediment generation and transport processes (Caitcheon et al. 2006; 

Hughes et al. 2009). By sampling river sediment and comparing the geochemistry of 

sediment samples with those of soils collected from potential source areas, the relative 

contribution of different soil sources to the sediment can be determined.  

Fallout radionuclide tracing: Fallout radionuclides have been widely used to determine the 

relative contribution of surface soil and subsurface erosion to stream sediments (Walling 

and Woodward 1992; Everett et al. 2008). They are concentrated in surface soil, 

consequently sediments derived from surface soil erosion will have high concentrations of 
137Cs and 210Pbex radionuclides, while sediment eroded from gullies or channels have little 

or no fallout nuclides present (Wallbrink et al. 1994; Olley et al. 2013). By measuring the 

concentration in sediments moving down the river and comparing them with concentrations 

in sediments produced by the different erosion processes, the relative contributions of each 

process can be determined.  

Luminescence technique: For sediments the main use of the optically stimulated 

luminescence (OSL) method has been in dating depositions (Eriksson et al. 2006; Rodnight 

et al. 2006; Arnold et al. 2007; Rustomji and Pietsch 2007). However, OSL data may also 

provide information on sedimentological processes (Burbidge et al. 2007; Tsukamoto et al. 

2011; Jeong and Choi 2012). The OSL signal in quartz results from the accumulation of a 

trapped-charge population in response to exposure of the grain to ionising radiation which 

occur during burial (Pietsch et al. 2008). Exposure of the grain to light (‘bleaching’) 

stimulates the release of this trapped charge, and results in the emission of luminescence. 

2 
 



The number of times a quartz grain is cycled through periods of burial and exposure to 

sunlight changes the nature of the luminescence signal. These differences can be used in a 

relative sense to determine the number of burial and bleaching cycles sediments have been 

through. 

1.2 The research approach and structure of the thesis 

Sediment tracing has been widely applied to understand sediment transport pathways 

within catchments. Much of the previous work has focused on determining either the initial 

sources of the sediment (soils derived from a particular rock type) or the erosion processes 

generating the sediment. In addition to undertaking studies similar to these traditional 

approaches, this thesis will examine the role of sediment stores as secondary sources, with 

sediment cycling in and out of storage during its transit downstream being a recurring 

theme throughout. 

Geochemical tracing relies on the fact that different rock types produce soils and 

sediment with distinctive geochemical properties (Olley et al. 2001; Douglas et al. 2009). 

Identifying sediment pathways requires being able to distinguish sediment derived from 

different locations in the catchment. Catchments with diverse geology are therefore ideal 

candidates for geochemical tracing, thus the 911 km2 catchment of Emu Creek, which has 

eight distinct major geological units, has been selected as a study site.  

Having selected a study site, the next step was to identify the most appropriate 

geochemical tracing approach to apply. Chapters two and three detail the selection and 

development of the tracing techniques appropriate to determine actual sources in Emu 

Creek catchment. 

Chapter two provides a review of the sampling methods and their applicability for 

varying hydrologic and morphologic river conditions, and then compares the range of 

sediment tracers and their potential to discriminate different types of sediment sources (e.g. 

land use, underlying rock types, erosion type). From this review the most appropriate 

sediment tracing and sampling strategies for this study are selected. In addition, different 

sediment tracing mixing models are reviewed and techniques compared using data from 

two catchments (Bléone (France) and North Fork Broad River (USA Catchments). This 

approach highlighted the challenges faced in assessing the accuracy of various mixing 

models in the absence of secure data as to the true nature of the final mixture.  
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Chapter 3 describes a method to circumvent the problems faced in testing the accuracy 

of mixing models in catchments, through the use of synthetic mixtures. Multiple mixing 

models were tested using laboratory mixtures of sediments with known proportions. The 

four mixing models tested were: Modified Collins (Collins et al. 2010a), Modified Hughes 

(Haddadchi et al. 2014), Landwehr (Devereux et al. 2010) and Distribution (Laceby and 

Olley 2014) models.  

Having determined the most accurate mixing model, geochemical tracers were then used 

to investigate the effects of particle size and distance between source and sampling location 

on calculated mixtures of both suspended (Chapter 4) and river bed (Chapter 5) sediments. 

To determine if different size fractions of sediment are being derived from different source 

areas, source end member and sediment samples were separated into three different size 

fractions including fine silt and clay (<10 μm), silt (10-63 μm), and fine sand (63-212 μm) 

prior to geochemical characterisation and subsequent model construction. Following on 

from spatial tracing exercises described in previous chapters, Chapter 6 describes the 

examination of the alluvial component of the pathway taken by sediment as it is transported 

from hillslopes to the catchment outlet. This has been attempted by undertaking a parallel 

tracing exercise, treating separate alluvial pockets as discrete sinks/sources and comparing 

the sources for these alluvial pockets with the sources for bed sediments obtained adjacent 

to each of the alluvial pockets. In so doing, the parallelism in the development of 

geochemical trends in both bed sediments and alluvial pockets is argued to be strong 

evidence for recurrent sediment interchange between the channel and alluvial stores making 

up a significant part of the sediment transport pathway. 

Chapter 7 presents an entirely new tracing method, based on the linearly modulated 

optically stimulated luminescence (LM-OSL) signal from quartz. This method exploits the 

fact that the expression of the luminescence mechanism occurs differently depending on the 

environmental history of the crystal. In particular, the number of times a quartz grain is 

cycled through periods of burial and exposure in large part determines the nature of the 

luminescence signal. Hence this approach is able to distinguish quartz that has travelled 

through multiple alluvial deposits, from quartz which has only recently been mobilised 

from the hillslope, providing valuable insights into the very nature of sediment transport 

throughout the catchment. 
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In consideration of the brief summary of the main threads of the research program outlined 

above, the following specific research goals can be added to the general aims outlined 

previously (Figure  1.1): 

1. Examine the accuracy and robustness of widely used sediment mixing models; 

2. Investigate whether different size fractions of sediment are being derived from 

different source areas as a result of different entrainment processes and transport 

characteristics of eroded materials; 

3. Determine the effect of distance between source and sampling location on estimated 

contribution of source end members to sediments; 

4. Compare the proportional contribution of different rock types to river bed and 

suspended sediments; 

5. Examine the utility of the optically stimulated luminescence signal for determining 

the provenance of sediment sources and for characterising the relationship between the 

sediment stream in the channel and the various alluvial stores.  

 

Figure  1.1. Goals and chapters of the thesis 
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1.2.1 Structure of the thesis 

Apart from chapters 1 and 8, this thesis is present as a series of stand-alone papers: 

Chapter 2: Sediment fingerprinting in fluvial systems: review of tracers, sediment sources 

and mixing models. Arman Haddadchi, Darren S. Ryder, Olivier Evrard, Jon Olley. 2013. 

International Journal of Sediment Research Vol. 28, No. 4, pp. 560-578. 

Chapter 3: Accuracy of Mixing Models in Predicting Sediment Source Contributions. 

Arman Haddadchi, Jon Olley, Patrick Laceby. 2014. Science of the Total Environment Vol. 

497–498, pp.139-152. 

Chapter 4: Quantifying sources of suspended sediment in three size fractions. Arman 

Haddadchi, Jon Olley, Timothy Pietsch. Journal of Soils and Sediments.  

Chapter 5: Sediment tracing, part 1: Source contributions to river bed sediments on three 
size fractions. Arman Haddadchi, Jon Olley, Timothy Pietsch. Submitted to Hydrological 
Processes. 

Chapter 6: Sediment tracing, part 2: Evidence for cyclic sediment trading between channel 

and river bed sediments. Arman Haddadchi, Jon Olley, Timothy Pietsch. Submitted to 

Hydrological Processes. 

Chapter 7: Using LM-OSL of quartz to distinguish sediments derived from surface-soil and 

channel erosion. Arman Haddadchi, Jon Olley, Timothy Pietsch. Submitted to Hydrological 

Processes. 

In chapter 8, the findings in the previous chapters are summarized and synthesized to 

provide understanding of sediment transport processes in the Emu Creek catchment. The 

wider applications of the study for geomorphic research have discussed and future research 

directions are outlined.  
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CHAPTER TWO 

 

2 Sediment Fingerprinting in Fluvial Systems: Review of Tracers, 
Sediment Sources and Mixing Models 

Chapter summary 

Suspended sediments in fluvial systems originate from a myriad of diffuse and point 
sources, with the relative contribution from each source varying over time and space. The 
process of sediment fingerprinting focuses on developing methods that enable discrete 
sediment sources to be identified from a composite sample of suspended material. This 
review identifies existing methodological steps for sediment fingerprinting including fluvial 
and source sampling, and critically compares biogeochemical and physical tracers used in 
fingerprinting studies. Implications of applying different mixing models to the same source 
data are explored using data from 41 catchments across Europe, Africa, Australia, Asia, and 
North and South America. The application of seven commonly used mixing models to two 
case studies from the US (North Fork Broad River watershed) and France (Bléone 
watershed) with local and global (genetic algorithm) optimization methods identified all 
outputs remained in the acceptable range of error defined by the original authors. We 
propose future sediment fingerprinting studies use models that combine the best 
explanatory parameters provided by the modified Collins (using correction factors) and 
Hughes (relying on iterations involving all data, and not only their mean values) models 
with optimization using genetic algorithms to best predict the relative contribution of 
sediment sources to fluvial systems. 

2.1 Introduction 

The transport of sediment, and especially the fine sediment particles, can lead to a 

number of detrimental impacts for stream environments. Suspended sediment loads can 

lead to a decrease in water quality (Lartiges et al. 2001; Papanicolaou et al. 2003); a 

reduction of operational capacities in water supply facilities (Morris and Fan 1997); an 

alteration of channel morphology (Wright and Berrie 1987); an increase in turbidity, 

restricting light penetration and thereby reducing primary production (Wood and Armitage 

1997); and the smothering of biotic habitats (Richards and Bacon 1994). Furthermore,  fine 

sediment export may facilitate substantial transfers of carbon and nutrients (Prosser et al. 

2001). 
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Suspended sediments originate from different sources, with the relative contribution 

from each source varying over time and space as a consequence of different erosional 

processes. Although several approaches to identify sediment sources exist, many 

approaches rely on visual estimates (Reid and Dunne 1996), modeling (Foster 1988), long-

term field records (Gellis et al. 2005), or traditional monitoring techniques. The latter 

employs an indirect approach and involves measurements of erosion activity, including 

those based on erosion pins to measure the rates of surface lowering (Slattery et al. 1995; 

Lawler et al. 1999) and erosion plots to document the rates of soil loss from surface sources 

(Motha et al. 2002). Indirect approaches also face many issues including: a) primary 

assumptions about the origin of sediment sources, b) difficulty in recording erosion rates 

due to the spatial variability, and c) inability of these approaches to estimate sediment 

delivery to the streams (Walling 2005). A thorough review of the direct and indirect 

approaches to measure sediment mobilization can be found in Collins and Walling (2004). 

Sediment fingerprinting methods provide a direct approach for quantifying sources of 

sediment from individual river sections to watershed scale. The procedure involves 

characterizing the potential sediment sources by their diagnostic chemical and physical 

properties, and comparing these to the properties of transported fluvial material.  

Figure  2.1 identifies the process common to the majority of sediment fingerprinting 

studies, even though the methods used for collecting samples (fluvial and source samples), 

preliminary analyses, number and type of tracers, statistical parameters to verify different 

tracers, and models to determine specific contribution from discrete sources may vary 

among techniques. 

This paper builds on reviews of sediment fingerprinting studies from Collins and 

Walling (2004), Walling (2005) and Davis et al. (2009) by focusing on: 1) comparison of 

different fluvial sampling methods used in sediment tracing studies and their applicability 

for different hydrologic and morphologic river conditions; 2) describing the range of 

sediment properties used to assign a fingerprint and the potential to quantitatively identify 

discrete sources of sediment; 3) comparing the sources of suspended sediment from 41 

watersheds around the globe; and 4) comparing the variability in output from applying a 

common dataset from two case studies to seven commonly used mixing models. This is the 

first study that compares the most prevalent mixing models (including the application of 
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genetic algorithms) to an actual dataset to quantify variability in the output depending on 

the choice of mixing models. 

 

Figure  2.1. The process required for sediment fingerprinting in fluvial systems, including 
sample collection, tracer selection and analyses, mixing model selection to determine 
sediment source contribution. 

2.2 Fluvial and source soil sampling  

Sediment fingerprinting studies rely on the collection of different types of fluvial 

sediments and may include river bed sediment (Olley and Caitcheon 2000; Dirszowsky 

2004; Hughes et al. 2009; Evrard et al. 2011), dam reservoir samples (Foster et al. 2007; 

Nosrati et al. 2011), floodplain surface (Collins et al. 2010a) and, most commonly, samples 

of suspended load (Mizugaki et al. 2008; Devereux et al. 2010; Mukundan et al. 2010). In 

some studies, soil samples were collected from spatially explicit watershed sources: from 

the top 0.5 cm (Gellis et al. 2009), 2 cm (Walling and Woodward 1995; Hughes et al. 2009; 
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Collins et al. 2010a) or 5 cm (Gruszowski et al. 2003; Minella et al. 2004; Devereux et al. 

2010) of the soil surface. Instead of collecting samples from different source types, Motha 

et al. (2002) and Mizugaki et al. (2008) used a plot for each source type to simulate erosion 

processes inside the plots, and Olley and Caitcheon (2000) used deposited fine-grained 

sediments as source samples to average out local source area heterogeneity. In a recent 

study, Wilkinson et al. (2013) found that the estimated contributions of spatial source areas 

within the large study catchments had narrower confidence intervals when source areas 

were defined using sediment from geologically distinct river tributaries, rather than using 

soil sampled from geological units in the catchment, since tributary sediment had less-

variable geochemistry than catchment soils. 

Three primary methods used to collect suspended in-stream sediment samples across 

watersheds include point samples, time-integrated samples and automated collection of 

water samples. Based on the type of instruments used, point sampling consists of two 

approaches; collecting hundreds of liters of stream water and extracting suspended 

sediment with a continuous flow centrifuge (e.g. Motha et al. 2003; Deverux et al. 2009); 

and  in-situ dewatering techniques using portable centrifuge or filtration systems (Horowitz 

et al. 1989). The advantage of the former technique is that it prevents contamination by the 

successive samples collected.  

Time-integrated samplers based on a flow velocity reduction leading to the settling of 

particles within a trap (Phillips et al. 2000) have been widely adopted in sediment tracing 

research (Walling et al. 2008; Hatfield and Maher 2009; Collins et al. 2010). These collect 

samples of suspended sediment during flow events, and effectively trap a representative 

sample of sediment with an effective particle size of <63µm (Phillips et al. 2000; Russell et 

al. 2001); they sample through the hydrograph including the rising and falling limbs. 

Automated water samplers are the more costly method but allow the collection of 

instantaneous samples, and therefore a better temporal resolution for characterizing 

suspended sediment flux.  

Comparisons among sampling strategies are outlined in Table  2.1., identifying the only 

two methods that provide data necessary to calculate hysteresis effects are time-integrated 

and automatic water samplers. Hysteresis impacts on the variation of suspended sediment 

loading in the falling and rising limb of an event (Williams 1989). Samples from time-

13 
 



integrated and automated water samplers can be representative of the whole watershed area 

because of their temporal integration of transported sediment during events, but require a 

longer period of time (>10 days) to collect samples. Point samplers have the benefit of 

quantifying the effect of discharge on sediment contribution from different sources. 

Table  2.1. Comparing different type of fluvial sampling methods. 
 Determine 

Hysteresis 
effect 

Representative 
sample of 
whole 
watershed 

Enough  
quantity of 
sample 

Long 
sampling 
time  

Instantaneous 
effect of flood 
events 

Point samples × × ×* ×  
Time-
Integrated 
samples **    × 

Automated 
water samples **   × × 

Bed load and 
Flood plain 
samples ×   × × 

Reservoir 
samples × ×  × × 

* In in-situ dewatering techniques enough quantity of samples can be collected; 
** These samplers partially alleviate the hysteresis problem but trapping efficiency of the 
samplers might also change during the hydrograph, the effect of which has not been 
quantified. 

2.3 Fingerprint properties (Tracers) 

A variety of chemical and physical tracer techniques have been used to investigate the 

sources of sediment and nutrients to river systems. These tracing techniques all involve 

measuring of one or more parameters that provide a 'fingerprint' to distinguish one source 

of sediment from another. For a parameter to be useful in tracing the source of sediment it 

needs to be both measurable and conservative such that:  

• A tracer signal should be able to distinguish between sediments derived from 

different source areas; 

• For a given source of sediment, which does not change with respect to time, a 

sediment tracer signal must also be constant in time or vary in a predictable way; 

• For a given source of sediment, which does not change with respect to distance 

along a transport path, a sediment tracer signal must also be constant along this path or 

vary in a predictable way. 

14 
 



Tracers used in sediment fingerprinting studies include sediment color (Grimshaw and 

Lewin 1980), color properties (Martínez-Carreras et al. 2010), plant pollen content (Brown 

1985), major and trace elemental composition (Jenns et al. 2002; Miller et al. 2005), rare 

earth elements (Zhang et al. 2008), mineral magnetic characteristics (Hatfield and Maher 

2009), clay mineralogy (Motha et al. 2003), radionuclide characteristics (Vanden Bygaart 

and Protz 2001; Estrany et al. 2010), organic matter content (Peart 1993; Walling and 

Amos 1999), carbon and nitrogen stable isotope ratios (Papanicolaou et al. 2003; Rhoton et 

al. 2008), Compound Specific Stable Isotope (CSSI) analysis (Blake et al. 2012) and 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) (Poulenard et al. 

2009; Evrard et al. 2013).  

An advantage of physical tracers including color, density and fine sediment dimensions 

is they are readily identifiable and easily measurable characteristics (Davis and Fox 2009). 

However, these tracers can be non-conservative and may change during transport. 

Grimshaw and Lewin (1980) and Peart (1993) successfully determined sediment origin 

using only color as a tracer, whereas Vanden et al. (2001) unsuccessfully used density as 

the sole tracer of sediment source due to large spatial variation in density values. More 

recently, Krein et al. (2003) demonstrated that fractal dimension and particle color can 

provide a fast and easy approach to determine the origin of sediments and the amount, 

location and process of sediment storage.  Inorganic tracers have been less successful for 

attributing specific soil-environmental processes than organic tracers because of the large 

number of potential inorganic tracers and processes that may influence the elemental 

composition of sediments during transport (Davis and Fox 2009). 

Sediment geochemistry has been widely used to identify the spatial sources of sediments 

delivered to waterways (Olley and Caitcheon 2000; Hardy et al. 2010; Weltje and Brommer 

2011). Rock types, through soil formation and weathering, have a profound influence on 

the geochemical properties of their soils and accordingly the geochemical characteristics of 

their eroded sediments (Klages and Hsieh 1975; Olley et al. 2001). Different underlying 

parent rock materials frequently results in spatial sources with distinct geochemical 

compositions (Olley et al. 2001; Motha et al. 2002; Douglas et al. 2009). Sediments eroded 

from soils derived from a particular rock type often maintain these distinct geochemical 

properties during sediment generation and transport processes (Hughes et al. 2009). If 
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sediments generated from parental rock types have distinguishable major or trace elemental 

compositions then sources of transported sediment can be determined (Collins et al. 1996; 

Collins et al. 1998; Caitcheon et al. 2001) by characterizing and comparing the signature of 

suspended sediment samples and samples from the source areas (Hughes et al. 2009).  

A number of inorganic tracers including rare earth elements (Ce, Eu, La, Lu, Sm, Tb, 

Yb), trace elements (As, Ba, Co, Cr, Cs, Hf, Sc, Ta, Th, Zn Ag, Ba, Cd, Cu, Mn, Ni, Pb, 

Sb, Se, Tl, V), major elements (Na2O, K2O, Al2O3, Fe2O3, P2O5, MgO, SiO2, TiO2, MnO, 

CaO), total inorganic carbon, nitrogen, phosphorus, and a number of organic tracers 

including total organic carbon, nitrogen, phosphorus and Loss on Ignition have been 

applied in sediment fingerprinting studies. Major elements, particularly the relationship 

between Fe2O3 and Al2O3, provide useful tracers for discriminating soils with different rock 

forming minerals (Dyer and Olley 1996). The Chemical Index of Alteration (CIA) as 

proposed by McLennan (1993) is a useful tracer to identify chemical variations resulting 

from weathering. 

Fallout radionuclide activities are commonly high in surface materials and low or non-

existent in subsurface materials (Walling 2005; Caitcheon et al. 2012), making them useful 

in distinguish surface and subsurface materials. Furthermore, they frequently distinguish 

cultivated from uncultivated soils as radionuclides are generally mixed throughout the 

ploughed layer. In addition, radionuclide tracers are well-suited for use in heterogeneous 

watersheds since their concentrations are effectively independent of soil type and 

underlying geology (Walling 2005; Caitcheon et al. 2012; Olley et al. 2013). The most 

commonly used fallout radionuclides are 137Cs, 210Pb and 7Be.  
137Cs, which has a half-life of 30.2 yr, is a product of nuclear weapons testing during the 

1950s and the 1960s (Loughran and Campbell 1995) and nuclear accidents (e.g., Chernobyl 

with significant fallout in Europe; Fukushima with significant fallout in Japan). Global 

fallout of 137Cs peaked in the early 1960s and reached zero in the mid-1980s. The highest 

concentrations of 137Cs are found in undisturbed areas such as forests or where soils were 

translocated from undisturbed areas and not diluted (Matissoff et al. 2002; Nagle and 

Ritchie 2004).  
210Pb is a product of atmospheric decay of 222Rn gas (fallout 210Pb) and in situ decay of 

226Ra, and has a half-life of 22.26 years (Wallbrink and Murray 1996). Fallout 210Pb in a 
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soil or sediment sample is the excess of 210Pb activity over the 226Ra supported component. 

This is known as ‘unsupported’ or ‘excess’ 210Pb (210Pbex). Like 137Cs, 210Pbex generally 

accumulates in the top 10 cm of soil, but can differ with depth depending on local 

environmental factors. In addition to fallout radionuclides, Radium-226 (226Ra) is produced 

by in situ decay of the uranium series. 226Ra concentrations are more directly related to rock 

type (Walling and Woodward 1995), and can be used as a geogenic radionuclide tracer.  
7Be is cosmogenic in origin through the spallation of nitrogen and oxygen atoms in the 

upper atmosphere by cosmic rays. 7Be is useful to discriminate surface soils from deeper 

layers as it is commonly concentrated in the upper 5 mm of the soil profile (Zapata 2003). 

Unlike 210Pb and 137Cs, 7Be can confirm the relative importance of recently mobilized 

surface materials due to its very short half-life of 53 days. 

Nitrogen and carbon stable isotopes have shown greater potential sensitivity for 

detecting sediment sources than total elemental composition, and therefore a powerful tool 

for identifying soil origin (Fox and Papanicolaou 2008). The stable isotopic signature of 

nitrogen (δ15N) is a soil property proportional to the 15N/14N isotopic ratio; similarly the 

carbon stable isotopic signature (δ13C) is proportional to the 13C/12C isotopic ratio. The 

carbon to nitrogen atomic ratio C/N is the ratio of total atomic carbon to nitrogen. The 

dependence of δ15N, δ13C, and C/N on vegetative cover and management, support the 

argument that the biogeochemical signature of eroded-soil will reflect specific erosion 

processes (Fox and Papanicolaou 2007). 

The mineral magnetic properties of soils that are related to the underlying geology and 

soil type include low- and high- frequency magnetic susceptibility (χlf, χhf), frequency 

depended susceptibility (χfd), anhysteretic remanent magnetization (ARM), isothermal 

remanent magnetization (IRM), high-field remanent magnetization (HIRM), and saturated 

isothermal remanent magnetization (SIRM). The advantages of using magnetic tracers to 

determine discrete sediment sources are: a) the measurement methods are not time- and 

cost-intensive, b) their potential to discriminate a sample using non-destructive techniques, 

and c) their high sensitivity to subtle changes in a range of environmental settings (Maher 

1998). The disadvantages of magnetic properties is that they are highly particle size-

dependent (Hatfield and Maher 2009) and their ratios are not linearly additive (Lees 1997). 
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2.4 Sources of sediment 

The development of fingerprinting techniques has enabled discrimination of diverse 

point and diffuse sources of sediment, including forest roads (Madej 2001; Gruszowski et 

al. 2003; Minella et al. 2008), graveled roads (Motha et al. 2004), arable lands (Walling and 

Amos 1999; Walling et al. 2001), pasture lands (He and Owens 1995; Collins et al. 1997a; 

Owens et al. 2000), forest floor (Mizugaki et al. 2008), sub-surface areas (Russell et al. 

2001; Walling et al. 2008), channel banks (Slattery et al. 2000), landslides (Nelson and 

Booth 2002), gully walls (Krause et al. 2003) and urban sources (Carter et al. 2003). 

Pastured lands (grassland topsoils) have been documented as one of the highest 

contributors to suspended sediment transport in UK (He and Owens 1995; Collins et al. 

1997a; Owens et al. 2000; Gruszowski et al. 2003; Collins et al. 2010a) due to soil 

deformation and compaction as a result of high livestock densities (Pietola et al. 2005). 

However, studies in France (Evrard et al. 2011), Australia (Motha et al. 2002) and Iran 

(Nosrati et al. 2011) show low soil erosion potential from pasturelands as a result of higher 

vegetative cover that retards both sediment detachment and transport. Site-specific issues 

such as unvegetated surfaces during high precipitation, increased slope, and reduced soil 

organic matter content can accelerate erosion processes from cultivated fields. 

The importance of roads as sites of sediment origin, deposition and transport has been 

widely acknowledged (Wemple et al. 2001; Ramos-Scharrón and MacDonald 2007; 

Sheridan et al. 2008), and their contribution to sediment loads exacerbated by their 

connectivity within drainage systems (Croke and Mockler 2001; Motha et al. 2004). A 

range of sediment tracers have been used to successfully discriminate different types of 

roads as sediment sources including forest roads (Motha et al. 2002; Mizugaki et al. 2008), 

street residue (Devereux et al. 2010), farm tracks (Edwards and Withers 2008; Collins et al. 

2010), unpaved roads or unmetalled roads (Collins et al. 2010; Mukundan et al. 2010) and 

paved roads or metalled roads (Gruszowski et al. 2003). 

The relative importance of channel banks as sediment sources to drainage systems will 

vary among watersheds due to geology and sediment type, hydrology, channel morphology 

and dimensions, and riparian land-use pressures (Collins et al. 2010a). In south-eastern 

Australian, channel sources have been documented to contribute up to 90% of the total 

sediment yield (Olley et al. 1993; Wallbrink et al. 1998; Wasson et al. 1998; Caitcheon et 
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al. 2012; Olley et al. 2013). In the UK,  Walling (2005) suggested channel banks typically 

contributed 50% of transported sediment load. In contrast, channel bank sources to 

suspended load have also been found to be minimal (e.g. Chapman et al. 2001; Russell et 

al. 2001; Walling et al. 2001), highlighting the importance of local conditions in regulating 

channel bank contributions. 

A number of fingerprinting studies have developed methods to successfully discriminate 

geological sources of sediment rather than sources originating from different land-uses. For 

example, Walling and Woodward (1995) categorized the River Culm watershed (UK) into 

three dominant rock types including; Cretaceous/Eocene with 20% contribution, Triassic 

with 42% and Permian with 26.5%. In Australia, Olley and Caitcheon (2000) found 

sediments in the Darling-Barwon watershed were mostly derived from sedimentary and 

granitic bed rock areas and less (<5%) from basalt-derived component of cultivated areas, 

and Wilkinson et al. (2013) measured sediment source contribution from surface and sub-

surface soils of Granitoid, Mafic and sedimentary rock in five river locations and concluded 

that most of the fine sediment loss in the study area was derived from subsurface soil 

sources. Similarly, Evrard et al. (2011), Poulenard et al. (2012) and Navratil et al. (2012) 

successfully compared the contribution of four geological sources to river bed sediment and 

suspended sediment respectively, within the Bléone watershed (France). To summarize the 

range of tracing techniques, their applicability and success in discriminating among 

sources, Table  2.2 presents data from 25 published sediment fingerprinting studies covering 

47 watersheds from Europe, Africa, Australia, Asia, and North and South America. 

19 
 



Table  2.2. The range of tracing techniques, their applicability and success in discriminating among sources from twenty published 
sediment fingerprinting studies. 

Study Physical 
tracers Organic Inorganic Radionucl

ide 
Magnetic 
tracers Best tracers Description of location and sediment 

sources 

Most contributed area (percent of 
contribution) 
 

(Walling et al. 
1993) 

 C, N  137Cs, 
210Pb 

χ ARM, 
SIRM, 
IRM 

 Jackmoor Brook Basin (UK) six 
sources: two groups of pastures, three 
groups of cultivated areas, channel 
banks 

Cultivated areas (57.5%), Pasture 
surfaces (23.6%), Channel banks 
(18.9%). 
 

River Dart Basin four sources: 
pasture, two groups of cultivated 
fields, channel banks 

Pasture surfaces (48.2%), Cultivated 
areas (30.8%), Channel bank (21%),   

(Walling and 
Woodward 
1995) 

 C, N  137Cs, 
210Pbex, 
226Ra 

χ, ARM, 
SIRM, 
IRM 

 River Culm Basin (UK) seven source 
types: Cretacepus/Eocene pasture, 
Cretacepus/Eocene cultivated, 
Triassic pasture, Triassic cultivated, 
Permian pasture, Permian cultivated, 
and channel banks  

Triassic cultivated (29.5 %), Permian 
cultivated (19.7), Channel banks (12%) 

(Slattery et al. 
1995) 

    χlf, χhf 
SIRM, 
IRM 

 North Oxfordshire watershed (UK) 
three sources: Cultivated areas, 
channel banks, combined surficial 
soil/channel bank areas 

Cultivated areas (38%), Channel banks 
(34%), combined surficial soil/channel 
bank areas (28%) 

(Collins et al. 
1997) 

 C, N, Ptot Fepyr, Fedit, Alpyr, Aldit, 
Mnpyr, Fetot, Altot, Mntot, 
Feoxa, Mnoxa, Aloxa, Cu, Zn, 
Pb, Cr, Co, Ni, Na, Mg, Ca, 
K,  

137Cs  Ca, Co, Na, Fedit, 
Mnoxa, Ni 

The Exe Basin (UK) four sources: 
woodland, pasture areas, cultivated 
areas, channel banks 
 
 

The Exe basin: Pasture areas (71.7%), 
Cultivated areas (20.4%), Channel 
banks (5.3%), Woodland (2.6%). 
 

Feoxa, Ca, C The Severn Basin (UK) four sources: 
woodland, pasture areas, cultivated 
areas, channel banks 
 

The Severn basin: Pasture areas 
(65.3%), Cultivated areas (25.4%), 
Channel banks (7.5%), Woodland 
(1.8%). 

(Collins et al. 
1997) 

Absolute 
particle 
size 

C, N, Ptot Fepyr, Fedit, Mnpyr, Mndit, 
Alpyr, Aldit, Fetot, Mntot, 
Altot, Feoxa, Mnoxa, Aloxa, 
Cu, Zn, Pb, Cr, Co, Ni, Na, 
Mg, Ca, K 

137Cs, 
210pb 

 Ni, Co, K, Ptot, N The Dart Basin (UK) four sources: 
woodland, pasture areas, cultivated 
areas, channel banks 
 
 

Pasture areas (78%), Cultivated areas 
(14%), woodland (4.5%), channel 
banks (3.5%) 

N, Cu, 137Cs The Plynlimon Basin (UK) three 
sources: forest areas, pasture areas, 
channel banks 
  

Pasture areas (66%), Forest areas 
(25%), Channel banks (9%) 
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Study Physical 
tracers Organic Inorganic Radionucl

ide 
Magnetic 
tracers Best tracers Description of location and sediment 

sources 

Most contributed area (percent of 
contribution) 
 

(Wallbrink et 
al. 1998) 

   137Cs, 
210Pbex

 
 137Cs, 210Pbex Murrumbidgee River (Australia) 

uncultivated areas, cultivated areas, 
channel banks 

Uncultivated areas (78%), Cultivated 
areas (22%) 

(Walling et al. 
1999) 

 C, N, P, 
Ptot 

Al, Ca, Cr, Cu, Fe, K, 
Mg, Mn, Na, Ni, Pb, Sr, Zn, 
total P 

137Cs, 
210Pbex, 
226Ra 

χ, SIRM N, Total P, Sr, Ni, 
Zn  

226Ra, 137Cs, 
210Pbex, Fe, Al 

Swale River (UK) four sources: 
woodland, uncultivated areas, 
cultivated areas, channel banks 

Uncultivated areas (42%), Cultivated 
areas (30%), Channel banks (28%) 

Ure River four sources: woodland, 
uncultivated areas, cultivated areas, 
channel banks 

Uncultivated areas (45%), Channel 
banks (37%), Cultivated areas (17%)  

Nidd River four sources: woodland, 
uncultivated areas, cultivated areas, 
channel banks 

Uncultivated areas (75%), Channel 
banks (15%) 

Ouse River four sources: woodland, 
uncultivated areas, cultivated areas, 
channel banks 

Cultivated areas (38%), Channel banks 
(37%), Uncultivated areas (24.6%) 

Wharfe River four sources: 
woodland, uncultivated areas, 
cultivated areas, channel banks 

Uncultivated areas (69.5%), Channel 
banks (22.5%) 

(Nicholls 
2001) 

 C, N Al, Ca, Cr, Co, Cu, Fe, Pb, 
Mg, Mn, Ni, K, Sr, Na, Zn 

137Cs, 
210Pbex, 
226Ra 

 226Ra, Fe, Cr, C, 
137Cs, K, N 

Upper Torridge watershed (UK) four 
sources: channel banks, cultivated 
area, pasture land, woodland 

Pasture land (47%), Cultivated area 
(28%), Channel Banks (23%) 

(Russell et al. 
2001) 

 C, N Al, Ca, Cr, Co, Cu, Fe, Pb, 
Mg, Mn, Ni, K, Sr, Na, Zn, 
As 

137Cs, 
210Pbex, 
226Ra 

χlf, χfd, 
ARM, 
SIRM, 
IRM 

Land use: Alp, Fe, 
Mg, Mn, 137Cs, K, 
χlf, ARM, SIRM 

Belmont watershed (UK) five 
sources: pasture areas, arable areas, 
hopyards, channel banks, field drains   

Field drains (55.3%), Arable areas 
(17.5%), Hopyard (12%), Channel 
banks (11%) 

Soil type: Alp, 
SIRM, ARM, 
137Cs, Χlf, Pb, Mg, 
K, Fe, Mn 

Belmont watershed (UK) five 
sources: Bromyard, Middleton, 
Compton, channel banks, field drains 

Field drains (54.5%), Bromyard 
(12.9%), Channel banks (11.9%), 
Middleton (11.8%) 

Land use: 137Cs, 
As, N, ARM, 
SIRM, Pb, χlf, C 

Jubilee watershed (UK) five sources: 
pasture areas, arable areas, hopyards, 
channel banks, field drains   

Field drains (47.8%), Arable areas 
(30.1%), Channel banks (12%), 
Hopyards (7%) 

Soil type: K, Mg, 
As, Mn, 137Cs, χlf, 
ARM, SIRM 

Jubilee watershed (UK) four sources: 
Bromyard, Middleton, channel banks, 
field drains  

Field drains (54.7%), Middleton 
(30.5%), Channel banks (11.1%) 

(Walling et al. 
2001) 

 C, N Al, As, Cd, Co, Cr, Cu, Fe, 
Mn, Ni, Pb, Sb, Sn, Sr, Zn, 
Ca, K Mg, Na, Aldit, Fedit, 

137Cs, 
210Pbex, 
226Ra 

 Ni, K, Cu, Cr, Ca, 
Total of 
Alpyrophosphate and 

Kaleya River Basin (Zambia) four 
sources: communal cultivation areas, 
commercial cultivation areas, channel 

Cultivated areas (66%), Bush grazing 
areas (17%), Channel banks and 
gullies (17%) 
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Study Physical 
tracers Organic Inorganic Radionucl

ide 
Magnetic 
tracers Best tracers Description of location and sediment 

sources 

Most contributed area (percent of 
contribution) 
 

Mndit, Alpyr, Fepyr, Mnpyr, 
Ptot 

Aldit, Mndit, Aldit, 
Sr, 137Cs, Co, Ptot  

banks and gullies, bush grazing areas 

(Gruszowski et 
al. 2003) 

  P, Fe, Al, Na, K, Mg, Ca, 
Cd, Cu, Ni, Mn, Zn 

137Cs χlf, χhf, χfd, 
χfd%, χARM, 
Sratio, 
ARM, 
IRM-100, 
IRM880, 
HIRM 

χhf, χARM, IRM880, 
Fe, Al, Na, Cu, 
137Cs 

River Leadon watershed (UK) five 
sources: arable areas, grassland areas, 
sub-soils, channel banks, road sources 

Sub-soils (35%), Road sources (30%), 
Grassland topsoils (13.8%), Arable 
topsoils (13.6%), Channel banks (8%) 

(Motha et al. 
2004) 

  Al2O3/Fe2O3, Al2O3/(100-
SiO2), CIA 

137CS, 
210Pbex 

IRM850/χ Al2O3/Fe2O3, 
Al2O3/(100-SiO2), 
CIA, 137CS, 210Pbex  

East Tarago watershed (Australia) 
four sources: gravel-surfaced roads, 
grouped lands (un-graveled roads, 
pasture and cultivated lands on 
basalt-derived soils), cultivated lands 
on granite-derived soils, and forest 

Gravel-surfaced roads (41%), Grouped 
lands (18%), Cultivated lands on 
granite-derived soils (13%) and 
Forest(14%) 

(Minella et al. 
2004) 

 Ctot Ntot, Ptot, Ktot, Catot, Natot, 
Mgtot, Cutot, Pbtot, Crtot, 
Cotot, Zntot, Nitot, Fetot, 
Mntot, Altot, Fedit,Feoxa, 
Mndit, Aldit,  Aloxa, 

  Fetot, Feoxa, Aloxa, 
Mntot, Ca, P 

Lajeado Ferreira River (Brazil) three 
sources: field areas, pasture areas, 
unpaved roads 

Pasture areas (77.9%), Unpaved roads 
(21.3%) 

(Mizugaki et 
al. 2008) 

   137Cs, 
210Pbex 

  Two watersheds of Tsuzura River 
(Japan): Hinoki 156 watershed four 
sources: forest floor, landslide scar, 
truck trail, channel bank; b) Hinoki 
155 watershed two sources: forest 
floor, landslide. 

Hinoki 156 watershed: Forest Floor 
(46%) 
 
Hinoki 155 watershed: Forest Floor 
(70%) 

(Gellis et al. 
2009) 

 P, N, C/N, 
Ctot, δ13C, 
δ15N 

 210Pbex  N, Total C, δ13C, 
δ15N, 210Pbex 

Pokomoke River (US) four sources: 
channel banks, ditch Bed, crop area, 
forest area  

Ditch bed (62%), Crop area (20%), 
Stream and Ditch banks (14%) 
 

P, N, C/N, 
Ctot, δ13C, 
δ15N 

 210Pbex 
  Total C, C/N, 

δ15N, δ13C 
Mattawoman Creek (US) four source: 
banks, construction sites, crop lands, 
forest area 

Forest (34%), Banks (28%), Crop land 
(19%), Construction sites (19%) 

C, P, N, 
C/N, δ13C, 
δ15N 

 210Pbex 
137CS 

 Organic C, δ13C, P Little Connestoga Creek (US) three 
sources: channel banks, construction 
sites, crop land 

Cultivated areas (61%), Channel banks 
(39%) 

(Mukundan et 
al. 2010) 

 Ctot, Ntot, 
Ptot, Stot 

Be, Mg, Al, K, Ca, Cr, Mn, 
Fe, Co, Ni, Cu, Zn, As, Pb, 
U 

137Cs  137Cs, δ15N, Cr and 
U 

North Fork Broad River (US) three 
sources: channel banks, construction 
sites and unpaved roads, pastures 

Channel banks (60%), Construction 
sites and unpaved roads (23 to 30%), 
Pastures (10 to 15%) 
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Study Physical 
tracers Organic Inorganic Radionucl

ide 
Magnetic 
tracers Best tracers Description of location and sediment 

sources 

Most contributed area (percent of 
contribution) 
 

(Collins et al. 
2010) 
 

  Al, As, Ba, Bi, Cd, Ce, Co, 
Cr, Cs, Cu, Dy, Er, Fe, Ga, 
Gd, Ge, Hf, Ho, K, La, Li, 
Mg, Mn, Mo, Na, Nd, Ni, 
Pb, Pd, Pr, Rb, Sb, Sc, Sm, 
Sn, Sr, Tb, Ti, Tl, V, Y, Yb, 
Zn, Zr, P 

  South House Sub-
catchment: Tb, P, 
Ge, Tl, Ga, Eu, Ba 
 
Little Puddle Sub-
catchment: Tb, Ga, 
Ba, Ge, Mn, Sm, 
Bi.  
Briantspuddle: Tb, 
Pd, Y, Ge, FeGa, 
Ti, Hf, Mn, Cr, Li. 

South House, Little Puddle, Briants 
Puddle sub-catchments (UK) four 
source: pasture areas, cultivated 
areas, farm tracks, channel banks 
 

  Pasture 
areas 

C
ultivate

d areas 

Farm
 

tracks 

C
hannel 

banks 

South 
H

ouse 

46 7 1 46 

Little 
Puddle 

45 16 12 27 

B
riants 

puddle 

44 6 10 40 

(Collins et al. 
2010a) 

  Al, As, Ba, Bi, Cd, Ce, Co, 
Cr, Cs, Cu, Dy, Er, Eu, Fe, 
Ga, Gd, Ge, Hf, Ho, In, K, 
La, Li, Mg, Mn, Mo, Na, 
Nd, Ni, Pb, Pd, Pr, Rb, Sb, 
Sc, Sm, Sn, Sr, Tb, Ti, Tl, 
U, V, Y, Yb, Zn, Zr 

  Brue : Sb, Ti, Fe, 
As, Mn, V, Ce, Ge 
Cary : Sb, Ti, Fe, 
Na, Bi, Zn, In, V, 
Y, Pd, Cr, Sr 
Halse Water: Sb, 
Ti, Cd, Pd, Yb, Co, 
As, K, Ba 
Isle : Sb, In, Ti, Fe, 
Na, Sn, Cu, Cr 
Tone: Sr, Tl, Sb, 
Hf, Ti, Ni, Pd, La, 
Sc, Al, Zr, Yb, 
Mg, Rb, Na, Sn 
Upper Parrett: Sb, 
Ti, Zn, Al, K, Sr, 
Mg 
Yeo: Sb, Ti, Na, 
Fe, Sn, Cu, Al, V, 
Bi, Co 

River Brue, River Cary, River Halse, 
River Isle, River Tone, Upper Parrett 
River, Yeo River (UK) five sources: 
pasture areas, cultivated areas, 
channel banks/subsurface sources, 
road verge, sewage treatment works 
(STW) 
 

 Pasture 
areas  

C
ultivated  

C
hannel  

banks 

R
oad 

verges 

STW
 

B
rue 

67 21 10 1 1 

C
ary 

38 6 43 11 2 

H
alse 

29 57 12 11 1 

Isle 

44 12 30 11 3 

Tone 

51 13 22 13 1 

Parrett 

60 17 18 3 2 

Y
eo 

10 30 29 29 2 
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Study Physical 
tracers Organic Inorganic Radionucl

ide 
Magnetic 
tracers Best tracers Description of location and sediment 

sources 

Most contributed area (percent of 
contribution) 
 

(Devereux et 
al. 2010) 

 Ctot, Stot SiO2, Al2O3, Fe2O3, MgO, 
CaO, Na2O, K2O, Tio2, 
P2O5, MnO, Cr2O3, Ni, Sc, 
Ba, Be, Co, Cs, Ga, Hf, Nb, 
Rb, Sn, Sr, Ta, Th, U, V, 
W, Zr, Y, La, Ce, Pr, Nd, 
Sm, Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, Lu, Mo, Cu, 
Pb, Zn, Ni, As, Cd, Sb, Bi, 
Ag, Au, Hg, Tl, Sc 

137Cs, 40K  Ho, Sr, W Northeast Branch Anacostia River 
watershed (US) three sources: 
channel banks, streets, upland areas 

Channel banks (58%), Streets (13%), 
Upland areas (30%) 

(Kouhpeima et 
al. 2010) 

Clay 
mineral; 
Smaktite, 
Colorite, 
Illite, 
Kaolinite 

C,N,P Na, Mg, Ca, K, Cr, Co  χlf, χfd Amrovan 
watershed: C, P, 
Kaolinite, K. 
Royan watershed: 
Cholorite, χfd, N, C 

Amrovan watershed (Iran) three 
geological formations: Quaternary, 
Hezardareh, Upper Red, and gully 
erosion 

Upper red formation (36%), Hezar 
dareh formation (28%), Gully erosion 
(21%) 
 

Royan watershed five geological 
formations: Upper Red, Karaj, Lar, 
Shemshak, Quaternary, and gully 
erosion 

Quaternary units (32%), Karaj 
formation (33%), Gully erosion (27%) 
 

(Nosrati et al. 
2011) 

 Ctot, Ntot Al, B, Ba, Bi, Ca, Cd, Co, 
Cr, Cu, Fe, Ga, K, Li, Mg, 
Mn, Mo, Na, Ni, P, Pb, Se, 
Sr, Te, Tl, Zn. 
Biochemical tracers: ureas, 
alkaline phosphatase, β-
glucosidase, dehydrogenase 
 

  Dehydrogenase, B, 
Total C, Sr, Co, Tl 

Hive watershed (Iran) three sources: 
rangeland areas, orchard areas, 
channel banks 

Streambanks (70%), Pasture areas 
(19%), Orchard areas (11%) 

(Wilkinson et 
al. 2013) 

 Ctot Al, As, Ba, Ca, Cl, Co , Cr, 
Cu, Dy, Er, Eu, Fe, Ga , Gd 
, Ge , Hf , Ho ,K ,La ,Mn 
,Mo , Na , Nd, Ni, P, Pb, 
Rb, Sc , Se, Si XRF 0.025 P 
P P Sm , S ,Sr , Tb , Th , Ti 
, Tl , Tm , U,V,Y , Yb,Zn , 
Zr. 

137Cs, 
210Pb 

7Be 
228Ra 

 137Cs, 210Pb, Ctot 
 

Burdekin River Australia 
Primarily Surface erosion, channel 
bank erosion 

Surface erosion (17%),  
channel bank erosion (83%) 

(Collins et al. 
2012) 

  Al, As, Ba, Bi, Cd, Ce, Co, 
Cr, Cs, Cu, Dy, Er, Eu, Fe, 
Ga, Gd, Ge, Hf, Ho, K, La, 
Li, Mg, Mn, Mo, Na, Nd, 
Ni, Pb, Pd, Pr, Rb, Sb, Sc, 
Sm, Sn, Sr, Tb, Ti, Tl, U, 
V, Y, Yb, Zn, Zr.   

  Mg, U, Pd, Y, As, 
Pr, Cu, Sr 

River Axe watershed (UK) four 
sources: pasture areas, cultivated 
areas, channel banks/subsurface 
sources, road verges. 

Pasture areas (38%), road verges 
(37%), channel banks/subsurface 
sources (22%), cultivated areas (3%) 
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Study Physical 
tracers Organic Inorganic Radionucl

ide 
Magnetic 
tracers Best tracers Description of location and sediment 

sources 

Most contributed area (percent of 
contribution) 
 

 
 

(Caitcheon et 
al. 2012) 

   137Cs, 
210Pb 

 137Cs Daly River (Australia) two sources: 
Surface erosion, Channel banks 
erosion 

Surface erosion (1%),  
Channel bank erosion (99%) 

Mitchell River (Australia) 
Surface erosion, channel bank erosion 

Surface erosion (3%),  
Channel bank erosion (97%) 

(Olley et al. 
2013) 

   137Cs, 
210Pb 

 137Cs Brisbane River Tributaries (Australia) 
Surface erosion, channel bank erosion 

Surface erosion (10%), channel bank 
erosion (90%) 

 
IRM850 = Isothermal remanent magnetization at 850 mT, χlf =Low frequency magnetic susceptibility, χfd = Frequency dependent magnetic susceptibility, tot= total, dit= 

dithionite, oxa= oxalate, pyr=pyrophosphate
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Common themes that emerge from the review presented in Table  2.2 are: 

- Sub-soils, either from rill and gully systems or artificial drainage ditches 

make a substantial contribution in UK and US watersheds (48% and 55% for 

Jubilee and Belmont Catchment in Russell et al. 2001; 35% for River Leadon in 

Gruszowski et al. 2003; 62% for Pokomoke River in Gellis et al. 2009). 

- Channel banks are a consistent source of suspended sediment (Northeast 

Branch Anacostia River watershed in Devereux et al. 2010; Southern Piedmont 

stream watershed  in Mukundan et al. 2010; Hive Watershed in Nosrati et al. 2011). 

Channel and gully erosion dominates in Australia catchments (Wallbrink et al. 

1998; Caitcheon et al. 2012; Olley et al. 2012; Wilkinson et al. 2013).  

- Upland sub-surface sources (construction sites and roads) can supply a 

disproportionately high amount of sediment to drainage systems (e.g., Devereux et 

al. 2010; Mukundan et al. 2010).  

- Magnetic tracers are used in 8 out of 20 studies, and in 6 of these studies 

they were identified as among the best tracers to differentiate source material. These 

tracers are used only in studies with a high sub-soil contribution (Russell et al. 

2001; Gruszowski et al. 2003) and not in catchments where the main sediment 

supply is surface soils (Walling et al. 1999; Motha et al. 2004).  

- Caesium-137 (137Cs), Radium-226 (226Ra) and excess Lead-210 (210Pbex) are 

used as sediment tracers in 16, 6 and 13 studies, respectively. These radionuclide 

tracers were found to be the best tracers to discriminate sediment sources in 12 

studies for 137Cs, 2 studies for 226Ra and 5 studies for 210Pbex. Fallout radionuclide 

tracers were able to discriminate sediment sources among different land uses and 

geologic units. For instance, 137Cs was selected to discriminate sub-soil versus 

surface soil sources (e.g., Walling and Amos 1999; Nicholls 2001; Mukundan et al. 

2010; Caitcheon et al. 2012). 

- In catchments with a high sub-soil contribution (Devereux et al. 2010; 

Nosrati et al. 2011) organic tracers were not selected as best tracers, with the 

exception of Wilkinson et al. (2013). 
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- The use of N, C, P, δ15N and δ13C to discriminate between sources among 

land uses was successful despite their potentially unconservative behavior (e.g. δ15N 

and δ13C) during transport. 

- Achieving discrimination among land use sources based on chemical 

elements such as REE or metals is poorly studied, and should be urgently addressed 

in future fingerprinting studies. 

Figure  2.2 summarizes the data from Table  2.2 and indicates that sub-surface erosion 

accounts for between 2 to 76%, and typically 15 to 30% of suspended loads. A composite 

of sources originating from surface erosion processes is the dominant contributor of 

sediment to drainage systems in all watersheds with values of 70 to 85% commonly 

estimated (Figure  2.2). Although the contribution from sub-surface erosion (particularly 

channel banks), changes among systems (as discussed in section 4), their importance as 

eroded material (sources) and its vicinity to storage (sinks) in catchment budget system 

makes this the most difficult source to quantify in catchment-scale sediment fingerprinting 

(Parsons 2012). 

 
Figure  2.2. Frequency distributions for the contribution of channel bank/Sub-surface and 
surface sources of sediment from the 47 watersheds reviewed in Table  2.2. 

2.5 Mixing models 

In geochemical tracing studies the relative contribution of source material to suspended 

sediment is usually estimated using a multivariate mixing model. The literature describes 
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many different mathematical forms of mixing models (Collins et al. 1997a; Rowan et al. 

2000; Motha et al. 2003; Evrard et al. 2011). In all mixing models, the objective is to 

determine the source component proportions (x) in the suspended sediment samples by 

minimizing the errors (Table  2.3). 

The relative contribution of each source category 𝑋𝑋𝑗𝑗 must satisfy the following 

constraints: 

a- the fraction of source contributions must lie between 0 and 1: 0 < 𝑋𝑋𝑗𝑗 < 1  

b- the percentage source contributions must sum to unity: ∑ 𝑥𝑥𝑗𝑗 = 1𝑚𝑚
𝑗𝑗=1   

Table  2.3. Commonly used mixing models and their modifications. To make the parameters 
of each model more comparable, all parameters have been given consistent symbols. 
Study Model Ref. 
Slattery ∑ �∑ 𝑆𝑆𝑖𝑖𝑗𝑗𝑋𝑋𝑗𝑗 − 𝐶𝐶𝑖𝑖𝑚𝑚

𝑗𝑗=1 �2𝑛𝑛
𝑖𝑖=1   (Slattery et al. 2000; 

Gruszowski et al. 2003) 

Collins  ∑ ��𝐶𝐶𝑖𝑖 − (∑ 𝑋𝑋𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗𝑍𝑍𝑗𝑗𝑂𝑂𝑗𝑗)𝑚𝑚
𝑗𝑗=1 �/𝐶𝐶𝑖𝑖�

2𝑊𝑊𝑖𝑖
𝑛𝑛
𝑖𝑖=1   (Collins et al. 1997a; Mukundan 

et al. 2010; Nosrati et al. 2011) 

Motha  
�∑ �𝐶𝐶𝑖𝑖−∑ 𝑋𝑋𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗

𝑚𝑚
𝑗𝑗=1 �

2𝑛𝑛
𝑖𝑖=1

𝑛𝑛
  

(Motha et al. 2003; Motha et al. 
2004) 

Hughes 
∑ �

∑ ∑ 𝑋𝑋𝑗𝑗𝐶𝐶𝑖𝑖,𝑗𝑗,𝑘𝑘,𝑙𝑙
𝑚𝑚
𝑗𝑗=1

1000
𝑙𝑙=2 1000⁄  −𝐶𝐶𝑖𝑖

𝐶𝐶𝑖𝑖
�
2

𝑛𝑛
𝑖𝑖=1   

(Hughes et al. 2009) 

Modified Collins  ∑ ��𝐶𝐶𝑖𝑖 − (∑ 𝑋𝑋𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗𝑍𝑍𝑗𝑗𝑂𝑂𝑗𝑗𝑆𝑆𝑆𝑆𝑗𝑗𝑖𝑖)𝑚𝑚
𝑗𝑗=1 �/𝐶𝐶𝑖𝑖�

2𝑊𝑊𝑖𝑖
𝑛𝑛
𝑖𝑖=1   (Collins et al. 2010; Collins et 

al. 2010a) 

Landwehr 
�1
𝑛𝑛
�∑ �𝐶𝐶𝑖𝑖 − ∑ 𝑋𝑋𝑗𝑗𝑆𝑆𝑗𝑗𝑖𝑖𝑚𝑚

𝑗𝑗=1 �𝑛𝑛
𝑖𝑖=1 �∑ 𝑋𝑋𝑗𝑗2𝑆𝑆𝑉𝑉𝑉𝑉𝑖𝑖𝑗𝑗𝑚𝑚

𝑗𝑗=1�   
(Devereux et al. 2010) 

Modified Landwehr 

�
1
𝑛𝑛
���𝐶𝐶𝑖𝑖 −�𝑋𝑋𝑗𝑗𝑆𝑆𝑗𝑗𝑖𝑖

𝑚𝑚

𝑗𝑗=1

�
𝑛𝑛

𝑖𝑖=1

��𝑋𝑋𝑗𝑗2(𝑆𝑆𝑉𝑉𝑉𝑉𝑖𝑖𝑗𝑗 𝑚𝑚𝑗𝑗)⁄
𝑚𝑚

𝑗𝑗=1

�  

(Gellis et al. 2009) 

Where: 𝐶𝐶𝑖𝑖 = concentration of fingerprint property (i) in sediment samples; 𝑆𝑆𝑖𝑖𝑗𝑗 = 
concentration of fingerprint property (i) in source category (j); 𝑋𝑋𝑗𝑗 = percentage contribution 
from source category (j); 𝑍𝑍𝑗𝑗 = particle size correction factor for source category (j); 𝑂𝑂𝑗𝑗 = 
organic matter content correction factor for source category (j); 𝑊𝑊𝑖𝑖 = tracer discriminatory 
weighting or tracer specific weighting; 𝑆𝑆𝑆𝑆𝑗𝑗𝑖𝑖 = weighting representing the within-source 
variability of fingerprint property (i) in source category (j); 𝑆𝑆𝑉𝑉𝑉𝑉𝑖𝑖𝑗𝑗 = variance of the 
measured values of tracer i in source area j; 𝑚𝑚𝑗𝑗 = the total number of samples for an 
individual source; n = number of fingerprint properties; m = number of sediment source 
categories. 
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The modified Collins model algorithm (Collins et al. 2010a) uses the same approach as 

the original version (Collins et al. 1997b) to optimize the estimates of the relative 

contributions from the potential sediment sources, but it includes additional property 

weightings and a different definition for the 𝑊𝑊𝑖𝑖 parameter. In the modified model, a 

weighting (𝑆𝑆𝑆𝑆𝑗𝑗𝑖𝑖) was incorporated to reflect the within-source variability of individual 

tracer properties and ensure that the fingerprint property values for a particular source 

characterized by the smallest standard deviation exerted the greatest influence upon the 

optimized solutions (Collins et al. 2010a). The 𝑊𝑊𝑖𝑖 parameter in Collins (1997) is a tracer-

specific weighting that can be calculated from the inverse of the root of the variance for 

each tracer in all sources. The 𝑊𝑊𝑖𝑖 parameter in the modified Collins is a tracer 

discriminatory weighting based on the percentage of the source classified correctly using 

discriminant function analysis. 

The Hughes mixing model (Hughes et al. 2009) is modified from Olley and Caitcheon 

(2000). This model applies a Monte Carlo approach based on replicate samples (not their 

mean) and runs random iterations to obtain the lowest error. Fundamental differences are 

evident between the Collins and Hughes models. Firstly, the Collins method uses mean 

value for each tracer parameter pertaining to each specific source type, whereas the Hughes 

method uses all individual source samples in the Monte Carlo procedure. Second, 

correction factors (e.g., particle size) are applied only in the Collins method. The Landwehr 

model, used by Devereux et al. (2010), provides a more statistically powerful model as it 

uses a normalized standard deviation from multiple sources rather than directly relating the 

values of individual variables. A modified version of the Landwehr model, used by Gellis 

et al. (2009), provides additional statistical power by adding a term that divides the variance 

term in the denominator by mj (the number of samples in a source area). This is particularly 

useful when using commonly found elemental tracers that occur in very low concentrations.  

2.5.1 Genetic algorithms and mixing models 

It has been suggested that local optimization tools (e.g. Excel solver) are not appropriate 

to represent global solutions (Collins et al. 2010; Collins et al. 2012). In sediment 

fingerprinting studies, these methods are not able to find the best optimum sediment 

contribution minimizing mixing model errors. To overcome this problem, Collins et al. 

(2012) proposed a revised modeling approach comparing the results of both local and 
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global (genetic algorithm) optimization tools to determine the uncertainties with the 

following goodness of fit (GOF) equation: 

 𝐺𝐺𝑂𝑂𝐺𝐺 = 1 − 1
𝑛𝑛
∑

�𝐶𝐶𝑖𝑖−∑ 𝑆𝑆𝑖𝑖𝑗𝑗𝑋𝑋𝑗𝑗𝑚𝑚
𝑗𝑗=1 �

𝐶𝐶𝑖𝑖
𝑛𝑛
𝑖𝑖=1         (Eq.  2.1) 

Genetic algorithms (GA) were developed as a stochastic search technique based on 

biological processes of natural selection and the survival of the fittest. The advantages of 

GA as one of the most powerful optimization methods are its applicability to non-convex, 

highly non-linear and complex problems (Goldberg 1989), its ability to generate more than 

one optimum solution, and its independency from restrictive assumptions.  

Advantages and differences of global optimization (GA) compared to local optimization 

methods can be listed as follows: a) unlike local methods, the GA uses the objective itself, 

not the derivative information; b) the inherent random property of GA helps avoid local 

optima; c) when there are multiple solution points, it is impossible for local optimization 

methods to find the solution because they cannot jump over to a global solution; and d) 

through numerous variables global optimization is possible. Collins et al. (2010) compared 

the performance of both local and global optimization techniques, demonstrating that GA 

based on random initial values minimized the objective functions compared to local 

searching techniques. 

To explore the output differences from the application of GA to the datasets in this 

study, we used the GA tool in MATLAB to compute sediment contribution of mixing 

models as objective functions. GA parameters were set up as follows: population size = 50, 

cross over ratio = 0.5, mutation rate = 0.1, number of iterations = 10,000 and the use of a 

single point cross over function along with a uniform selection procedure. Chromosome 

set-ups were computed based on the number of sources (i.e. three and four sources for 

North Fork Broad River catchment and Bléone catchments, respectively). As described in 

Collins et al. (2012) different values can be extracted from iterations of GAs including 

mean and median of all iterations using (i) conventional random repeat sampling as applied 

in this study or (ii) Latin hypercube sampling (LHS) method.  
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2.5.2 Comparison of mixing models 

In this section, we use data from two sediment fingerprinting case studies in the North 

Fork Broad River (NFBR, USA) watershed (Mukundan et al. 2010) and Bléone River 

watershed in France (Evrard et al. 2011) to compare differences in relative contribution of 

sediment sources generated by applying the seven mixing models listed in Table  2.3. There 

are some fundamental differences between these two studies; fluvial sampling sites in the 

NFBR watershed were located at the end of the system, whereas sampling sites in the 

Bléone watershed were distributed as a continuum along the Bléone River and Bès River, 

resulting in sampling location as an important parameter. Sampling design was also 

influenced by differing objectives; discriminating sediment sources based on land-use in 

the NFBR watershed, whereas in the Bléone watershed the objective was to discriminate 

geologic soil types. 

2.5.2.1 North Fork Broad River watershed 

North Fork Broad River (NFBR) is located in the Piedmont region of Georgia (USA) 

and drains an area of 182 km2. A total of 99 soil samples from three different land-uses 

were collected, consisting of 37 samples from potentially erodible bank faces; 32 samples 

from construction sites and unpaved roads; and 30 samples from pasture areas. Sediment 

samples were also collected from six different storm events (see Figure  2.3). Mukundan et 

al. (2010) analyzed 21 tracers including 15 trace elements (Be, Mg, Al, K, Ca, Cr, Mn, Fe, 

Co, Ni, Cu, Zn, As, Pb, and U), four total organic and inorganic elements (C, N, O, and S), 

stable isotope of N (δ15N), and a radionuclide isotope (137Cs). Using discriminant function 

analysis (DFA) and removing non-conservative tracers based on their concentrations in 

stream sediment, four sediment fingerprint properties (137Cs, δ 15N, Cr, U) were selected as 

inputs into the mixing models (Table  2.4). 

Table  2.4. Mean and standard deviation of the optimum fingerprint properties and their 
trace discriminatory weighting from DFA in NFBR watershed. 
Fingerprint 
property 
selected 

Mean Standard 
Deviation 

Wilks’ 
Lambda 

% source type 
samples classified 
correctly 

Tracer 
Discriminatory 
weighting 

δ 15N 4.67 (‰) 4.7 0.444 65.7 1.5 
Cr  54.21 (mg kg-1) 51.5 0.336 57.6 1.3 
137Cs  9.75 (Bq kg-1) 17.3 0.291 49.5 1.1 
U  4.1 (mg kg-1) 2.8 0.289 43.3 1.0 
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One of the aims of this review is to compare the variability in outputs from applying a 

common dataset to seven widely used mixing models. Figure  2.4 provides clear evidence 

that the application of different mixing models to the same dataset will produce 

dramatically different results. However, the contribution of sources in sediment transport, 

using local optimization methods (simple bars) are more similar to each other than using 

global optimization methods that has reduced variability within, but not among individual 

models. For example, on March 16 with 2.1 m3/s water discharge and turbidity of 38 NTU, 

local optimization methods identified the contribution of channel banks ranged between 

55% with the Slattery model and 88% with the Hughes model. Differences in the 

contribution of channel banks among models using GA are much more variable between 

the modified Collins model showing that 96% of sediment originated from this source, and 

only 1% of material provided by this source according to Landwehr and modified 

Landwehr mixing models.  

The influence of discharge on the selection of model and optimization method is 

evidenced during the highest discharge event (Q=32.5m3/s) on January 7th. Using local 

optimization produces consistency in results among the seven models compared with global 

optimization. For example, channel banks contributed between 82% with Landwehr model 

and 93% with Slattery and Motha models using local optimization. Applying GA 

techniques to the dataset produces a range of source contribution from channel banks from 

91% with modified Collins to 0% with Landwehr model.  

In total, channel banks are the main sediment supply in all sampling events and GA-

based mixing models, except for Landwehr and modified Landwehr mixing models in 

which pasture areas were shown as dominant. Using local optimization methods, channel 

banks remained the dominant source of sediment in all mixing models. Furthermore, the 

results of the Motha model based on the root mean square of relative errors, and Slattery 

model based on the sum of square of errors are identical in both global and local 

optimization methods. Although the modified Landwehr model divides the number of 

samples in a source area by the variance, the percentage source sediment contribution is 

identical in both Landwehr and modified Landwehr models. This phenomenon is also 

observed for Collins and modified Collins models when local optimization methods alone 

are considered. 
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Figure  2.3. Percent relative contribution of three sediment sources (channel banks, 
construction sites, pastures) based on seven mixing models and seven flood event in the 
NFBR watershed. Q is flow discharge in m3/s and T is turbidity in NTU (nephelometric 
turbidity unit). 
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2.5.2.2 Bléone watershed 

The Bléone watershed is a 907 km² mountainous subalpine watershed located in the 

Durance River district in south-eastern France. A total of 18 soil samples from four 

different geologic units were collected, consisting of 8 samples from Black marl; 6 from 

Marl-limestone sites; 2 from Quaternary deposits and 2 from Conglomerate. Riverbed 

sediment was collected from three sites along the Bléone River, and at two sites along the 

Bès River and their origin was calculated using the seven mixing models listed in Table  2.3. 

Table  2.5. Mean and standard deviation of the best fingerprint properties and their tracer 
discriminatory weighting from DFA in Bleon watershed. 

Fingerprint 
property 
selected 

Mean Standard 
Deviation 

Wilks’ 
Lambda 

% source type 
samples 
classified 
correctly 

Tracer 
Discriminatory 
weighting 

Ra-226 23.5 7.9 0.0405 38.9 1.2 
Al 4.7 1.6 0.0076 77.8 2.3 
Ni 40.2 12 0.0024 33.3 1 
V 75.3 24 0.0001 66.7 2 
Cu 15.5 5.2 0.000515 44.4 1.3 
Ag 0.2 0.08 0.000253 38.9 1.2 

Forty fingerprint properties including radionuclide elements (137Cs, 210Pbex, 40K, 226Ra, 
228Ra, 228Th, 234Th), rare earth elements (Ce, Eu, La, Lu, Sm, Tb, Yb), major elements (Fe, 

K, Na, Al, Ca, Mg, Ti) and trace elements (As, Ba, Co, Cr, Cs, Hf, Sc, Ta, Th, Zn, Ag, Co, 

Cr, Cs, Hf, Sc, Ta, Th, Zn) were analyzed in both surface soil and sediment samples. The 

ability of these tracers to discriminate between potential sediment sources was investigated 

by conducting the Kruskal-Wallis H-test and discriminant function analysis (DFA). Finally, 

one geogenic radionuclide (Ra-226) and five metal (Al, Ni, V, Cu, Ag) tracers were 

selected as the best tracers using DFA (Table  2.5). 

Contrary to the NFBR watershed, we cannot assess the stability of each mixing model in 

Bléone watershed as the sampling locations change along both Bès and Bléone Rivers. All 

mixing models generate different percentages of contributions using both local optimization 

and genetic algorithm optimization methods in the Bléone watershed (as also reported in 

NFBR). The use of GA optimization produces a wider range of sediment source 

contributions than using local methods. For example, at site BE7 of the Bès River (light 

grey), Black marl and Quaternary deposits are identified as the main sediment supply using 

local optimization methods. In contrast, almost all suspended sediments are identified as 

originating from Marl-limestone sources when using the modified Collins and Landwehr 
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models with GA optimization, with the Collins, Hughes, Motha and Slattery mixing models 

recording both the quaternary deposit and black marl as the dominant sediment sources.  

In both the NFBR and Blèon watersheds, the Motha and Slattery mixing models provide 

similar results for the relative contribution of source sediments using both local and global 

optimization. In the Bléone watershed, the use of GA and local optimization methods with 

the Landwehr and modified Landwehr models were not able to predict similar source 

contributions for sediments, whereas these models gave identical results using both GA and 

local optimization in the NFBR watershed. 

 
Figure  2.4. Percentage of relative contribution of four geologic sources to sediment (Black 
marl, Marl-limestone, Quaternary deposit, Conglomerate) for seven mixing models and 
three sediment samples along the Bléone River, and two sediment samples along the Bes 
River. 
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2.5.2.3 Goodness of fit results  

The accuracy of source contribution values resulting from the application of seven 

mixing models and two optimization methods can be tested with goodness-of-fit (GOF) 

values (Table  2.6). 

Improved accuracy in both catchments was obtained when applying the original Collins 

model using a local optimisation method than using a modified Collins mixing model.  The 

use of GA in the modified Collins mixing model, improved accuracy to 61% within the 

catchment with more source samples (NFBR with 99 source samples in three sources), 

compared with local optimisation with a 55.7% goodness-of-fit. In the catchment with 

fewer sources (Bleon with 18 source samples in four sources), local optimization was the 

more powerful method for calculating source contributions (GOF=72.5%). In the Hughes 

model that uses the actual values rather than statistic parameters, local optimization 

produced a higher goodness-of-fit of 77% and 60.3% in Bleon and NFBR catchments 

respectively. 

Table  2.6. GOF values of seven mixing model and two optimizations. 
Mixing models Optimization 

method 
GOF (%) 

Bléone catchment NFBR catchment 
  Min Mean Max Min Mean Max 
Collins  GA 53 75.5 90 13.3 15.4 16.8 

Local 62.2 76.8 89.2 30.3 54 79 
Modified Collins GA 43.4 60.5 70 22.3 61 73.7 

Local 60.8 72.5 87.8 18 55.7 75.3 
Hughes GA 61.6 76.7 88.5 1 21.7 78 

Local 63 77 88.6 35.7 60.3 75.4 
Landwehr GA 48 63.7 74.7 <0 <0 <0 

Local 59.7 75.6 88 25.5 48 67.3 
Modified 
Landwehr 

GA 56 70.4 85 <0 <0 <0 
Local 59.7 75.5 87.3 22.6 50.6 73.2 

Motha GA 64.4 76.4 88 68.4 31 73.8 
Local 64.4 76.3 88.8 48.7 23.3 77 

Slattery GA 64.7 76.1 89 69.3 30.6 75 
Local 62.8 76.3 88.8 67.5 28.2 77 

Comparing the application of all mixing models in each catchment, the Hughes mixing 

model appears a more robust method in Bléone catchment using local optimization method 

(GOF=77%), and the modified Collins in NFBR catchment using GA optimization (GOF= 

61%). 
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2.6 Conclusion 

Suspended sediments in fluvial systems can lead to a number of detrimental 

environmental and operational impacts. Sediment fingerprinting techniques have been 

applied to fluvial systems to identify sources of sediment; however the selection of model 

and optimization method can have profound effect on the output of sediment fingerprinting 

analyses. This is the first review that has compared the most prevalent mixing models 

(including the application of genetic algorithms) to an actual dataset to quantify variability 

in the output depending on the application of mixing model. 

All sediment fingerprinting studies must decide on the choice of field sampling methods, 

and selection of tracers as well as mixing models. Allowing for time and budget constraints, 

the study objective should drive the field sampling method. For example, fluvial sampling 

is the preferred method to determine the origin of sediment deposited in a dam, whereas 

point sampling is the most appropriate method to monitor sediment contribution in a flood 

event. Budget will also drive the selection of tracers used as sediment fingerprint 

properties. Physical tracers are less expensive and can be measured easily, but they are not 

conservative and may lead to ambiguity in interpretation of results. Geochemical tracers are 

favored due to large number of elements available for sediment fingerprint measurements.  

Radionuclide tracers are the most powerful tracers to distinguish soils from different land 

uses, but need expensive instruments.  

Our review of 25 sediment fingerprinting studies identified land-use and geology as the 

most prevalent discriminators of sediment sources. The relative importance of sediment 

sources to drainage systems should vary among different catchments due to the contrasts in 

geology, watershed morphology, hydrology, connectivity of river systems, human 

interference and many more factors. This inherent variability translates to a reliance on the 

final step of all sediment fingerprinting studies; computing the contribution of different 

sediment sources via mixing models. Using a common dataset, we have shown that 

different mixing models can identify different relative contributions of sediment sources, 

but that the range of values among models are within an acceptable range of errors (i.e. 

relative error, mean squared error etc.) in objective functions reported by the original 

authors. Based on GOF, the modified Collins and Hughes mixing models are the most 

powerful models to estimate the source contribution to transported sediments. Also, global 
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optimization methods must be carefully applied when using the Hughes mixing model. We 

suggest the use of a model that combines the best explanatory parameters from modified 

Collins (it uses correction factors) and Hughes (it uses iterations of all data not mean 

values) with optimization based on genetic algorithms would best predict the relative 

contribution of sediment sources to fluvial systems. 

Different source contribution results from various sediment tracing mixing models 

highlights the challenges faced in assessing the accuracy of various mixing models in the 

absence of secure data as to the true nature of the final mixture. Therefore, in Chapter 3, 

mixing model robustness was tested by comparing their source contribution estimates with 

the actual proportions using artificial mixtures of sediment. 
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CHAPTER THREE 
 

3 Accuracy of Mixing Models in Predicting Sediment Source 
Contributions 

Chapter summary 

Determining the source of sediment using geochemical properties is now a widely used 
approach in catchment management. However the outcome of these studies often depends 
on the type of model used to determine the relative contribution from difference sources. 
Here we test the accuracy and robustness of four widely used sediment mixing models 
using artificial mixtures of three well-distinguished geologic sources. Sub-samples from 
these three sources were mixed to create four groups of samples, each consisting of five 
samples, with known source contributions, 20 samples in total. The source contributions to 
the individual and groups of artificial sediment mixtures were calculated using each of the 
four mixing models: Modified Hughes, Modified Collins, Landwehr and Distribution 
models. Unlike modified Collins and Landwehr models which use calculated values from 
each tracer property of individual sources (e.g. mean and standard deviation), Hughes 
model uses the measured fingerprint property of replicated samples from each source and 
Distribution model incorporate distribution of tracers and correlation between tracer 
properties for sediment samples and sources. For the 20 individual sample mixtures the 
Distribution model provided the closest estimates to the known sediment source 
contribution values (Mean Absolute Error (MAE) = 10.8%, and standard error (SE) = 
0.9%). The Modified Hughes (MAE=13.5%, SE = 1.1%), Landwehr (MAE=19%, SE = 
1.7%) and Collins models (MAE = 29%, SE = 2.1%) were the next accurate models, 
respectively. For the groups of the samples the Modified Hughes was the most robust 
source contribution predictor with 5.4% error. The Distribution model (MAE=6.1%) and 
Landwehr model (MAE=7.8%) were the second and third accurate models. Collins model 
with MAE of 28.3% was a significantly weaker source contribution predictor than the three 
other models. This study demonstrates the dependence of source attribution on model 
selection. The study highlight the need to test mixing model using known source and 
mixture samples prior to applying them to field samples. The results indicate that the 
Distribution and Modified Hughes models provided the most accurate source attributions 
using geochemical fingerprint properties. 

3.1 Introduction 

Sediment geochemistry has been widely used to identify the spatial sources of sediments 

delivered to waterways (Olley and Caitcheon 2000; Hardy et al. 2010; Weltje and Brommer 
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2010). Determining the spatial source of transported sediments with sediment tracing 

involves measuring sediment properties that are capable of distinguishing sediments 

derived from different areas of the catchment (Collins et al. 1996; Collins et al. 1998; 

Hancock and Pietsch 2008). The geochemical characteristics of eroded sediments are 

strongly influenced by those of the soils and ultimately the rock-types from which they are 

derived (Klages and Hsieh 1975; Caitcheon et al. 2006). Different underlying parent rock 

materials often results in spatial sources with distinct geochemical compositions (Olley et 

al. 2001; Motha et al. 2002; Douglas et al. 2009). Sediments eroded from soils derived from 

a particular rock type often maintain these distinct geochemical properties during sediment 

generation and transport processes (Caitcheon et al. 2006; Hughes et al. 2009). Determining 

the contribution of different sources to downstream sediments using the geochemistry of 

the sediments invariable involves the use of a multivariate mixing model. However the 

accuracy of these models has rarely if ever been tested. Haddadchi et al. (2013) compared 

mixing models applying local and global optimization methods to datasets from two 

different catchments. The results indicated that the mixing model outputs could change 

remarkably depending on which mixing model was used.  

Here we used an experimental approach to test the accuracy and robustness of four 

widely used sediment mixing models applying artificial mixtures of three well-

distinguished geologic sources. Sub-samples from these three sources were mixed to create 

four groups of five samples with known source contributions, 20 samples in total. The four 

mixing models tested were: Modified Collins (Collins et al. 2010a), Modified Hughes 

(Hughes et al. 2009), Landwehr (Devereux et al. 2010; Haddadchi et al. 2014) and 

Distribution (Laceby and Olley 2014) models. These models are described below. Our aim 

is to find which of these most accurately predicts source contribution. 

3.2 Materials and Methods 

Five source samples were collected from each of three distinct rock types in the Emu 

Creek catchment, South East Queensland, Australia. Particle size and organic matter are 

potential factors that may affect tracer properties (Smith and Blake 2014). To minimise the 

effect of changes in particle size distributions on the geochemistry the less than 10 µm 

sediment fraction was separated using the settling method based on Stokes’ law. This 

resulted in five < 10 µm samples from each of the three rock-types. The source samples 
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were then oven-dried at 60 °C temperature. A two decimal place balance was used to 

measure the precise proportion of source samples based on their weight. The samples were 

manually disaggregated using a pestle and mortar. These were then completely mixed to 

create a set of samples with known source contributions.  

Figure  3.1 shows diagrammatically the process involved. Four groups of samples of 

known source contributions were created: 

Group 1: the same weights (10 g) of randomly selected samples from each source types 

were mixed to make five artificial sediment samples (M1 to M5). The three source types, 

Main Range Volcanic (MRV), granite and mafic each made a contribution of 33.33% to the 

five artificial sediments. Each of the sources had five subsamples. To create an artificial 

mixture one sample was selected at random from each of the sources and then these were 

mixed in equal parts. For example, the same weights of MRV soil from sample number 

MRV-1, granite derived soils from sample number G-3 and mafic rock derived soils from 

sample number MR-5 were mixed together to make the M1 artificial sediment. This mixing 

procedure was repeated five times to create the sample mixtures M1 to M5. 

For Group 2, the same weights (10 g) of soils derived from MRV and granite sources 

were combined with a half the weight (5 g) of mafic rock derived soil to make M6 to M10 

sediments; MRV and granite each made a 40% contribution and mafic made a 20% 

contribution. In Group 3, the same weights of MRV and mafic derived soil samples were 

mixed with a half the weight of two other samples from granite derived soil to make M11 

to M15 sediment samples; MRV made a 40% contribution, granite derived soil made a 20% 

contribution and mafic made a 40% contribution. The M16 to M20 artificial (Group 4) 

sediments comprised of 20% proportion from MRV source and 40% proportion from 

granite and mafic derived sources. 

The 15 source samples and 20 artificial mixtures were then analysed at the Queensland 

Government Department of Science, Information Technology, Innovation and the Arts 

(DSITIA) Chemistry Centre, by lithium metaborate fusion and Inductively Coupled 

Plasma-Mass Spectrometry (ICP-MS) and Inductively Coupled Plasma-Optical Emission 

Spectrometry (ICP-OES). Prior to determining elemental concentrations with ICP-MS and -

OES methods, a furnace was used to melt the lithium metaborate, as a solvent of the 

sample. The sample was then poured into 100 mL of a mixture of nitric and hydrochloric 
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acids and was shaken for an hour to dissolve any beads formed. Concentration of 27 

elements including 10 major elements (SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, 

P2O5, MnO), 13 trace elements (As, Ba, Co, Cr, Cu, Ni, Rb, Sr, Th, U, V, Zn, Zr ), and four 

Rare Earth Elements (Ce, La, Nd, Y) were determined. Lower limit of detection based on 

Practical Quantification Limit (PQL), uncertainty and method of measurements for each 

element are listed in Table  3.1. In addition, the Chemical Index of Alteration (CIA), Rb to 

Sr ratio and Loss on Ignition (LOI) were used as tracers. For each sample all the element 

concentrations were corrected for organic matter based on major element concentration loss 

on ignition. 

Table  3.1. Uncertainty, detection limit and element analytical method. 
Element Uncertainty 

(±%) 
Lower detection 
limit-PQL (mg/kg) 

Method 

As 12 1 Lithium Metaborate 
fusion by ICP-MS Ba 12 14 

Ce 12 1 
Co 12 2 
Cr 13 19 
Cu 20 18 
La 12 0.7 
Nd 13 0.4 
Ni 24 18 
Rb 20 2 
Sr 16 2 
Th 15 0.2 
U 23 0.06 
V 12 3 
Y 12 0.4 
Zn 12 11 
Zr 26 4 
SiO2 10 1 Lithium Metaborate 

fusion by ICP-OES TiO2 10 0.008 
Al2O3 10 1.5 
Fe2O3 12 0.28 
MnO 11 0.0038 
MgO 13 0.08 
CaO 10 0.27 
Na2O 20 0.13 
K2O 13 0.36 
P2O5 10 0.02 

The four mixing models were then applied first to the geochemical data from each of the 20 

individual artificial sediment mixtures (4 groups × 5 artificial sediments) and then to the 

data from each of the four groups. 
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Figure  3.1. The sketch of study to test the accuracy of mixing models using given source 
proportion of artificially made sediments. 
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To select elements to be included in the mixture modelling two statistical tests including 

non-parametric Kruskal Wallis H-test and stepwise Discriminant Function Analysis (DFA) 

were applied to test the ability of tracers in distinguishing the three geologic sources after 

checking the conservativeness of tracers. Because source samples were mixed to make 

artificial sediments, geochemical concentrations of artificial sediments must lie within the 

range of sources. As expected, concentrations of geochemical tracers in artificial sediments 

were not higher or lower than all source samples. Then, all tracers were applied in the 

Kruskal-Wallis H-test. Nineteen elements (P-values higher than 0.05) failed to exhibit 

significant differences between the source types (Table  3.2). Discriminant Function 

Analysis was conducted on 11 tracers which passed the Kruskal Wallis H-test; TiO2, Ba, 

Ni, Cr and Rb were able to assign 100% of the source samples to their known sources 

(Table  3.3). 

Table  3.2. Kruskal-Wallis H-test. 
Tracers H-value (Chi-square) P-value 
As 8.82 0.012 
Ba 6.08 0.048 
Ce 0.96 0.619* 
Co 3.92 0.141* 
Cr 8.78 0.012 
Cu 0.71 0.703* 
La 0.98 0.613* 
Nd 3.38 0.185* 
Ni 9.93 0.007 
Rb 7.44 0.024 
Sr 4.88 0.087* 
Th 6.62 0.037 
U 2.94 0.230* 
V 0.38 0.827* 
Y 0.56 0.756* 
Zn 5.46 0.065* 
Zr 4.94 0.085* 
SiO2 6.18 0.046 
TiO2 10.22 0.006 
Al2O3 2.94 0.230* 
Fe2O3 9.50 0.009 
MnO 4.88 0.087* 
MgO 0.14 0.932* 
CaO 3.12 0.210* 
Na2O 2.88 0.237* 
K2O 3.34 0.188* 
P2O5 9.78 0.008 
CIA 0.74 0.691* 
LOI 1.68 0.432* 
Rb/Sr 9.78 0.008 
* Not statistically significant at P<0.05. 
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Table  3.3. Discriminant Function Analysis. 
Step Tracers Wilk’s 

Lambda 
Cumulative % of 
sources classified 
correctly 

% of sources 
classified 
correctly 

Tracer 
Discriminatory 
Weighting 

1 TiO2 0.226 66.7 66.7 1.25 
2 Ba 0.062 86.7 53.3 1 
3 Ni 0.024 92.9 78.6 1.47 
4 Cr 0.010 100 80 1.5 
5 Rb 0.004 100 80 1.5 

3.2.1 Mixing models 

Source contribution results of four mixing models including Modified Hughes, Modified 

Collins, Landwehr, and Distribution models were computed. Their robustness was tested by 

comparing mixing model results and the actual proportions of these sources, i.e., artificial 

sediments.  

Note that for all the mixing models two constraints apply: a) the percentage of source 

contribution to the sediment must be between 0 to 100%, and b) the percentage of source 

contributions sum to 100%. Note it is also assumed that all potential sources are sampled. 

3.2.1.1 Modified Hughes mixing model 

The Hughes mixing model  (Hughes et al. 2009) applies a Monte Carlo approach to the 

measured data from the samples collected to characterize each of the sources. This mixing 

model is a modification of the approach described by Olley and Caitcheon (2000). Unlike 

other mixing models which use a calculated value from each tracer property of individual 

sources (e.g. mean and standard deviation), this model uses the measured fingerprint 

property of replicated samples from each source:  

𝐸𝐸 = ∑ ��∑ ∑ 𝑋𝑋𝑗𝑗𝑆𝑆𝑖𝑖,𝑗𝑗,𝑘𝑘,𝑙𝑙
𝑚𝑚
𝑗𝑗=1

1000
𝑙𝑙=1 1000⁄  − 𝐶𝐶𝑖𝑖� 𝐶𝐶𝑖𝑖⁄ �

2𝑛𝑛
𝑖𝑖=1       (Eq.  3.1) 

where X is source contribution, Si,j,k,l is individual sample concentration, i is tracer 

concentration (i=1,…, n=5), j is source categories (j=1,…, m=3), k is sample number index 

(k=1,…, 3) and l is number of iterations (l=1,…,1000). Ci is tracer concentrations of 

sediments. In individual sediments of M1 to M20, Ci was tracer concentration of artificially 

mixed sediments, individually. While for group sediments (Groups 1 to 4), with 5 

individual sediment samples (i.e., M1 to M5 as Group 1,…, M16 to M20 as group 4), the 

mean tracer concentration was used. 

Two modifications were applied on original Hughes model: instead of sample number 

(k), tracer values of samples for each iteration (l) and each source (j) were randomly 
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selected. This makes the Hughes model more robust by combining more samples of each 

source than the original version. Also, in addition to 1000 replication of tracer values on all 

samples of each source, genetic algorithm optimisation with 2500 iterations was used to 

obtain source contributions through minimizing the sum of the squares of the relative 

errors. Although this makes the optimization more time consuming, the precision of source 

contribution results increases compared with local optimization method (see Haddadchi et 

al. 2013).  

3.2.1.2 Collins mixing model 

Collins et al. (2010a) modified their original mixing model (Collins et al. 1997b) by 

including an additional property weighting and modifying tracer weighting parameter (Wi) 

based on discriminant function analysis:  

𝐸𝐸 = ∑ ��𝐶𝐶𝑖𝑖 − (∑ 𝑋𝑋𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗𝑆𝑆𝑆𝑆𝑗𝑗𝑖𝑖)𝑚𝑚
𝑗𝑗=1 �/𝐶𝐶𝑖𝑖�

2
𝑊𝑊𝑖𝑖

𝑛𝑛
𝑖𝑖=1        (Eq.  3.2) 

In this model 𝐶𝐶𝑖𝑖 is concentration of fingerprint property (i) in sediment samples and S is 

median concentration of fingerprint property (i) in source type (j). Xj is optimized 

percentage contribution source type. The 𝑊𝑊𝑖𝑖 parameter in the modified Collins model is a 

tracer discriminatory weighting based on the percentage of the source classified correctly 

using discriminant function analysis (see Table  3.3). Also, an additional property weighting 

(SVji) was incorporated to calculate the influence of tracer property (i) within individual 

sources (j). SVji was calculated using inverse of the root of the variance for each tracer and 

each source. In groups of sediment the median concentration of five samples on each group 

was exerted on Ci term. Collins et al. (2012) proposed that using the median and Qn scale 

estimator of tracers, as an alternative scale statistic to the Median Absolute Deviation 

(MAD) and standard deviation, in conjunction with Latin Hypercube sampling was more 

robust than the conventional approach which used mean and standard deviation of the 

tracers with random repeat sampling.  

3.2.1.3 Distribution mixing model 

Distribution mixing model (Laceby and Olley 2014), which incorporates distributions 

throughout the entire modelling framework, determines the source component proportions 

(x) of the sediment samples by minimizing errors: 
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𝐸𝐸 = ∑ �DC𝑖𝑖 −  �∑ 𝐷𝐷𝑆𝑆𝑖𝑖𝑗𝑗𝐷𝐷𝑋𝑋𝑗𝑗𝑚𝑚
𝑗𝑗=1 �/DC𝑖𝑖�

2n
i=1        (Eq.  3.3) 

DSij is student’s t-distribution of fingerprint properties (i) in sources (j), and DCi is the 

normal distribution of sediment in the mixture. The distribution is determined using mean 

value (μ) and standard deviation (σ). Normal distribution is applied in individual sediments 

with tracer concentration as mean value and uncertainty of measurement of tracers as 

standard deviation. In group sediments, is also fitted with mean value, standard deviation of 

five mixed sediments. DXj is normal distribution of apportionments from sources with 

source contribution (Xj) as mean value and tolerance interval as standard deviation. Figure 

 3.2 schematically presents the process of distribution mixing model. 

It should be noted that correlated distributions are modeled. Correlation coefficients 

were used to generate 2500 random numbers with Latin Hypercube sampling method to 

shape student’s t-distribution for each tracer within sources (See Iman and Conover (1982) 

for applying correlations in sampling simulation schemes). Pearson correlation for tracers 

in granite, Main Range Volcanic and mafic are presented in Table  3.4. Among the five 

tracers and three sources, Cr and Ni represented the highest positively correlated tracers in 

granite derived soil source type (r = 0.97), while Ba and TiO2 represented the highest 

negatively correlated tracers in mafic source (r = -0.98). 

3.2.1.4 Landwehr model 

Landwehr model (Gellis et al. 2008; Devereux et al. 2010) is based on minimizing the 

average absolute difference between tracer values measured in sediment and group of 

sources with unknown proportion of contributions of each source group, scaled by their 

relevant standard deviation: 

𝐸𝐸 = �1
𝑛𝑛
�∑ �𝐶𝐶𝑖𝑖 − ∑ 𝑋𝑋𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗𝑚𝑚

𝑗𝑗=1 �𝑛𝑛
𝑖𝑖=1 �∑ 𝑋𝑋𝑗𝑗2(𝑆𝑆𝑉𝑉𝑉𝑉𝑖𝑖𝑗𝑗 𝑘𝑘𝑗𝑗)⁄𝑚𝑚

𝑗𝑗=1�      (Eq.  3.4) 

In this model n is number of tracers (n=5), m is number of sources (m=3), Sij and VARij 

are mean and variance of tracers (i) in source types (j).  

Variance values were divided to number of samples in a source area (kj). This term is 

useful in elemental tracers with very low concentrations. Similar to above models Xj is 

contribution of sources as unknown parameter which should be computed. Ci is tracer value 

in individual sediments and mean value of five samples on group sediments. 
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Figure  3.2. The schematic process of distribution mixing model using two tracers (i1 and 
i2) and two sources (S1 and S2). The first step is calculating the correlation coefficients for 
tracers on each source (top left-hand plots). After generating distribution of tracers using 
correlation coefficients on each source with Latin Hypercube Sampling method (top right-
hand plots), the source contributions (XS1 and XS2) calculated by comparing distribution of 
sediments and models (bottom plots). 
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Table  3.4. Correlation coefficients for selected tracers in three sources. 
 TiO2 Ba Ni Cr Rb 

a) Main Range Volcanic (MRV) 
TiO2 1     
Ba 0.75 1    
Ni -0.58 -0.86 1   
Cr 0.10 -0.4 0.75 1  
Rb 0.24 0.69 -0.76 -0.71 1 

b) Granite (Gr) 
TiO2 1     
Ba 0.83 1    
Ni 0.38 0.74 1   
Cr 0.41 0.71 0.97 1  
Rb -0.79 -0.7 -0.41 -0.31 1 

c) Mafic (M) 
TiO2 1     
Ba -0.98 1    
Ni 0.07 -0.3 1   
Cr -0.8 0.79 0.61 1  
Rb -0.56 0.61 -0.51 0.7 1 

It has been suggested that local optimization methods can fail to identify globally 

representative solutions with minimizing mixing models as the objective functions (Collins 

et al. 2010a). To overcome this problem, genetic algorithm optimization has been recently 

deployed to find the best optimum source contribution to sediments (2010; Collins et al. 

2010a; Collins et al. 2012; Zhang et al. 2012; Haddadchi et al. 2013). To make similar 

optimisation conditions, the objective function of all mixing models solved 2500 times 

using Latin Hypercube sampling (LHS) together with genetic algorithm (GA) optimization 

method. In all mixing models, the objective functions reported by the original authors were 

used to minimize the error values. In Modified Hughes, Modified Collins and Distribution 

mixing models the relative contribution of sources to sediments were calculated by 

minimizing the sum of squares of the relative errors as objective function (see equations 

3.1, 3.2 and 3.3). In Landwehr model, the objective function was to determine the source 

component proportion was based on minimizing sum of the relative errors (equation 3.4). 

After running models for each sample their error value (E in equations 3.1 to 3.4) was 

inspected by goodness of fit test. As the optimised mixing model solutions were in the 

acceptable range of models based on their goodness of fit values, the estimated source 
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contribution results of mixing models were compared with the proportion of sources in 

artificial mixture of sediments to test the robustness of models. 

3.2.2 Accuracy of mixing models 

Accuracy of mixing models was tested based on Mean Absolute Error (MAE) for 

individual and group sediments: 

𝑀𝑀𝑉𝑉𝐸𝐸 =
∑ �𝑋𝑋𝑗𝑗−𝑌𝑌𝑗𝑗�𝑚𝑚
𝑗𝑗=1

𝑚𝑚
          (Eq.  3.5) 

where Xj is actual percentage of sources in mixture sediments, Yj is calculated contribution 

of each source (j) and m is the number of sources (m=3). 

3.3 Results and discussion 

3.3.1 Individual sediments 

First the mixing models were run to estimate the contribution of each of the three 

sources to the 20 individual artificial mixtures (M1 to M20). The elements used in the 

models were those that passed the Kruskal Wallis H-test and were identified by the DFA as, 

in combination, providing the 100% correct source assignment.  

Figure  3.3 shows the calculated source contribution from each of the four mixing models 

(bar charts) to artificial sediments (M1-M5, group 1). These samples consist of equal 

proportion from each of the three sources (i.e. granite=33.3%; mafic=33.3% and 

MRV=33.3%). Dash lines in the figure show the actual contribution of sources to 

sediments.  

Within these five sediments, based on Mean Absolute Error, the Distribution model with 

average MAE of 11.8% with standard error for MAE values of five samples (SE) of 1.2% 

was the best mixing model followed by Modified Hughes (𝑀𝑀𝑉𝑉𝐸𝐸������� = 13.2%, 𝑆𝑆𝐸𝐸 = 1.6%), 

Landwehr (𝑀𝑀𝑉𝑉𝐸𝐸������� = 18.9%, 𝑆𝑆𝐸𝐸 = 4.2%) and Collins (𝑀𝑀𝑉𝑉𝐸𝐸������� = 29.1%, 𝑆𝑆𝐸𝐸 = 4.3%) ). 

In the second Group (Figure  3.4: 40% granite, 20% mafic and 40% of MRV), the 

contribution of sources computed with mixing models showed that the distribution model 

was the best predictor model (𝑀𝑀𝑉𝑉𝐸𝐸������� = 10.0%, 𝑆𝑆𝐸𝐸 = 2.8%). Collins model was the weakest 

source predictor with average MAE of 35% and standard error of 3.6%.  
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Figure  3.3. Mixing model results in M1-5 sediment samples mixed from 33.3% of granite, 
33.3% of mafic and 33.3% of Main Range Volcanic. 
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Figure  3.4. Mixing model results in M5-10 sediment samples mixed from 40% of granite, 
20% of mafic and 40% of Main Range Volcanic. 
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Figure  3.5. Mixing model results in M10-15 sediment samples mixed from 20% of granite, 
40% of mafic and 40% of Main Range Volcanic. 
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Figure  3.5 shows the results of mixing model contributions (granite with 20% and mafic 

and Main Range Volcanic with 40% proportions). Similar to the 1st and 2nd categories, the 

Distribution model was the more robust predictor of source contributions with average 

MAE of 11.8% (SE=2.0%). The accuracy of Modified Hughes was approximately similar 

to distribution model with only 0.9% higher error value (MAE=12.7%, SE = 3.2%). 

Landwehr (MAE=19%, SE = 3.7%) and Modified Collins (MAE=20.5%, SE = 4.7%) had 

high differences between actual and estimated values. 

Finally sediments with 40% proportion from granite and mafic and 20% proportion from 

MRV (Figure  3.6), the order of mixing models based on their accuracy to predict source 

contributions was similar to the other three categories with Distribution model being the 

most robust model (MAE=9%, 𝑆𝑆𝐸𝐸 = 1.6%) and Modified Collins model being the weakest 

predictor (MAE=29.7%, 𝑆𝑆𝐸𝐸 = 2.7%). Modified Hughes with average MAE of 14.3% and 

standard error of 1.9% for five samples and Landwehr (MAE=18.6%, 𝑆𝑆𝐸𝐸 = 3.5%) were 

ranked as second and third accurate source contribution predictors.  

3.3.2 Groups of sediments 

In the first group (Figure  3.7 a) which has been made from five randomly selected 

samples from each source with equal proportion of three sources, modified Hughes model 

was the most robust model (MAE=3.6%) with 38% contribution from granite, 30% from 

mafic and 31.6% from MRV. Landwehr (MAE=4%) and Distribution model (MAE=5.8%) 

were the second and third accurate models. While modified Collins was the weakest mixing 

model (MAE=25.5%) with very high differences between predicted and actual source 

contributions with 2.7% contribution from granite (actual granite=33.3%), 71.6% from 

mafic (actual mafic=33.3%) and 25.5% from MRV (actual MRV=33.3%). 

In five artificially made sediments with 40% proportion of granite and MRV and 20% of 

mafic (second group, Figure  3.7 b), Modified Hughes was the most accurate model 

(MAE=5%) with 47, 19 and 34% contribution from granite, mafic and MRV, respectively. 

Also, Student’s T-distribution could predict sources accurately with 8.9, 0.1 and 9.8% 

higher than actual values in granite, mafic and MRV, respectively. Landwehr and Collins 

models with MAE of 10.3% (granite=37%; mafic=35% and MRV=28%) and 37.6% 

(granite=3%; mafic=77% and MRV=21%) respectively, were the weakest predictors. 
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Figure  3.6. Mixing model results in M15-20 sediment samples mixed from 40% of granite, 
40% of mafic and 20% of Main Range Volcanic. 
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Figure  3.7. Source contribution results of mixing models in four categories of group 
sediments. 

In the third group using M11 to M15 artificial sediments as group sediments with 20% 

proportion from granite and 40% from mafic and MRV, Modified Hughes (MAE=7.2%: 

granite=30%; mafic=34% and MRV=36%) was the most accurate model and Collins with 
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17% Mean Absolute Error (granite=3.2%; mafic=66% and MRV=30.8%) was the weakest 

model to predict source contribution to group sediments (Figure  3.7 c). 

In the last group, M16 to M20 artificially made sediments (granite=40%; mafic=40% 

and MRV=20%) were applied in mixing models as group sediment. The source 

contribution results showed that Student’s t distribution model was the most powerful 

model with 3.2% MAE (granite=44.8%; mafic=40% and MRV=15.3%). Modified Hughes 

with 5.8% MAE (granite=48.7%; mafic=31.7% and MRV=19.6%), Landwehr with 7.3% 

MAE (granite=46%; mafic=29% and MRV=25%) and Modified Collins with 32% MAE 

(granite=2%; mafic=88.9% and MRV=9.1%) were the next accurate models, respectively. 

Figure  3.8 shows the dispersion of mixing model results with 2500 iterations for TiO2 

and Ba tracers. The results (black dots) are optimised solutions for fourth group of 

artificially made sediments (gray circles) with 40% proportion from granite source (green 

circles), 40% from mafic (red triangles) and 20% from MRV (blue squares).  

Optimised solutions of the Modified Hughes are the average of 1000 random selection 

of samples from each source for TiO2 and Ba tracers by their relative contribution 

(∑ 𝑋𝑋𝑗𝑗𝑆𝑆𝑖𝑖,𝑗𝑗,𝑘𝑘,𝑙𝑙
1000
𝑙𝑙=1 1000⁄ ) for each 2500 genetic algorithm iterations. Solutions of the 

Distribution model as the most accurate model for fourth group of sediments with 3.2% 

error on predicting source contributions were closer to granite and mafic sources with 45% 

and 40% predicted contribution, respectively, and further from MRV with 15% 

contribution. 

In Landwehr model black dots are multiplication of mean value of TiO2 and Ba on each 

source and their relative contribution for iterations (𝑋𝑋𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗). In Collins model each solution 

was predicted contribution of sources multiplied by median concentration of TiO2 and Ba 

tracers of related source (𝑋𝑋𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗). Collins model’s solutions tend close to mafic source with 

89% contribution in the results.  

The optimized solutions of Modified Hughes and Distribution models are more 

centralized than the other two models and tend to converge faster to find minimized error 

values. 

Table  3.5 presents the rank of mixing models for all 20 individual sediments and all four 

group sediments. For 20 individual sediments, Distribution model with average MAE of 

10.8% and standard error of 0.9% could predict source contributions more accurate than 
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other mixing models. Modified Hughes with 2% difference was the second robust model, 

while, Landwehr (𝑀𝑀𝑉𝑉𝐸𝐸������� = 18.9%, 𝑆𝑆𝐸𝐸 = 1.7%) and Modified Collins (𝑀𝑀𝑉𝑉𝐸𝐸������� = 28.7%,

𝑆𝑆𝐸𝐸 = 2.1%) models were not able to predict source contributions to individual sediment 

samples correctly. 

 
Figure  3.8. Optimised solutions of modified Hughes, Distribution, Landwehr and Collins 
models for group 4 of sediments. 

In comparison with individual sediments, the accuracy of mixing models to predict 

source contribution from group sediments was higher in all models. But the order of the 
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mixing models was almost the same. The robustness of mixing models to predict source 

contributions to group sediments in descending order are: Modified Hughes (𝑀𝑀𝑉𝑉𝐸𝐸������� = 5.4%,

𝑆𝑆𝐸𝐸 = 1.5%), Distribution model (𝑀𝑀𝑉𝑉𝐸𝐸������� = 6.1%, 𝑆𝑆𝐸𝐸 = 2.2%), Landwehr model (𝑀𝑀𝑉𝑉𝐸𝐸������� =

7.8%, 𝑆𝑆𝐸𝐸 = 2.9%) and Modified Collins (𝑀𝑀𝑉𝑉𝐸𝐸������� = 28.3%, 𝑆𝑆𝐸𝐸 = 4.4%). Higher accuracy 

of source contribution in group of sediments than individual sediments emphasizes the 

importance of collecting a number of sediment samples (river bed or suspended samples) 

from the site of interest and measuring their tracer concentration separately as opposed to 

common sediment sampling procedure which uses a single composited sediment sample 

made up of numerous sub-samples. Mean (or median) value of tracer concentrations from a 

group of sediment samples is a better representative for the proportion of sources than 

individual sediment sample. This improves the capability of mixing models to accurately 

estimate source contribution results. 

Table  3.5. Rank of mixing models using individual sediment samples (a) and group 
sediments (b). 
a)  b) 
Mixing model Average MAE 

(%) - 20 
sediments 

Standard Error 
of MAE (%) - 
20 artificial 
sediments 

 Mixing model Average 
MAE (%) 
four group 
sediments 

Standard Error 
of MAE (%) - 
four group 
sediments  

Distribution  10.8 0.9  Modified Hughes 5.4 1.5 
Modified Hughes 13.5 1.1  Distribution  6.1 2.2 
Landwehr  18.9 1.7  Landwehr  7.8 2.9 
Collins 28.7 2.1  Collins 28.3 4.4 

One reason that Collins model appears to be weak in predicting source contributions is 

because of the weighting parameters used. The within source variability of tracers (SVsi), 

which is the root of the variance associated for each tracer and each source, may easily bias 

the predicted contribution results. The drawback of this parameter is that variance changes 

with the values of tracers, not just with their variability, for each source. For tracers with 

higher concentration values, variance is much higher and consequently SVsi is much lower 

than tracers with lower concentration values. For instance the effect of Rb tracer 

(SVsi=0.042) from MRV source to mixing model was 9 times higher than that of the Ba 

tracer (SVsi=0.0049). Consequently Rb has the greatest influence on the model outcomes. 

This is not because of the lower variability of Rb tracer than Ba on MRV source but 

because the range of the concentration values on Rb (from 13 to 75 mg/kg, variance=581.4) 

is smaller than that of the Ba tracer (from 142 to 595 mg/kg, Variance=41060). Thus low 
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value tracers exerted significantly higher effect on Collins mixing model with a linear 

equation, even if their variability is very high. The similar drawback of using variance 

exists in Landwehr model and causes less accurate results than Distribution and Modified 

Hughes models, especially in individual sediments.  

The reason why Landwehr model is a better source contribution predictor than Collins 

model is that this model is not relating variance directly to tracer concentrations and source 

prediction. It relates variance to the root of squared contributions of the tracers in source 

groups (�∑ 𝑋𝑋𝑗𝑗2(𝑆𝑆𝑉𝑉𝑉𝑉𝑖𝑖𝑗𝑗 𝑘𝑘𝑗𝑗)⁄𝑚𝑚
𝑗𝑗=1 ). 

To show the influence of weighting parameters including within source variability of 

tracers (SVsi) and tracer discriminatory weighting (Wi), Collins model without these terms 

was compared with its original version in the four categories of group sediments using the 

same optimisation conditions. As presented in Figure  3.9, unlike Collins model (Figure  3.6), 

most of the optimised solutions of Collins model without weighting parameters in the last 

category of group sediments laid between mafic and granite sources and exhibited 

significantly lower error values in predicting sources (MAE=16.3%) than Collins original 

model (MAE=32.6%). In the four categories of group sediments contribution results of 

Collins model without weighting terms (𝑀𝑀𝑉𝑉𝐸𝐸������� = 13.2%) were more accurate than Collins 

original model (𝑀𝑀𝑉𝑉𝐸𝐸������� = 28.3%). These results clearly demonstrate the negative impact of 

weighting parameters in predicting source contributions to sediments.  

 
Figure  3.9. 2500 optimised solutions of Collins model without weighting parameters. 
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3.4 Conclusion 

Sediment source studies often involve extensive and time-consuming procedures of field 

sampling, sample preparation and laboratory analysis. It is important that the data collected 

from these sampling and analytical programs are used to accurately ascribe the source 

contributions. Our study demonstrates the dependence of source attribution on model 

selection and shows that the Distribution and Modified Hughes models provided the most 

accurate source attributions. 

The Distribution model calculated source contributions closer to their actual proportion 

than the other three mixing models using sediment samples individually. Modified Hughes 

was the second most accurate model, whereas Landwehr and Collins models showed the 

greatest deviation from the known source mixtures in the individual sediment samples. The 

inaccuracy of Collins model originates from weighting parameters, making this model less 

reliable to predict source contribution of sediments. 

In group sediments, Modified Hughes is the most robust source contribution. 

Distribution model with only 0.7% higher uncertainty is the second accurate predictor. In a 

comparison with individual sediments, the capability of mixing models to accurately 

estimate source contribution results from group sediments was higher in all models. It is 

interesting that source contribution prediction with Landwehr model using mean tracer 

concentration of a group of sediment samples was significantly better than it was when 

applied to individual sediment samples. Consequently, mean (or median) value of tracer 

concentrations from a number of sediment samples from each sampling site is a better 

representative for the proportion of sources than single composited sediment sample made 

up of numerous sub-samples.  

This research has clearly shown that different widely used mixing models produce 

different results when applied to the same known mixture data sets. While two of the 

models performed better than the other two the research highlights the need to test mixing 

models with known data sets prior to applying them to field samples. 
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CHAPTER FOUR 
 

4 Quantifying Sources of Suspended Sediment in Three Size Fractions 

Chapter summary 

Understanding of the sources, stores and pathways of sediments in a catchment is essential 
to accurately target management actions designed to reduce sediment delivery to receiving 
waters. Tracing the source of sediment using geochemical properties has increasingly been 
accepted as an accurate approach for quantifying the contribution of different sources to 
river sediment discharge. Geochemical tracers (n=41) were employed to calculate 
proportional contributions of sediment to Emu Creek, a predominantly pastoral catchment 
(911 km2) in south eastern Queensland, Australia. The study focused on two high flow 
events (10 and 6-year return periods) and some lower flow events which occurred during 
the 18 months from October 2011 to March 2013. Source contributions were determined at 
eight spatially distributed sites in major tributaries and along the main channel of Emu 
Creek. Source determination at the in-stream sites was done using end member samples 
(based on the underlying rock type) collected upstream of the site of interest, thus 
indicating how different sources dominate at different locations downstream. To examine 
whether different size fractions shared similar provenances, three size fractions of both 
source and suspended samples including fine silt and clay (<10 μm), silt (10-63  μm) and 
fine sand (63-212 μm) were analysed. The source apportionment results using the 
distribution mixing model indicate that particle size and location of sources within a 
catchment are major factors that affect the measured contribution of sources to suspended 
sediments. The closer a suspended sediment sampling site is to a potential source the more 
likely it is that source of sediment will dominate the material being sampled. For all size 
fractions proximal sources of sediment make a higher contribution to suspended sediments 
than distal sources. This indicates that management actions should be focused on the more 
proximal sources to the point of interest/impact. Although proximal soil sources were major 
contributor of sediments in all three size fractions, the percentage of contribution greatly 
vary in different size fractions, emphasizing the need to trace the size fraction which is 
causing the downstream problems. 

4.1 Introduction 

Suspended sediment derived from hillslope, channel bank and gully erosion leads to 

numerous environmental problems in rivers (Owens et al. 2005; Bilotta and Brazier 2008; 

Walling 2009).  In water supply catchments high sediment loads result in decreased water 

storage capacity in reservoirs and additional water treatment costs. Decreasing the supply 
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of sediment by rehabilitating areas of erosion is one way of mitigating these negative 

effects. Determining the source of sediments using sediment tracing techniques is one 

method of effectively targeting these types of management actions (Wilkinson et al. 2009). 

Sediment tracing involves measuring sediment properties that are capable of 

distinguishing sediments derived from different areas of the catchment (Collins et al. 1996; 

Collins et al. 1998; Olley and Caitcheon 2000). The geochemical characteristics of eroded 

sediments are strongly influenced by those of the rock-types from which they are derived 

(Klages and Hsieh 1975; Caitcheon et al. 2006). Sediments eroded from soils derived from 

a particular rock type often maintain their parent rock geochemistry (Hughes et al. 2009). 

By sampling river sediment and comparing the geochemistry of sediment samples with 

those collected from potential source areas, the relative contribution of different sources to 

the sediment discharge can be determined. This approach can be used to target remediation 

action at the sources making the greatest contribution.  

Different sediment size fractions have different negative effects on water supply 

networks requiring different water treatment strategies. The coarser fractions impact mainly 

in the reservoirs, by decreasing storage capacity, and on the conveyance pathways and 

structures. The finer fractions impact both on the reservoir, through infilling and the 

delivery of associated nutrients which cause algal blooms, and directly at the treatment 

plant through increased treatment costs associated with sediment removal. Erosion 

processes are size selective during the supply, transport and storage steps of sediment 

movement (see Koiter et al. 2013 for size selectivity of erosion and transport processes). A 

number of factors including flow condition, soil aggregation, soil type, erosion type and 

rainfall parameters can affect the degree of selectivity in a particular catchment (Hairsine et 

al. 1999; Martinez-Mena et al. 1999; Schiettecatte et al. 2008; Armstrong et al. 2011). 

The sources of the different sediment size fractions may vary as a result of different 

entrainment processes and transport characteristics. Consequently, depending on the 

particular issues present in any particular catchment the size fraction used in a tracing study 

to identify the primary sources of the problematic sediments needs to be selected carefully.   

In this study we examine the sources of three different size fractions of suspended 

sediment in a water supply catchment; fine silts and clays (<10 μm), silts (10-63 μm), and 

fine sands (63-212 μm). The study uses clustering analysis to determine the contribution of 
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different sources at different points down the drainage network. In using these two 

approaches we seek to address a hypothesis that particle size and location of the sources 

within a catchment influence their contribution to suspended sediments, and test the 

concept proposed by Lu et al. (2004) that the probability of sediment being delivered to the 

catchment outlet decreased with distance from the source.  

4.2 Study Site 

Wivenhoe Reservoir in southeast Queensland is a major source of water for Brisbane 

city, the third largest city in Australia (population ~2 million). Water for the reservoir is 

derived primarily from the Upper Brisbane River (Figure  4.1). Our study area, Emu Creek, 

is a major tributary of the Upper Brisbane River. Emu Creek drains a catchment area of 911 

km2, and has a stream length of 100.5 km from the confluence of two upper tributaries (i.e. 

Mitchell Creek and Gowrie Creek) to the outlet of the catchment where Emu Creek joins 

the Upper Brisbane River. Gowrie Creek and its upper tributaries including Pierce Creek 

cover the southern upstream part of the catchment, while Mitchell Creek covers the 

northern upstream part. The other two major tributaries of Emu Creek are Salty Creek and 

Nukinenda Creek in the middle and downstream part of the catchment, respectively (Figure 

 4.1 c). 

The geology of the headwaters of both Mitchell and Gowrie Creeks are Basalt and 

Arenite-Mudrock. The geology of the middle catchment is more complex: Sedimentary 

rock, Granitoid, Ferricrete, and mixed metamorphic are the most spatially abundant rock 

types. Sedimentary Rock and Mafite source type are located near the outlet of the 

catchment (see Figure  4.1 b). Alluvial stores are present in both upper tributaries, and in the 

lower catchment, but are largely absent in the middle reaches. 

Land-use consists mainly of grazing (672 km2 area, 74%), forestry (64 km2, 7%) and 

cultivation including cropping and horticulture (27 km2, 3%). The mean annual rainfall at 

Boat Mountain climate station near the outlet of the catchment (26.58°S, 152.17°E) is 659 

mm (SD=211 mm) with most rainfall occurring from November to March. (Figure  4.2, 

DNRM (2014)). Runoff is highly variable with the Emu Creek having a coefficient of 

variation of annual flows of 1.41. 
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Figure  4.1. (a) Location of the Emu Creek catchment in Queensland, Australia, (b) Geology 
and soil sampling locations (with sampling number) of the Emu Creek Catchment study 
area, (c) Main channel, tributaries and suspended sampling sites (with sampling number). 
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Mean annual runoff based on the 1977-2013 record is estimated at 45.48×106 m3 year-1. 

As presented in Figure  4.3, stream flow in the region is seasonally variable. Most large 

runoff events occur in summer months of January and February with average of maximum 

daily discharges of 54.8 and 48.7 m3s-1, respectively. August has the lowest discharge with 

1.14 m3s-1 averages of maximum values measured during 37-year period.  

 
Figure  4.2. Monthly (left axis) and annual (right axis) rainfall in the Emu Creek catchment 
for the period between 1993 and 2013. Dashed horizontal lines show annual rainfall (mm a-

1). 

4.3 Methods  

4.3.1 Sediment sampling and source characterisation 

This study was developed to discriminate only the geological provenance of river 

sediment rather than sources originating from either sub-soils from alluvial stores (channel 

banks and gullies) or surface soils. To characterize geochemical fingerprint properties of 

soils derived from different rock types across the catchment representative samples (n=48) 

were collected from eight principal geologic source types: Arenite Mudrock (n=9), Basalt 

(n=6), Granitoid (n=7), Sedimentary Rock (n=4), Ferricrete (n=5), Metamorphic (n=5), 

Mixed Sedimentary Rock and Mafite (n=6) and Colluvium (n=4). Each sample was 

comprised of ~20 sub-samples collected from an area of one km2 using a random grid 

sampling method. Soil samples were collected by scraping the top one cm of the soil which 

was visibly affected by soil erosion at each sampling location using plastic trowels to avoid 

contamination. The use of a composite sample is assumed to overcome natural variations in 

soils at the small spatial scale, providing a sample generally representative of the soil 

produced by any particular rock type.  
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Figure  4.3. The distribution of daily Emu Creek discharges per month (a) and maximum 
daily discharge in each month (b) at the outlet of the catchment (Boat Mountain climate 
station) for 1977 to 2013.  

Suspended sediment samples: were collected during an 18-month period from mid-

October 2011 until mid-March 2013. During the sampling period, two major floods with 

10.5-yr return period (Q=433.5 m3 s-1) and 6-yr return period (Q= 247 m3 s-1) occurred after 

a succession of five lower flow events with less than two years return period (i.e. Qmax= 

11.1 m3 s-1 in 28-Januray; 8.7 m3 s-1 in 26-February; 6.5 m3 s-1 in 23-March; 11 m3 s-1 in 28-

June and 16 m3 s-1 in 19-July of 2012) (Figure  4.4). For comparison, the monthly maximum 

flow and distribution of average daily flows for the period of measurement from 1977 to 

2013 are presented in Figure  4.3. A maximum discharge of January which occurred in 2011 

was the highest recorded flood event with 66-year return period (Qmax = 836 m3 s-1). 
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Figure  4.4. Hydrological regime at catchment outlet between June 2011 and October 2013. 
Timing for sampling period is shown with gray colour. 

Suspended sediments were collected using the time integrated suspended sediment 

sampler described by Phillips et al. (2000). These samplers effectively trap a representative 

sample of sediment throughout the hydrograph including the rising and falling limbs. 

Comparing the size fraction of sediment collected by the Phillips sampler in the field and 

bed sediment samples collected at the same site show the similar proportion of samples in 

both sediment types for each three different size fractions, indicating the ability of Phillips 

sampler to collect representative particle size composition of sediments, especially in very 

long time sampling period (18 months). This result compared with Smith and Owens 

(2014) found that the Phillips sampler may not always collect a representative particle size 

composition of sediment transported in a river system in flume experiments with short-term 

sampling (6 h).  

The samplers were deployed ~0.5 metre above the low water level. Suspended sediment 

samples were collected from eight locations: Site S8 at upper branch of Mitchell Creek; S7 

at the upper branch of Gowrie Creek; S6 at Gowrie Creek before its confluence with Pierce 

Creek; S5 after the confluence of Gowrie and Mitchell Creeks; S2 at the main channel of 

Emu Creek; S3 at a junction of three unnamed waterways which drain into the main 
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channel of Emu Creek; S4 at Nukinenda Creek; S1 at Emu Creek near the outlet of the 

catchment (see Figure  4.1 c). 

4.3.2 Sample treatment and geochemical analysis 

To investigate if different size fractions of sediment are being derived from different 

source areas we separated the source end member samples and the suspended sediment 

samples into three size fractions: fine sand (63-212 μm), silt (10-63 μm) and fine silt and 

clay (<10 μm). To separate the larger fraction (63-212 μm), samples were wet sieved using 

63 and 212 μm sieve meshes. Material that passed through 63 μm sieve was then settled in 

a water column to split silt from fine silt and clay. Following particle size separation all soil 

source and sediment samples were oven dried at 60 °C. 

Geochemical analyses were carried out on all size fractionated samples (n=168) 

including 144 rock-type samples (48 sites × three size fractions) and 24 suspended 

sediment samples (eight sites × three size fractions). For the measurement of geochemical 

elements, 10 major elements (i.e. SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, P2O5, 

MnO) were analysed by lithium metaborate fusion and Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES). In addition, 15 rare earth elements (Ce, Dy, Er, EU, 

Gd, Ho, La, Lu, Nd, Pr, Sm, Tb, Tm, Y, Yb) and 16 trace elements (As, Ba, Be, Co, Cr, Cu, 

Ni, Rb, Sr, Th, U, V, Zn, Zr) were measured by Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS). In addition to 41 elements, Chemical Index of Alteration (CIA), 

Loss on Ignition (LOI) and Rb to Sr ratio were computed and applied as tracers. For each 

sample all the element concentrations were corrected for organic content based on major 

element concentration. To do this, samples were corrected by making the weight percent 

oxides of major elements sum to 100%. 

4.3.3 Sediment source cluster analysis 

Source determination at the in-stream sites was done only using end member samples 

collected upstream of the site of interest (Figure  4.5). In total 24 mixing models (eight sites 

× three size fractions) with a different number of samples in each source and different 

source types were developed. For instance, at the catchment outlet (S1 site), eight rock type 

sources (described using 48 samples) were recognized as the contributors to the sediment. 

Whereas in suspended sediment site downstream of Gowrie Creek (site S6), three rock type 

sources (described using 10 samples) were contributing. 

79 
 



 
Figure  4.5. Sediment source clustering analysis. 
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4.3.4 Selection of fingerprint properties  

After checking the conservativeness of fingerprint properties, a two-step statistical 

selection process (Collins and Walling 2002) was used to identify optimum composite 

fingerprint properties for distinguishing eight sediment sources. Sediment source 

discrimination analyses were done separately for each of the three size fractions. 

The fingerprint properties should be conservative during generation and transportation 

of sediments. Conservative tracers have been selected for each size fraction of soil samples 

using similar size fraction of river sediments. Non-conservative tracers were identified and 

removed based on two procedures. Tracers of the all sediment samples that showed higher 

or lower concentrations than all source samples were removed in the first step (see also 

Mukundan et al. 2010; Navratil et al. 2012). Secondly, mean concentration of sediment 

samples for each tracer must lie within the range of source soil mean concentrations 

(Wilkinson et al. 2013).  

In the  <10 μm size fractions, Zn, Zr, MnO and Cu tracers, in 10-63 μm size fractions 

Zn, Zr, MgO and Cu and in 63-212 μm size fractions, Zn, MgO, CaO and Cu were found 

not to be conservative based on the above criteria and excluded from further analysis. 

After the conservativeness test, the non-parametric Kruskal–Wallis H-test was used to 

examine the ability of individual tracer properties to distinguish between different source 

types. Tracer properties were rejected when the computed H-value was larger than the 

Critical H-value (Chi-square), in this case 0.05 (7 degrees of freedom, 14.068 critical H). 

Higher H-values indicate that the tracer provides better discrimination between sources. 

Table  4.1 summarizes the results of the Kruskal Wallis H-test for the three size fractions. 

For the <10 μm fraction, 15 tracers (Ce, Co, Dy, Er, Gd, Ho, Pr, Sm, Sr, Tb, Tm, V, Y, Yb, 

MgO) failed to differentiate between sources. H-values ranged between 7.2 and 31.8 with 

Co being the weakest tracer in terms of its ability to discriminate the sources. In 10-63 μm 

size fractions, H-values ranged from 5.2 for MnO, the weakest tracer, to 28.8 for CIA. 

These 15 non-differentiating tracers (Ba, Ce, Dy, Er, Gd, Ho La, Lu, Pr, Sm, Tb, Tm, Y, 

Yb, MnO) were removed from further analysis. For the 63-212 μm fractions, the number of 

tracers which were able to discriminate between sources based on the Kruskal-Wallis H-test 

was higher than the two finer size fraction categories and only 12 tracers (Ba, Dy, Er, Ho, 

Lu, Mn, Sr, Tm, Y, Yb, MnO and LOI) did not pass the test. Ba provided the weakest 
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discrimination between sources and CIA, the greatest with H-values of 6.37 and 26.8, 

respectively. 

Table  4.1. Evaluation of source discrimination and probability of tracer values using 
Kruskal Wallis H-test. 

<10 μm 10-63 μm 63-212 μm 
Tracers Chi-Square 

(H-value) 
P-value Tracers Chi-Square 

(H-value) 
P-value Tracers Chi-Square 

(H-value) 
P-value 

As (mg/kg) 27.165 0.000 As 25.752 0.001 As 25.730 0.001 
Ba (mg/kg) 15.074 0.035 Ba 6.729 0.458* Ba 6.368 0.497* 
Ce (mg/kg) 12.863 0.076* Ce 10.933 0.142* Ce 18.847 0.009 
Co (mg/kg) 7.220 0.406* Co 16.551 0.021 Co 16.452 0.021 
Cr (mg/kg) 17.106 0.017 Cr 20.397 0.005 Cr 17.310 0.016 
Dy (mg/kg) 10.481 0.163* Dy 10.153 0.180* Dy 12.275 0.092* 
Er (mg/kg) 10.278 0.173* Er 6.743 0.456* Er 8.877 0.262* 
Eu (mg/kg) 20.768 0.004 Eu 18.881 0.009 Eu 18.730 0.009 
Gd (mg/kg) 12.753 0.078* Gd 12.814 0.077* Gd 15.608 0.029 
Ho (mg/kg) 11.246 0.128* Ho 9.060 0.248* Ho 11.761 0.109* 
La (mg/kg) 14.366 0.045 La 13.218 0.067* La 21.546 0.003 
Lu (mg/kg) 14.478 0.043 Lu 13.357 0.064* Lu 8.882 0.261* 
Nd (mg/kg) 14.084 0.050 Nd 14.906 0.037 Mn 7.686 0.361* 
Ni (mg/kg) 16.152 0.024 Ni 14.916 0.037 Nd 20.321 0.005 
Pr (mg/kg) 13.895 0.053* Pr 13.097 0.070* Ni 15.818 0.027 
Rb (mg/kg) 31.855 0.000 Rb 25.933 0.001 Pr 20.255 0.005 
Sm (mg/kg) 13.697 0.057* Sm 12.809 0.077* Rb 20.013 0.006 
Sr (mg/kg) 13.544 0.060* Sr 14.124 0.049 Sm 17.946 0.012 
Tb (mg/kg) 11.716 0.110* Tb 11.848 0.106* Sr 12.519 0.085* 
Th (mg/kg) 21.971 0.003 Th 17.282 0.016 Tb 14.317 0.046 
Tm (mg/kg) 9.619 0.211* Tm 7.249 0.403* Th 17.077 0.017 
U (mg/kg) 18.363 0.010 U 15.412 0.031 Tm 7.659 0.364* 
V (mg/kg) 8.746 0.271* V 22.192 0.002 U 15.119 0.035 
Y (mg/kg) 10.059 0.185* Y 6.631 0.468* V 18.043 0.012 
Yb (mg/kg) 11.401 0.122* Yb 10.472 0.163* Y 8.908 0.259* 
SiO2 (%) 25.743 0.001 SiO2 21.255 0.003 Yb 8.512 0.290* 
TiO2 (%) 25.531 0.001 TiO2 26.887 0.000 Zr 20.943 0.004 
Al2O3 (%) 26.688 0.000 Al2O3 21.556 0.003 SiO2 20.811 0.004 
Fe2O3 (%) 21.994 0.003 Fe2O3 20.745 0.004 TiO2 24.601 0.001 
MgO (%) 7.698 0.360* CaO 14.316 0.046 Al2O3 19.137 0.008 
CaO (%) 16.493 0.021 Na2O 17.929 0.012 Fe2O3 22.207 0.002 
Na2O (%) 16.124 0.024 K2O 15.153 0.034 Na2O 19.795 0.006 
K2O (%) 19.872 0.006 P2O5 18.738 0.009 K2O 16.746 0.019 
P2O5 (%) 17.620 0.014 MnO 5.247 0.630* P2O5 14.971 0.036 
CIA (%) 27.496 0.000 CIA 28.857 0.000 MnO 8.315 0.306* 
LOI (%) 23.627 0.001 LOI 19.603 0.006 CIA 26.802 0.000 
RbSr 29.938 0.000 RbSr 28.748 0.000 LOI 12.070 0.098* 
      RbSr 21.263 0.003 

* Not statistically significant at P < 0.05. 

Since the Kruskal Wallis H-test enables differences of all possible paired combinations 

of source types to be recognised, stepwise Discriminant Function Analysis (DFA) based on 

minimisation of the Wilk’s Lambda was undertaken to identify optimum composite 

fingerprints that provide the greatest discrimination between the source types. Table  4.2 
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presents the corresponding DFA results to discriminate sources separately in three different 

size fractions. In fine silt and clay samples (<10 μm), the optimum geochemical elements 

comprised nine tracers (SiO2, P2O5, K2O, Ni, CaO, Eu, Lu, Th, TiO2) achieving 100% 

discrimination of all sources. In silt samples (10-63 μm), source type samples were 

classified 100% by including eight elements with Cr, RbSr, CaO, U, Na2O, K2O, Ni and Nd 

tracers, and in fine sands (63-212 μm), Wilks’ Lambda approaches to zero and source types 

were distinguished 100% using eight elements (Cr, Ni, Na2O, K2O, TiO2, Eu, SiO2, U). 

Table  4.2. The optimum composite fingerprints to discriminate source types based on 
stepwise Discriminant Function Analysis in <10 (a), 10-63 (b), 63-212 (c) μm size fraction. 

(a) <10 μm 
 

Step Tracers F statistic 
value 

Wilk’s 
lambda 

Cumulative % source type 
samples classified correctly 

 1 SiO2 13.115 .214 41.3 
 2 P2O5 10.048 .065 56.5 
 3 K2O 8.833 .022 59.5 
 4 Ni 7.252 .011 73 
 5 CaO 6.623 .005 77.1 
 6 Eu 6.322 .002 82.1 
 7 Lu 6.136 .001 91.6 
 8 Th 5.933 .000 94.4 
 9 TiO2 5.969 .000 100 

(b) 10-63 μm 
 

 1 Cr 15.975 .145 33.3 
 2 RbSr 10.662 .038 33.3 
 3 CaO 7.644 .016 44.2 
 4 U 6.542 .006 60.5 
 5 Na2O 5.622 .003 65 
 6 K2O 5.257 .001 74.2 
 7 Ni 4.970 .000 91.2 
 8 Nd 4.860 .000 100 

(c) 63-212 μm 
 

 1 Cr 16.470 .108 34.2 
 2 Ni 9.995 .025 50 
 3 Na2O 7.868 .007 48.1 
 4 K2O 7.073 .002 81.8 
 5 TiO2 6.573 .000 81.8 
 6 Eu 6.090 .000 90.9 
 7 SiO2 6.173 .000 95.5 
 8 U 6.138 .000 100 

4.3.5 Mixing model 

The Distribution mixing model proposed by Laceby and Olley (2014) was used to 

estimate the proportional contribution of sources to each of the river suspended sites. 

Haddadchi et al. (2014) found that this model was the most accurate mixing model (among 
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linear mixing models) to predict the source contribution to individual sediment samples. 

The Distribution mixing model minimizes the sum of the square of the relative errors:  

∑ ��DC𝑖𝑖 −  �∑ 𝐷𝐷𝑆𝑆𝑖𝑖𝑗𝑗𝐷𝐷𝑋𝑋𝑗𝑗𝑚𝑚
𝑗𝑗=1 �� /DC𝑖𝑖�

2
n
i=1        (Eq.  4.1) 

Where: DSij is correlated Student’s t-distribution of fingerprint properties (i) in sources 

(j). The mean value (μ) of samples from each source was used as midpoint, standard 

deviation (σ) as scale and number of samples minus one as degree of freedom (ν) on 

Student’s t-distribution. Pearson correlation coefficients were used to generate 2500 

random numbers with Latin Hypercube sampling method to shape Student's t-distribution 

for each fingerprint properties within sources. DCi is the normal distribution of suspended 

sediments for each fingerprint property with tracer concentration as mean value and 

uncertainty of tracer measurements as standard deviation. Also, DXj is the normal 

distribution of apportionments from source categories with source contribution (Xj) as 

mean value and tolerance interval as standard deviation. 

The Genetic Algorithm is one of the most powerful optimization tools increasing the 

capability of mixing model to minimize the objective function compared with the local 

optimization method (see Collins et al. 2010; Haddadchi et al. 2013). In this study, the 

genetic algorithm optimization method using 2500 iterations was applied in all mixing 

models. 

The Mean Relative Error (MRE) was used to assess the robustness of predicted source 

proportions by comparing the difference between modeled results and the sediment 

mixtures: 

𝑀𝑀𝑉𝑉𝐸𝐸 = 1 − 1
𝑟𝑟
∑ �𝐸𝐸

𝑛𝑛
�𝑟𝑟

𝑠𝑠=1          (Eq.  4.2) 

Where r is the number of model runs, n is the number of tracers and E is given by 

equation 4.1. MRE value of 1 would indicate perfect agreement between modeled 

elemental data and suspended sediment elemental concentrations. The MRE values 

associated with the optimized mixing model solutions of the suspended sediment samples 

for each three size fractions are presented in Table  4.3. Depending on variability in soil and 

suspended sediment samples, the MRE values ranged from 0.79 for the middle size fraction 

of S2 site to 0.95 for the finest size fraction of S1 site, indicating low difference between 

the modeled and artificial mixtures. These estimates confirmed the accuracy of the 
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distribution mixing model to predict the sediment source apportionments in different 

suspended sampling sites and three particle sizes categories.   

Table  4.3. Mean relative error (MRE) for each suspended sediment site on three size 
fractions. 

Sediment 
site 

MRE 
<10 μm 10-63 μm 63-212 μm 

S8 0.89 0.83 0.82 
S7 0.91 0.91 0.8 
S6 0.81 0.86 0.83 
S5 0.82 0.91 0.9 
S4 0.88 0.87 0.86 
S3 0.91 0.94 0.89 
S2 0.84 0.79 0.85 
S1 0.95 0.93 0.9 

4.4 Results and discussion 

4.4.1 Sources of suspended sediment 

Figure  4.6 and Figure  4.7 indicate the proportional contribution of fine silt and clay (<10 

μm), silt (10-63 μm) and fine sand (63-212 μm) sediments from rock type sources to eight 

suspended sediment sampling sites in Mitchell Creek (S8), Gowrie Creek (S7 and S6), 

Nukinenda Creek (S4) and Emu Creek (S5, S2, S3 and S1). For site S8, Mitchell Creek, in 

the upper catchment the suspended sediment in all three size fractions are derived 

predominantly from the Arenite-Mudrock. The contribution of Arenite-Mudrock was 

84.3±4.7% in <10 μm, 92.5±2.9% in 10-63 μm and 67.2±2.4% in 63-212 μm size fractions 

(Figure  4.6). 

In the upper tributary of Gowrie Creek (site S7), sediments from Arenite-Mudrock 

dominate the sediment sources in all three size fractions with a very high proportion in fine 

silt and clay (84.3±4.7%), silt (94.4±0.9%) and fine sand (88.5±2%). Soils derived from 

Sedimentary Rock were the maximum contributor to the sediment at site S6 in <10 μm with 

62±1.1%, 10-63 μm with 55±1.4% and 63-212 μm with 93±4.5%. Arenite-Mudrock was 

the second highest contributor in finer (<10 μm, 32.3±1.4%) and medium (10-63 μm, 

33.6±1.6%) size fractions. Soils derived from Sedimentary Rock, as the closest source to 

the sampling site, also dominated sediment sources contributing to suspended sediments 

from site S5 in <10 and 63-212 µm fractions with 65.5±2.3% and 65±0.7%, respectively. 

Arenite-Mudrock was the major contributor to fine silt sediments (10-63 μm, 35±3.1%) and 

second highest contributor to silt and clay (<10 μm, 29±2.1%) and fine sand (63-212 μm, 

19.7±1%) sediments. 
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Figure  4.6. Relative contribution of sources to four suspended sampling sites (S8-5) located 
at the main channel and major tributaries of the Emu. Error bars show standard deviation of 
the normal distribution of source proportions.  

At Nukinenda Creek sampling site (S4), Granitoid dominated sediment sources with 

higher contribution in fine silt and clay (<10 µm, 89±4.7%) and silt (10-63 µm, 92.3±0.8%) 

sediments and lower contribution in fine sand sediment (63-212 µm, 59.5±2.8%). 
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Material derived from the Granitoid sediments close to S3 sampling site dominated finer 

(<10 µm, 87.4±0.7%) and coarser (63-212 µm, 51.7±2%) sediment sources at this site. 

Metamorphosed (37.6±1.3%) and Granitoid (36.3±0.75%) rock types were dominant 

sources in silt (10-63μm) sized suspended sediments. 

Sediments derived from the Metamorphosed geology are a significant contributor at the 

main channel of Emu Creek suspended sediment sampling site (S2) for <10 µm particles 

with 39±0.8% and for 63-212 µm with 47.5±1%. Arenite-Mudrock was the next major 

contributor in finer (<10 μm, 37.6±0.9%) and coarser (63-212 μm, 37.3±1%) size fractions. 

Also, material derived from the Basalt sediments was a major contributor of silt (10-63 µm) 

sediment (45±0.8%) at this site and Metamorphosed was a second contributor (31±0.8%). 

Basalt and Arenite-Mudrock source types are the furthest sources from S2 sampling site 

with ~110 km waterway distance from small tributaries at the top of the catchment. High 

contribution of sediments from Basalt and Arenite-Mudrock geology, as the first and 

second uppermost hillslope sources in the Emu Creek catchment, shows that eroded 

materials from these sources are being transported long distances.  

Suspended sediments collected from the site at the outlet of the catchment originate 

largely from Mixed sedimentary and Mafite rock types, (<10 µm: 28±2.3%; 10-63 µm: 

36.2±2.2% and 63-212 µm: 74.5±2.6%), and Metamorphosed derived sediments (<10 µm: 

47±1.4%; 10-63 µm: 16±0.8% and 63-212 µm: 8±1.7%) which covers most of the 

downstream part of the catchment. Colluvium is the third major contributor with 12±1.3% 

and 25.2±1.7% in <10 and 10-63 µm size fractions. Comparing sediment source 

contribution at site S1 with the upper site (S2) indicate that eroded materials in the lowest 

reach of Emu Creek were more dependent on their adjacent sources than material derived 

from further upstream. 
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Figure  4.7. Relative contribution of sources to four suspended sampling sites (S4-1) located 
at the main channel and major tributaries of the Emu Creek. 

The only rock types present in the catchment upstream of sampling sites S8 and S7 are 

Basalt and Arenite Mudrock. A similar trend is evident for both sites with a high 
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contribution from Arenite Mudrock in all three size fractions. At site S6 in Gowrie Creek a 

new proximal source, Sedimentary Rock derived material makes a high contribution to all 

three size fractions. A similar high contribution from Sedimentary Rock source is evident 

for sediment at the downstream site on Emu Creek (S5). A high contribution of the closest 

sources to the sampling site at S3 (Granitoid and Metamorphosed) again emphasizes the 

importance of the location of sources in determining their contribution. 

At the S2 sampling site, in contrast to two upper sites (S6 and S5), Arenite-Mudrock had 

a high contribution in the finest (<10 μm) and coarsest (63-212 μm) size fractions and 

Basalt had a high contribution in the medium size fraction (10-63 μm). These two sources 

do not occur between sites S6 and S2 and are only present in the upper catchment. We can 

envisage two possible explanations for the higher proportion of this material at this location 

compared to those upstream i) sediment derived from these rock types could have been 

stored in the bed of the river and mobilised during the storm events or ii) an initial flush of 

material from this area did not reach sufficient depth to be collected by the upstream 

samplers but was collected at site S2.  For all three size fractions the major contributor is 

the Metamorphosed derived sediments. This new source of material occurs just upstream of 

the S2 sampling site.  

At the lowest site at the outlet of the catchment (S1) new proximal sources, Sedimentary 

Rock and Mafite derived material, make a high contribution to all three size fractions with 

Metamorphosed as the next major source. Most of the material at the catchment outlet is 

derived from two sources which only occur in the lower catchment despite this being only 

30% of the contributing area (Metamorphosed with 17% and Sedimentary rock-Mafite with 

13%). 

4.4.2 The effect of source location on the relative contribution to suspended 
sediments 

At the outlet of the catchment, 75% of the finest fraction of the suspended sediment load 

is produced from 30% of the total catchment area located in the lowest part of the 

catchment. For the coarsest size fraction this same area contributes 82%. Source maps 

which show the major contributors of sediment (Figure  4.8) indicate that irrespective of 

particle size, proximal sources are either the dominant source or the second most dominant.  
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Figure  4.8. Map of first (dark gray areas) and second (light gray areas) highest contributor 
sources to eight suspended sampling sites (Arrow in left-hand side shows the location of 
suspended sites). The second most important contributor is not plotted in some graphs (e.g. 
middle and coarser size fractions of site S7) because one source contributed > ~90%. 
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It should be noted that the most proximal sources to S2 and S5 sampling sites only covered 

a small proportion of the upstream catchment area. In these cases the next upstream sources 

dominate. Major contribution from the proximal sources to the sediment sites suggest that 

sediments eroded from the upper sources are deposited within the catchment’s sediment 

stores, and thus do not make a significant contribution to downstream suspended loads. 

This is consistent with the model proposed by Lu et al. (2004) in which the probability of 

sediment being delivered to the catchment outlet decreased with distance from the source, 

that is the more distal a source the less likely it is to dominate the sediment supply at the 

catchment outlet. 
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Figure  4.8 (continued) 

4.4.3 The effect of particle size fraction on source proportions 

In order to determine the discrepancy of source contributions between different size 

fractions, their proportional percentage for each two size fractions were compared. To do 
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this, the size fractions were compared in three categories: a) fine silt and clay (<10 μm) 

compared with silt (10-63 μm) size of sediments, b) silt (10-63 μm) compared with fine 

sand (63-212 μm) and c) fine silt and clay (<10 μm) with fine sand (63-212 μm) size 

fractions.  

In addition to the discrepancy value for each source end members, mean absolute 

differences (AD) of all source contributions for each two size fractions were calculated 

using: 

𝑉𝑉𝐷𝐷 = ∑ �𝑋𝑋𝑗𝑗,𝑚𝑚 − 𝑋𝑋𝑗𝑗,𝑚𝑚�𝑛𝑛
𝑗𝑗=1 𝑛𝑛⁄          (Eq.  4.3) 

Where X is the contribution of sources (j) in three different size fractions (m: <10 μm, 10-

63 μm, 63-212 μm) and n is the number of sources contributing to each suspended sediment 

site. Percent of difference of source contributions within the three size fractions together 

with their absolute difference values are shown in Figure  4.9. Middle horizontal lines 

indicate no differences of source apportionments between each two size fractions and the 

bars show the discrepancy from the middle line.  

Although proximal and near proximal source end members dominate the sediment 

sources, their percentage of contribution vary in different size fractions. For instance, at S6 

suspended sediment site, Sedimentary rock was a major source in all three size fractions, 

but its proportion in coarser sediments (63-212 μm) was higher than <10 μm particles with 

31% and 10-63 μm sizes with 38%. Similar with S6 sampling site, Sedimentary rock was a 

major contributor in finer and coarser eroded materials at S5 suspended, but its contribution 

in middle size sediments (10-63 μm) was 35% lower than the two other size fractions.  

Highest absolute differences of source contributions were occurred between source 

proportions of middle (10-63 μm) and coarser (63-212 μm) with 32.9% and finer (<10 μm) 

and coarser (29.5%) size fractions in sediments collected from S4 sampling site. Among 

four sources contributing to S3 sediment site, Granitoid made highest discrepancy of source 

contribution between <10 μm particles and two other size fractions with 51% and 36% 

higher proportion than 10-63 μm and 63-212 μm sediments, respectively. At S2 sampling 

site, Basalt rock type was the major source in 10-63 μm size fraction and lowest contributor 

in two other size fractions. Its proportion in silt samples was ~ 43% higher than two other 

size fractions.  
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Figure  4.9. Differences of source contribution in three size fractions comparing: fine silt 
and clay (<10 μm) with silt (10-63 μm), silt (10-63 μm) with fine sand (63-212 μm), fine 
silt and clay (<10 μm) with fine sand (63-212 μm) particle sizes. Underlying rock type 
sources including Basalt (Ba), Colluvium (Co), Metamorphosed (Me), Sedimentary rock 
and Mafite (SM), Sedimentary rock (Sr), Arenite-Mudrock (AM), Ferricrete (Fe) and 
Granitoid (Gr) were presented in x-axis. In S1 and S2 sampling sites, only four sources 
with very high contribution were plotted. Absolute differences (AD) for each comparison 
were presented.  
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Metamorphosed rock type together with the sedimentary rock and mafite as the most 

proximal sources to the S1 sampling site dominate the sediment sources, but their 

percentage of contribution remarkably differ in three size fractions. The contribution of 

metamorphosed rock type in finest size fraction (<10 μm) was 31% higher than silt (10-63 

μm) particles and 39% higher than fine sands (63-212 μm). Also, the contribution of 

sedimentary rock and mafite unit in coarser particles was 47% and 38% higher than finer 

and middle size particles, respectively. Thus, the source apportionment results vary in 

different size fractions as a result of different entrainment processes and transport 

characteristics. There is not a systematic change in differences of source proportions 

between each two size fractions indicating that the contribution of sources in a particular 

size fraction is not predictable from the source proportions of finer or larger particle sizes. 

These findings emphasize the importance of selecting the problematic particle size fractions 

on tracing the sources of the sediment. 

4.5  Conclusions 

This study demonstrates that sediment source contributions vary both with particle size 

and location within a catchment. The closer a sampling site is to a potential source the more 

likely it is that source of sediment will dominate the material being sampled. For all size 

fractions proximal sources of sediment have a higher contribution to suspended sediments. 

Our findings indicate that catchment works aimed at reducing sediment loads should be 

focused on the more proximal sources to the point of interest/impact, as well as stabilising 

sediment stores which have trapped material eroded from upstream. There are, however, 

other factors which may affect the dominance of sediment sources and need to be further 

assessed, including sediment connectivity, rock hardness, slope and variation of rainfall 

throughout the catchments. 
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CHAPTER FIVE 

 

5 Sediment Tracing, Part 1: Source Contributions to River Bed 
Sediments on Three Size Fractions 

Chapter summary 

Sediment tracing using geochemical properties is an efficient way to identify the spatial 
sources of transported sediments delivered to waterways. The contribution of soil sources 
to river bed sediments has been quantified in Emu Creek, a sub-catchment in south eastern 
Queensland, Australia. Soil samples were collected from eight major rock types throughout 
the catchment and were related to river bed sediments collected from eight sites along the 
main channel. Geochemistry, as characterised by 39 elemental concentrations, was 
measured using ICP-MS and ICP-OES. Three particle size fractions were examined: <10 
μm, 10-63 μm and 63-212 μm, with the three resultant mixing models showing divergent 
results. We conclude that the results of sediment mixing models based on the analysis of 
one grain size should not be assumed to apply across the entire particle size range of 
transported sediment. Furthermore, we present results highlighting the control transport 
distance plays in source dominance, with this particularly evident in the coarser fraction, 
where local sources predominate over more distance sources. 

5.1 Introduction 

Sediment tracing, a way to track sediment movement through catchments, has proven to 

be an efficient approach to gather the information required to determine the spatial sources 

of transported sediments (Koiter et al. 2013), particularly those that have a deleterious 

effect on aquatic ecosystems or infrastructure. The technique involves identifying a number 

of sediment tracers and using these to discriminate potential sediment sources contributing 

to downstream sediment supply. 

Sediment fingerprinting may be able to distinguish sediments derived from different 

geologic units based on the potential of those underlying rock types to impart different 

geochemical characteristics on eroded sediments (Caitcheon et al. 2006). Mixing models 

are used to calculate the contribution of upstream sources to in-stream sediments, based on 

optimising the source proportions to produce a mixture having the same geochemical 

fingerprint as the sediment collected downstream. The method has been used to 
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discriminate geological sources of sediment in agricultural catchments (Hughes et al. 2009; 

Poulenard et al. 2009; Wilkinson et al. 2013) combined forest and agricultural catchments 

(Evrard et al. 2011; Navratil et al. 2012) and urban catchments (Carter et al. 2003).  

This study, undertaken within the Emu Creek catchment, a rural sub-catchment of the 

Upper Brisbane River, examines the spatial sources of sediments transported by Emu Creek 

by measuring geochemical characteristics of the dominant rock types and comparing these 

to those measured for bed sediments. As the location of the river bed sampling sites are 

spatially different within the studied catchment, only those source samples located above 

each of the sediment sampling sites were considered as potential contributors to river bed 

sediments at that location. Quantifying the proportion of source end members to each river 

bed sediment site was undertaken to investigate the impact of transport distance (between 

potential source and bed-sediment sampling location) on calculated source contribution.  

Particle size exerts an important influence on tracer properties of soils and eroded 

sediments (Smith and Blake 2014). In this study we examine three different size fractions 

of eroded material including clay and fine silt (<10 μm), silt (10-63 μm) and fine sand (63-

212 μm) to determine if different sources are dominant in the production of different 

components of the sediment load downstream.  

Here we present the results of our investigation into the role rock type sources from 

upstream surface soils play in supplying sediments to Emu Creek. The role of channel 

banks and gullies (sub-soils) as the major contributors to the sediment load of Emu Creek 

are considered in Chapter six. 

5.2 Materials and methods 

5.2.1 Study area 

Emu Creek catchment spreads over a 911 km2 area located in south eastern Queensland, 

Australia (Figure  5.1). It drains into the Brisbane River, the main river of the Upper 

Brisbane Catchment, the major water supply catchment for Brisbane City. The elevation in 

Emu Creek catchment ranges from 120 m above sea level (a.s.l) at the catchment outlet to 

690 m a.s.l. at the catchment divide. Emu Creek, an ephemeral stream, has five main 

tributaries: Nukinenda (the nearest tributary to the catchment outlet), Gowrie (the furthest 

from the outlet), Mitchell, Pierce and Salty Creeks. Three land uses: forest (7%), cultivated 

(3%) and pasture (74%) comprise the majority of the catchment.  
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Figure  5.1. (a) Location of Emu Creek and Upper Brisbane catchment in southeastern 
Queensland, Australia (b) Geology and source sampling sites of Emu Creek Catchment. 

The catchment geology consists of 15 units. Samples were collected from the eight 

geologic units with the greatest area, together comprising 96.5% of the catchment. Seven 

other units were excluded due to their very small catchment proportions (<3.5% combined).  
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5.2.2 Soil and sediment sampling 

In total, 48 hillslope samples were collected from eight underlying rocktypes within 

Emu Creek catchment: Granitoid (n=7 samples; comprising Granodiorite and Tonalite); A 

metmorphosed unit from the Sugarloaf Metamorphics (n=5); Arenite-Mudrock derived 

from the Marburg Formation (n=10); Tertiary Basalt within the Main Range Volcanics 

(n=6); Sedimentary rock and Mafite from the Maronghi Formation (n=6); Sedimentary 

Rock from the Tarong and Woogaroo Formations (n=4); Tertiary Ferricrete (n=5) and 

Quaternary Colluvium (n=5). 

Previous studies have analysed soil samples collected from a number of different depths. 

The depth of sampling in these previous studies has ranged from 0.5 to 5 cm of topsoil, on 

the basis of the susceptibility and mobility of soil particles to water erosion in the particular 

studied catchment (see Haddadchi et al. 2013). In the present study, soil samples were 

collected from the top 1 cm of the soil profile, using a plastic trowel in order to avoid metal 

contamination. A sample for each site comprised 20 (~50g) sub-samples, collected over a 

1ha area, combined into a single sample. This sample compositing was done to reduce 

variability of geochemical properties at individual soil surface sites.  

Surface sediments were collected from the eight stream bed sites: two Mitchell Creek 

sites (MC2 and MC1), one Gowrie Creek river bed site (GC), and four Emu Creek sites 

(EC5, EC4, EC3, EC2). An additional sampling site, EC1, was located after the confluence 

of Nukinenda and Emu Creeks near the outlet of the catchment (Figure  5.2). River bed 

samples were collected during the low flow regime after two major floods which occurred 

in January 2013 with 10.5 year return period and peak discharge of 433.5 m3 s-1 and in 

February 2013 with 246.7 m3 s-1 peak discharge and 6 year return period. These two 

successive floods were amongst eight highest events recorded during the 38 years 

measurement period (1977-2013) in Emu Creek. Collecting bed materials after two high 

flow events emphasize that bed material sediments were representative of their upstream 

catchment-wide sources. Furthermore, intensive rainfalls causing these large flood events 

made the least temporal rainfall variability within the catchment and did not affect the 

sources of sediments. Each stream bed sediment sample consisted of 20 sub-samples, 

collected over an approximate channel length of 200 m, and composited into a single 

sample for analysis. As the sediment sampling sites are spatially distributed throughout the 
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major streams, areas of the catchment upstream of these sites increase in downstream 

direction (i.e., the potential area of the catchment contributing upstream of the MC2 site = 

124.5 km2; MC1 = 132.2 km2; GC = 160.7 km2; EC5 = 379.5 km2; EC4 = 407.2 km2; EC3 

= 490.7 km2; EC2 = 680 km2 and EC1 = 911 km2). 

5.2.3 Soil and sediment analysis 

Few previous studies have examined the effect on derived geochemical and geophysical 

signatures of splitting soil sources and sediments into different size fractions (e.g. Slattery 

et al. 1995; Motha et al. 2002). In this study, samples were divided into three size fractions 

for analysis: fine sand (63 to 212 µm), silt (10-63 µm) and fine silt and clay (<10 µm), 

using sieving and settling. All soil source and sediment samples were oven-dried at 60 °C 

for 24 hours prior to analysis. 

 
Figure  5.2. Map of the Emu Creek catchment showing the location of major tributaries and 
main channel of Emu Creek and river bed sampling sites (grey star). 

Elemental analysis was carried out on the three size fractions for all collected soil 

(n=144, i.e. 48 composite soil samples times three size classes) and river bed samples 

(n=24, i.e. eight composite sediment samples times three size classes). 39 elements 
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including 10 so-called major elements (SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, 

P2O5, MnO), 14 ‘trace’ elements (As, Ba, Be, Co, Cr, Cu, Ni, Rb, Sr, Th, U, V, Zn, Zr) and 

15 ‘rare earth’ elements (REE) (Ce, Dy, Er, EU, Gd, Ho, La, Lu, Nd, Pr, Sm, Tb, Tm, Y, 

Yb) were analysed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-

OES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Major elements were 

measured using ICP-OES, while trace elements and REE were measured with ICP-MS. In 

addition to elemental concentrations, Chemical Index of Alteration (CIA), Rb to Sr ratio 

(Rb/Sr), and Loss on Ignition (LOI) were determined and applied as tracers. Together these 

provided a total of 42 tracers for further analysis. The Chemical Index of Alteration (CIA) 

represented by the proportion of Al2O3 in relation to the sum of proportions of CaO, 

Na2O, K2O and Al2O3 is a useful tracer to identify chemical variations resulting from 

weathering (McLennan 1993). Rb to Sr ratio was used to represent variations as a result of 

different type of mineralization in rocks (Plimer and Elliott 1979). Loss on ignition was 

calculated by subtracting the weight percent oxides of major elements (i.e. SiO2, TiO2, 

Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, P2O5, MnO) from 100%. Note that all 

measurements were corrected for loss on ignition, by normalising the sum weight percent 

of major element oxides to 100%. 

5.2.4 Mixing model 

Haddadchi et al. (2014) examined the accuracy of four widely used linear mixing 

models and found that the Distribution mixing model proposed by (Laceby and Olley 2014) 

was the most appropriate model to predict source contributions to individual sediment 

samples. This model which incorporates distributions throughout the entire modelling 

framework was used to determine the source component proportions (x) of the sediment 

samples by minimizing the sum of the square of the relative errors:  

E = ∑ �DCi −  �∑ DSijDXjm
j=1 �/DCi�

2n
i=1        (Eq.  5.1) 

Where, DSij is correlated Student’s t-distribution of fingerprint properties (i) in sources 

(j). Mean value (μ) of samples on each rocktype source was used as midpoint, standard 

deviation (σ) as scale and number of samples minus one as degree of freedom (ν) on 

student’s t-distribution. It should be noted that the Pearson correlation coefficient was used 

to correlate the distribution of tracers on each source. DCi is the normal distribution of 
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sediment concentration for each fingerprint property with tracer concentration as mean 

value and uncertainty of tracer measurements as standard deviation. Also, DXj is the 

normal distribution of apportionments from sources with source contribution (Xj) as mean 

value and tolerance interval as standard deviation. 

A series of 2500 random numbers were generated using Latin Hypercube Sampling 

method to shape the student’s t-distribution for each tracer within sources. Genetic 

Algorithms, as an optimization tool recently employed in a number of tracer studies 

(Collins et al. 2010; Collins et al. 2012; Haddadchi et al. 2013), was also applied (this time 

using 2500 iterations) to optimise for minimum error value (E in equation 5.1).  

 
Figure  5.3. Schematic relation between source samples with different underlying rock types 
(right-hand squares) and river bed sediments (left-hand black circles). Thick lines (lines 
between black circles representing river bed sites) indicate major waterways. 
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5.2.5 Sediment source clustering 

To determine the contribution of source end members to sediments at different points 

down the drainage network, only those source samples located upstream of the river bed 

sampling sites were considered in each mixing model. Therefore, a separate mixing model 

was developed for each river bed site. This is because the number of samples in each 

source, and number of contributing source types, was specific to each site (Figure  5.3). For 

instance, at the Mitchell Creek river bed site where it drains into Emu Creek (site MC1), 

two rock type sources described using a total of nine samples were contributing, whereas at 

the outlet of the catchment (site EC1) all eight rock type sources, this time described using 

all 48 samples, were recognized as the contributors to the river bed sediment. 

5.2.6 Selection of fingerprint properties 

Statistical techniques were used to examine the discriminatory power of fingerprint 

properties. Multiple combinations of statistical analysis have been applied previously to 

select optimum composite properties (see Collins et al. 2012). In this study, the ability of 

42 tracers to discriminate eight geologic sources was investigated with a three-step process 

including a conservativeness test, the Non-parametric Kruskal-Wallis H-test and stepwise 

Discriminant Function Analysis (DFA). The results pertaining to each of the three size 

fraction groups were tested separately. 

5.2.6.1 Conservativeness 

The fingerprint properties should be conservative during generation and transportation 

of sediments. In this context conservativeness is defined as maintenance of expected 

concentrations downstream, that is, a downstream measurement should fall within the range 

of upstream measurements. Non-conservative behaviour indicates that there is an addition 

or loss of the tracer somewhere in the system, such that it is no longer suitable for tracing. 

Non-conservative tracers were removed based on two procedures. Firstly, any tracers that 

were measured as having concentrations higher or lower than all source samples 

contributing to the sampling location were removed (see also Mukundan et al. 2010; 

Navratil et al. 2012). Secondly, the mean concentration of each tracer across all sink 

samples must lie within the range of source soil mean concentrations (Wilkinson et al. 

2013) if the system is behaving conservatively. Where this condition is not met the tracer is 
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excluded from further analysis. The second constraint is useful especially in mixing models 

that use mean concentrations of source soils and sediments (like Collins model; and 

Distribution model such as used here). In the <10 μm size fraction three tracers (Co, Mn 

and Mg) were removed, in the 10-63 μm fraction only Mn was excluded, while in the 63-

212 μm fraction, Cu, LOI, Dy and Y tracers were eliminated due to their non-conservative 

behaviour.  

Table  5.1. Results of the Kruskal Wallis H-test applied to tracers for three size fractions. 
<10 μm 10-63 μm 63-212 μm 
Tracers Chi-Square 

(H-value) 
P-value Tracers Chi-Square 

(H-value) 
P-value Tracers Chi-Square 

(H-value) 
P-value 

As 27.165 .000 As 25.752 .001 As 25.730 .001 
Ba 15.074 .035 Ba 6.729 .458* Ba 6.368 .497* 
Ce 12.863 .076* Ce 10.933 .142* Ce 18.847 .009 
Cr 17.106 .017 Co 16.551 .021 Co 16.452 .021 
Cu 11.752 .109* Cr 20.397 .005 Cr 17.310 .016 
Dy 10.481 .163* Cu 10.854 .145* Er 8.877 .262* 
Er 10.278 .173* Dy 10.153 .180* Eu 18.730 .009 
Eu 20.768 .004 Er 6.743 .456* Gd 15.608 .029 
Gd 12.753 .078* Eu 18.881 .009 Ho 11.761 .109* 
Ho 11.246 .128* Gd 12.814 .077* La 21.546 .003 
La 14.366 .045 Ho 9.060 .248* Lu 8.882 .261* 
Lu 14.478 .043 La 13.218 .067* Nd 20.321 .005 
Nd 14.089 .050 Lu 13.357 .064* Ni 15.818 .027 
Ni 16.152 .024 Nd 14.906 .037 Pr 20.255 .005 
Pr 13.895 .053* Ni 14.916 .037 Rb 20.013 .006 
Rb 31.855 .000 Pr 13.097 .070* Sm 17.946 .012 
Sm 13.697 .057* Rb 25.933 .001 Sr 12.519 .085* 
Sr 13.544 .060* Sm 12.809 .077* Tb 14.317 .046 
Tb 11.716 .110* Sr 14.124 .05* Th 17.077 .017 
Th 21.971 .003 Tb 11.848 .106* Tm 7.659 .364* 
Tm 9.619 .211* Th 17.282 .016 U 15.119 .035 
U 18.363 .010 Tm 7.249 .403* V 18.043 .012 
V 8.746 .271* U 15.412 .031 Yb 8.512 .290* 
Y 10.059 .185* V 22.192 .002 Zn 13.009 .072* 
Yb 11.401 .122* Y 6.631 .468* Zr 20.943 .004 
Zn 12.894 .075* Yb 10.472 .163* SiO2 20.811 .004 
Zr 23.939 .001 Zn 14.940 .037 TiO2 24.601 .001 
SiO2 25.743 .001 Zr 22.665 .002 Al2O3 19.137 .008 
TiO2 25.531 .001 SiO2 21.255 .003 Fe2O3 22.207 .002 
Al2O3 26.688 .000 TiO2 26.887 .000 MgO 7.928 .339* 
Fe2O3 21.994 .003 Al2O3 21.556 .003 CaO 13.299 .065* 
CaO 16.493 .021 Fe2O3 20.745 .004 Na2O 19.795 .006 
Na2O 16.124 .024 MgO 8.009 .332* K2O 16.746 .019 
K2O 19.872 .006 CaO 14.316 .046 P2O5 14.971 .036 
P2O5 17.620 .014 Na2O 17.929 .012 MnO 8.315 .306* 
CIA 27.496 .000 K2O 15.153 .034 CIA 26.802 .000 
LOI 23.627 .001 P2O5 18.738 .009 RbSr 21.263 .003 
RbSr 29.938 .000 CIA 28.857 .000 
  LOI 19.603 .006 

RbSr 28.748 .000 
* Not statistically significant at P < 0.05.  
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5.2.6.2 Kruskal-Wallis H-test 

After checking the conservativeness of the tracers, the non-parametric Kruskal-Wallis 

H-test was used to test the ability of each tracer to distinguish eight geologic sources. The 

null hypothesis, stating that tracers which fail to exhibit significant difference between 

groups, was rejected when the Kruskal- Wallis H-value exceeds the critical value and P-

value was lower than 0.05.  

The results of Kruskal-Wallis H-test in each of the three size fractions are presented in 

Table  5.1. In the <10 μm size fraction, 16 tracers failed to pass the test (Ce, Cu, Dy, Er, Gd, 

Ho, Pr, Sm, Sr, Tb, Tm, V, Y, Yb, Zn). V was the weakest tracer failing the test with H- 

and P-values of 8.7 and 0.271, respectively. In 10-63 μm, 16 tracers were removed (Ba, Ce, 

Cu, Dy, Er, Gd, Ho, La, Lu, Pr, Sm, Sr, Tb, Tm, Y, Yb, MgO) with Y as the weakest tracer 

with an H-value of 6.6 and P-value of 0.468. Also, for the 63-212 μm fraction, 11 tracers 

(Ba, Er, Ho, Lu, Sr, Tm, Yb, Zn, MgO, CaO, MnO) failed to discriminate the source types. 

In this size group Ba was the weakest tracer with an H-value of 6.4.  

Table  5.2. Discriminant function analysis for <10 μm (a), 10-63 μm (b) and 63-212 μm (c) 
size fractions 

(a) <10 μm Step Tracers F statistic 
value 

Wilks 
lambda 

Cumulative % source type 
samples classified correctly 

 1 SiO2 13.115 .214 41.3 
 2 P2O5 10.048 .065 56.5 
 3 K2O 8.833 .022 59.5 
 4 Ni 7.252 .011 73 
 5 CaO 6.623 .005 77.1 
 6 Eu 6.322 .002 82.1 
 7 Lu 6.136 .001 91.6 
 8 Th 5.933 .000 94.4 
 9 TiO2 5.969 .000 100 

(b) 10-63 μm 1 Cr 15.975 .145 33.3 
 2 RbSr 10.662 .038 33.3 
 3 CaO 7.644 .016 44.2 
 4 U 6.542 .006 60.5 
 5 Na2O 5.622 .003 65 
 6 K2O 5.257 .001 74.2 
 7 Ni 4.970 .000 91.2 
 8 Nd 4.860 .000 100 

(c) 63-212 μm 1 Cr 16.470 .108 34.2 
 2 Ni 9.995 .025 50 
 3 Na2O 7.868 .007 48.1 
 4 K2O 7.073 .002 81.8 
 5 TiO2 6.573 .000 81.8 
 6 Eu 6.090 .000 90.9 
 7 SiO2 6.173 .000 95.5 
 8 U 6.138 .000 100 
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5.2.6.3 Discriminant Function Analysis 

Stepwise Discriminant Function Analysis (DFA) was applied to recognise optimum 

composite fingerprint properties that successfully passed the Kruskal-Wallis H-test. The 

results of conducting the DFA test, based on minimization of Wilks’ lambda and using a 

partial F ratio of 1.0 and tolerance level of 0.001 as two test criteria are presented in Table 

 5.2 for the three size fractions. 

In the fine silt and clay (< 10 μm) size group, among 23 tracers, nine were selected for 

optimum combination of the properties which discriminated 100% of the source type 

samples. For silt size samples (10-63 μm), eight properties were selected from 24 that 

passed the Kruskal-Wallis H-test, correctly distinguishing 100% of the sources. Also, in 

fine sands (63-212 μm), final composite fingerprints comprising eight tracers were able to 

allocate 100 % of the source samples for discriminating between eight potential sources. 

5.3 Results  

The geochemical properties selected by the stepwise Discriminant Function Analysis 

were used in the Distribution mixing model to estimate the relative proportion of rock type 

sources to eight bed sediments from different sites down the drainage network. Figure  5.4 

presents source contribution to river bed sediments collected from two sites in Mitchell 

Creek (MC2 and MC1), one site in Gowrie Creek (GC) and one site after their confluence 

to become Emu Creek (EC5). Figure  5.5 shows proportional contribution of sources to four 

Emu Creek river bed sites (EC4 to EC1) in three size fractions.  

Two sources contribute to deposited bed material sediments at the uppermost river bed 

site (MC2), however Arenite-Mudrock is by far the most dominant, comprising 94±1.4%, 

86±4.2% and 94±2.6% of the <10 μm, 10-63 μm and 63-212 μm size fractions, 

respectively. This is attributable to the larger area occupied by Arenite-Mudrock, and its 

proximity to the bed sampling site. At MC1, very high contribution of soils derived from 

Arenite-Mudrock in the finer (<10 μm, 82±1.6%) and coarser (63-212 μm, 96±2.5%) 

fractions is consistent with the upstream results at MC2, however in the 10-63 μm size 

fractions, soils derived from Basalt were the dominant source with 72±0.5%.  At the 

Gowrie Creek river bed site (GC), Sedimentary Rock (the closest source to the sampling 

site) dominates the sediment sources in fine sand (63-212 μm, 94±3.9%) and clay and fine 

silt (<10 μm, 58±2.9%) fractions. Basalt is the second largest contributor to silt size 
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sediments (39±4.5%), but is found in low proportion in finer and coarser size fractions with 

9±1.3% and 3±0.7% contribution respectively. Finer size fraction (<10 μm) of eroded 

materials derived from Sedimentary Rock (42±0.8%) and Arenite-Mudrock (36±0.8%) 

dominated sediment sources at the first Emu Creek site after the confluence of Mitchell and 

Gowrie Creeks (site EC5). Sedimentary Rock source type was also the maximum 

contributor to river bed sediments in fine sand (63-212 μm, 77±0.8%) and silt (10-63 μm, 

35±0.8%) particles at EC5. 

Similar to fine sand sediment (63-212 μm) at site EC5, Sedimentary Rock was a 

significant contributor (71±1.3%) at site EC4. Soils derived from Basalt (55±0.7%) and 

Arenite-Mudrock (27±0.9%) sources dominate sediments with silt sizes (10-63 μm). 

Whereas the clay and fine silt sediments (<10 μm) were largely comprised of Sedimentary 

Rock (48±0.8%) and Arenite-Mudrock (42±2.1%) sources. In addition, soils derived from 

Granitoid were the lowest contributor to sediment at site EC4 in <10 and 10-63 μm size 

fractions which is consistent with very low contribution of Granitoid at upper (EC5) and 

lower (EC3) river bed sites. River bed sediments collected from the EC3 river bed site 

originate largely from Metamorphosed rock (<10 µm: 43±1%; 10-63 µm: 42±1.4% and 63-

212 µm: 25±1.3%) which is likely due to the drainage from an unnamed creek which joins 

Emu Ck immediately upstream of the sampling site and which drains a catchment 

dominated by soils formed in Metamorphosed Rock. 

Fine sands (63-212 μm) derived from Metamorphosed Rock dominate (62±4%) the 

sediment sources contributing to site EC2. While silts (10-63 μm) derived from Basalt 

(40±2.4) and Arenite-Mudrock (28%, STD= 0.8%) were the major contributors. Also, clay 

and fine silt (<10 μm) river bed sediments originate largely from Metamorphosed Rock 

(38±1%), Sedimentary Rock (34±2.4%) and Arenite-Mudrock (22±1.4%) sources. The 

contribution of individual source types to EC2 river bed sample varied in different size 

fractions. The Sedimentary Rock and Mafite source, which cover the lowest part of the 

catchment, is the major contributor to river bed sediments collected from the site at the 

outlet of the catchment (EC1) with 78±3.9% and 44±2.1% in 63-212 μm and 10-63 μm size 

fractions, respectively, and was the second highest contributor in finer particles (<10 μm, 

28±2.6%). Similar to two upper river bed sites (EC3 and EC2), Metamorphosed rock type 

was the maximum contributor (49±1.3%) to the <10 μm sediments. Colluvium, which does 
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not exist in the catchments of the upper river bed sites was second highest contributor in 

coarser (63-212 μm, 10±1.4%) and middle (10-63 μm, 34±1.4%) size fractions for the 

lowermost site. 

 

Figure  5.4. Contribution of underlying rock type sources to river bed sediments located 
upstream of the catchment from Mitchell Creek (MC1-2), Gowrie Creek (GC) and Emu 
Creek (EC5).  
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Figure  5.5. Contribution of underlying rock type sources to river bed sediments collected 
from the main channel of Emu Creek (EC4-1). 
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5.4 Discussion 

Chapter six used a novel geochemical tracing exercise, whereby separate alluvial 

pockets where treated as discrete sinks whilst comparing the sources for these pockets with 

the sources for bed sediments obtained adjacent to each of the alluvial pockets. The 

contribution of the initial hillslope sources with different underlying rock types to river bed 

and channel banks sediments at each sampling site was identical for all three different size 

fractions, but varied along the stream. Identical contribution of sources to both river bed 

and channel bank pockets, together with the dominant erosion form being channel banks as 

indicated by the radionuclide data, demonstrates the role of channel bank sediments as 

secondary sources, with sediment cycling in and out of storage during its transit 

downstream. Therefore, the importance of determining the contribution of rock type 

sources collected from the surface soils is to help us to understand the initial source of 

eroded materials which is firstly deposited and compacted within the channels prior to 

being further downstream transported and deposited as river bed sediments. 

In all three size fractions, surface soils derived from Arenite-Mudrock (the third largest 

source by area within the Emu Creek catchment) were the major source contributor to 

upstream river bed sites. Its contribution decreases, however, downstream with increases in 

sediment transport distance between the location of the source, which spreads over the 

upper part of the catchment, and sediment sampling sites. Soils derived from the 

Sedimentary Rock dominate sediment sources in river bed sites located immediately 

downstream of its occurrence in the catchment (i.e. GC and EC5), however its influence 

rapidly declines downstream, with new sources dominating. For example, Metamorphosed 

Rock derived soils, which exist in downstream parts of the catchment, have a very high 

contribution to proximal river bed sites (i.e. EC3 and EC2). Further downstream, 

Sedimentary Rock and Mafite is the major contributor to river bed sediments at the outlet 

of the catchment. These findings emphasize the importance of the location of sources 

within the catchment on their contribution to river bed sediments. The closer a sediment 

sampling site is to a potential source the more likely it is that source of sediment will 

dominate the material being sampled. This tendency is not equally expressed across all size 

fractions though. 
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To determine the impact of particle size fractions on source apportionments, mean 

absolute differences (MAD) of all source contributions for each other two size fractions 

were calculated using: 

𝑀𝑀𝑉𝑉𝐷𝐷 = ∑ �𝑋𝑋𝑗𝑗,𝑚𝑚 − 𝑋𝑋𝑗𝑗,𝑚𝑚�𝑛𝑛
𝑗𝑗=1 𝑛𝑛⁄         (Eq.  5.2) 

Where X is the contribution of sources (j) in three different size fractions (m: <10 μm, 

10-63 μm, 63-212 μm) and n is the number of sources contributing to each suspended 

sediment site.  

Table  5.3. The percentage of MAD of source contributions in three different size fractions 
on all sampling sites. 
River bed 
sites 

(<10) – 
(10-63)  

(10-63) –
(63-212) 

(<10) – 
(63-212)  

River bed 
sites 

(<10) – 
(10-63)  

(10-63) –
(63-212) 

(<10) – 
(63-212)  

MC2 8.5 8.5 0.01 EC4 25 34.2 17.3 
MC1 53.6 67.4 13.8 EC3 1.5 8.5 8.4 
GC 30.6 54.3 23.7 EC2 15.8 16.2 9.5 
EC5 7.6 21.1 17.9 EC1 11.2 9.3 12.8 

As presented in Table  5.3, estimation of the contribution of rock type sources on each 

river bed sampling site vary across different size fractions. Discrepancy of source 

proportions as a result of difference in size fractions is higher in some river bed sampling 

sites (e.g. MC1, GC, EC4) than others. Highest absolute differences of source contributions 

occurred between source proportions of silt (10-63 μm) and coarser material (63-212 μm), 

with an MAD of 67.4%, and fines (<10 μm) and silt size fractions, with an MAD of 53.6%, 

in sediments collected from MC1. Dissimilarity of source proportions in fine sand (63-212 

μm), silt (10-63 μm) and clay and fine silt (<10 μm) sediments indicate the effect of particle 

sizes on transportation and deposition of eroded materials from different rock type sources. 

Consequently, depending on the particular issues present in any selected catchment (e.g. 

sedimentation in water storages, flood plain and channel bed deposition, sediment-bound 

nutrients) the size fraction used in the tracing study to identify the problematic sediment 

sources needs to be carefully selected. 

5.4.1 Distance of source types and their contribution 

In order to describe any observable downstream patterns in source proportion of three 

size fractions, area weighted contribution of sources were related to their distance from 

each sediment site (Figure  5.6). To do this, the locations of the centroid for each underlying 

rock type source polygon was calculated using Arc-GIS software, along with the stream 
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distance from each of these polygons to each bed sampling site. For each bed sampling site 

the transport distances from each polygon of matching sources were averaged. The area of 

rock type sources which covered upstream of sediment sampling sites were calculated to 

determine dimensionless area weighted source contributions: 

�𝐴𝐴−𝐴𝐴𝑖𝑖
𝐴𝐴
�× 𝑃𝑃𝑖𝑖           (Eq.  5.3) 

Where A is the catchment area upstream of the sediment sites in km2, Ai is the source (i) 

area upstream of the sediment site in km2 and Pi is the contribution of particular source in 

%. As the sediment sampling sites are spatially distributed within the catchment, area of 

sources covered upstream of these sites are different. 

Figure  5.6 shows that the distance between a source and a sampling site plays an 

important role in determining the dominance or otherwise of that source. If this were not 

the case each of the plots in Figure  5.6 would be parallel to the x-axis. Not only are all the 

plots not flat, but, intriguingly, the form of the plots is not constant across size fractions.  

In four sediment sites (MC1, GC, EC4, EC2 sites) the trend of weighted source 

proportion and their distance in the silt fraction is different from the other two fractions. 

Compared with positive direction in two coarser and finer fractions, silt sediment has 

negative trend with very high contribution from the uppermost source (i.e. Basalt). This 

difference is also emphasized in high MAD values between clay:silt and silt:sand fractions. 

The reason may be that the particle size distribution of Basalt derived soils are enriched 

with silt size fractions rather than clay or sand particles, allowing it to dominate despite its 

long transport distance from the uppermost parts of the catchment. For example, at EC2, 

some 70 km mean downstream distance from the Basalt, silt-sized eroded materials were 

highly dominated by Basalt sediments.  

Furthermore, the pattern of area weighted contribution of silt fraction sources with their 

distance at uppermost sediment site (MC2) greatly differed from that displayed at two 

downstream sites (MC1 and GC). This is consistent with very high change in overall MAD 

between MC2 and MC1 sediment sites. As opposed to MC1 and GC sites, area weighted 

contribution of silt fraction is increasing with downstream transport at the MC2 sediment 

site. This may be because the particle size distribution of Basalt soils derived from north-

east of the catchment which covered upstream of site MC2 is different from the rest of 
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Basalt soils contributing to sites MC1 and GC and enriched with silt size fractions. Clearly, 

further examination of the variation in particle size distribution of source soils is needed. 

 

Figure  5.6. Source contributions weighted with their occupied area upstream of sediment 
sites against the distance of source types from the sediment sites for three size fractions. 
Sources which less than 30% of their total area within the Emu Creek catchment covered 
upstream of the sediment sites were removed from the plots.  
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In all sediment sites, the slope of the line between area weighted proportion of sources 

and their distance from sediment site was higher in coarser fraction compared with two 

finer fractions. In other words, the difference between contribution of closest source and 

furthest upstream source from the sediment sampling location for sand particles was higher 

than the two finer fractions. This shows downstream transport increases the disparity 

between fine and coarse fractions, as differential transport occurs causing proximal sources 

to be relatively more dominant in the coarser fraction. It also supports the hypothesis that 

with the specific supplied energy from the stream (as a result of a particular flood event), 

the ability of coarser particles to be transported in downstream direction is lower than finer 

fractions. 

In downstream sediment sites the difference of area weighted source proportions 

between size fractions was decreased. This is also shown in Table  5.3 with reductions in the 

overall MAD calculated between fractions at downstream sites (EC3, EC2 and EC1 sites). 

With higher transport distance, the number of possible sources increased due to the increase 

in contributing catchment area. This has the effect of reducing the relative impact of any 

one particular source (whether distal or proximal). 

5.4.2 Comparing the contribution of rock type sources to suspended and River bed 
sediments 

In order to determine the effect of sediment type on the provenance of eroded materials, 

the contribution of source types to river bed (this study) and suspended sediments 

(Haddadchi et al. 2015) at four sampling sites were compared (Figure  5.7). The sampling 

locations for both river bed and suspended sites were similar: i.e. EC 1 (from this paper) 

coincides more or less with the sampling location S1, as described in (Haddadchi et al. 

2015). Likewise three other bed material sediment sampling locations (EC2, EC5 and GC) 

have equivalent suspended sediment sampling sites (S2, S5 and S6).  

Sedimentary Rock derived materials dominated river bed and suspended sediment 

samples collected at site EC5-S5 with 13% higher contribution to <10 μm suspended 

sediments and 12% higher contribution to 63-212 μm size fractions of river bed sediments. 

Metamorphosed dominated both suspended and river bed sediment sources at EC2 river 

bed site and S2 suspended site in finer (<10 μm) and coarser (63-212 μm) size fractions 

with 1% and 14% discrepancy of contributions, respectively. In silt size (10-63 μm) 
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samples, Basalt is the major source on both sediment types with 2.5% higher contribution 

to river bed than suspended sediments. 

 
Figure  5.7. Contribution of rock type sources to river bed (triangle) and suspended (square) 
samples in same location sites with three size fractions:  <10 μm (grey), 10-63 μm (dark 
grey) and 63-212 μm (black). 
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In sampling site located at the outlet of the catchment (EC1 river bed site and S1 

suspended site), Sedimentary Rock and Mafite was the highest contributor in both 

suspended and river bed sediments in coarser and middle size fractions with ~3% and ~7% 

differences, respectively. Also Metamorphosed was dominant with ~2% discrepancy of 

contribution between suspended and river bed sediments in finer particles. 

Very similar contribution results of rock type sources to river bed and suspended 

sediments indicates the material we have obtained from the river bed is essentially derived 

from the same sources in suspension. In other words, material deposited on the bed during 

the last flow event, or at least that proportion which has been able to survive intervening 

flow events, is broadly representative of materials in suspension during the flow event. In 

the case of Emu Creek then, the material stored on the dry channel bed is broadly 

representative of that carried in suspension during intermittent flows. This finding suggests 

that, in at least some circumstances, complicated sampling strategies involving installed in-

stream samplers, are not necessary. Similarity of source proportions in suspended and river 

bed sediments also emphasize that suspended samples collected from time-integrated 

samplers (Phillips sampler) keep geochemical characteristics of actively transported 

sediments. 

5.5 Conclusion 

This study shows that the percentages of source contributions greatly varied between 

different size fractions. Therefore it is very important to identify the problematic size 

fraction of sediment in the particular catchment prior to conducting the sediment tracing 

study. In addition, for all three size fraction rock type sources are major contributors to the 

river bed sediments, with this particularly evident in the coarser sediment particles, where 

local sources significantly dominate over more distance sources. Also, identical 

contribution of source to river bed and suspended sediments collected from the same 

sampling locations indicate that, at least in Emu Creek, deposited materials finer than fine 

sand fraction (< 200 μm) on the river bed is resuspended again during the flood events. 

Consequently, management actions to reduce the supply of either suspended or river bed 

sediments from the upstream sources should be focused on the local sources considering 

the problematic size fractions of sediments.  
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CHAPTER SIX 
 

6 Sediment Tracing Part 2: Evidence for Cyclic Sediment Trading 
Between Channel and River Bed Sediments 

Chapter summary 

Alluvial stores can be both a source and sink for sediment transported by streams. Here 
geochemical and fallout radionuclide tracing of river-bed and alluvial sediments are used to 
determine the true pathways of sediment along Emu Creek, southeastern Queensland, 
Australia. Activity concentrations of 137Cs on the river sediments are consistent with 
channel erosion being the dominant source at all sites sampled along the river.  To 
characterise the deposition and remobilisation cycles in the catchment, a novel geochemical 
tracing approach was used. Successive pockets of alluvium were treated as discrete sink 
terms within geochemical mixing models and their source contributions compared with 
those of river bed sediments collected adjacent to each alluvial pocket. Three different size 
fractions were examined; silts and clays (<10 μm), silts (10-63 μm), and fine sands (63-212 
μm). The contribution of the initial soil/rock type sources to river bed and alluvial 
sediments at each sampling site was identical for all three different size fractions, but varied 
along the stream. Combining these findings it is concluded that proximal alluvial stores 
dominated the supply of sediment to the river at each location, with this being particularly 
evident at the catchment outlet. Hence, management works aimed at primarily reducing the 
supply of sediments to the outlet of Emu Creek should focus on rehabilitation of channel 
banks in the lower catchment.  

6.1 Introduction 

Understanding of sediment storage and transport pathways is critical to our ability to 

prioritise management actions to reduce sediment delivery in catchments. Until now we 

have been unable to predict the consequences of sediment which is stored within rivers as 

alluvium, and again remobilised, on downstream transported sediments. The aim of this 

paper is to determine the true path of sediment from erosion sources to the point of interest 

down the drainage network. To do this, we explore the nature of sediment transport through 

the catchment of Emu Creek, a tributary of the upper Brisbane River in south eastern 

Queensland, Australia. In particular, we examine the alluvial component of the pathway 

taken by sediment as it is transported from hillslopes to the catchment outlet. Is sediment 
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‘traded’ into and out of alluvial stores during downstream transit? Or does the sediment 

stream remain largely confined to the channel? These questions are addressed using three 

principal means. Firstly, we test (and ultimately confirm) our expectation that channel 

banks are the dominant source of transported material in Emu Creek, using fallout 

radionuclides. Secondly, we attempt to test the findings of the radionuclide tracing using 

geochemical tracing methods, with ‘alluvium’ as one of the sources. Note that as gullying is 

more or less absent from the catchment, and approximately 50% of the stream network has 

banks cut into alluvium, we assume that ‘subsoil’ material (i.e. that material not labelled 

with fallout radionuclides) is overwhelmingly dominated by alluvium. Finally we present a 

novel approach within the geochemical tracing paradigm, whereby we treat successive 

pockets of alluvium as discrete sink terms within mixing models, allowing us to compare 

the geochemical signatures of alluvium with those of river bed sediments collected adjacent 

to each alluvial pocket. This provides us the opportunity to observe downstream trends in 

the fluvial/alluvial relationship. If fluvial sediment is largely isolated from the alluvial 

stores during downstream transport, then we would expect the downstream trend (if any) in 

geochemical character of fluvial sediments to be unrelated to the downstream trend (if any) 

in geochemical character of alluvium. If, on the other hand, there is a high degree of 

‘trading’ between the fluvial space and the alluvial space, then we would expect to see 

parallel developments in geochemical character downstream. 

Fallout radionuclides (137Cs and 210Pbex) have been widely used to determine the relative 

contributions of surface and sub-surface soil erosion to stream sediments (see Olley et al. 

2013). Fallout 137Cs is a product of atmospheric nuclear weapons testing from the 1950s to 

1970s, and nuclear accidents (e.g. Chernobyl and Fukushima nuclear disasters). Fallout 
210Pb, a naturally occurring radionuclide, is produced continuously by the decay of 222Rn 

gas (t1/2=3.8 days), which in turn is a daughter of 226Ra (t1/2=1601 years). A proportion of 

the radon gas formed in soils and sediments escapes to the atmosphere, where upon 

subsequent decay to 210Pb, it is rained out of the atmosphere enriching surface sediments, 

relative to the in situ 226Ra. Fallout 210Pbex (known as ‘unsupported’ or ‘excess’) in soils and 

sediments is the excess of 210Pb activity over the 226Ra component. Both fallout 

radionuclides are concentrated in the surface soils, hence sediments derived from surface 

soil erosion will have high concentrations of both nuclides, while sediment eroded from 
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gullies or channels, (i.e. subsoil erosion), have little or no fallout nuclides present (Olley et 

al. 2013). As both these radionuclides bind preferentially to fine-grained particles it is 

necessary to particle size fractionate soils and sediment to minimise variations in 

concentrations due to differences in particle size distributions within samples (Walling, 

2005). For the fallout radionuclide component of this study we only analysed the clay and 

fine silt fraction (<10 µm) of soils and sediments to minimize particle size effects. 

The geochemical characteristics of eroded sediments are strongly influenced by those of 

the rock-types from which they are derived (Klages and Hsieh 1975; Caitcheon et al. 2006). 

Sediments eroded from soils derived from a particular rock type often maintain their parent 

rock geochemistry (Hughes et al. 2009). By sampling river sediment and comparing the 

geochemistry of sediment samples with those collected from potential source areas, the 

relative contribution of different sources to the sediment discharge can be determined. In 

this study we examine the sources of three different size fractions (silts and clays (<10 μm), 

silts (10-63 μm), and fine sands (63-212 μm)) from samples collected from the river bed 

and alluvial stores along the channel. 

6.2 Materials and Methods 

6.2.1 Study site 

The study was conducted on the Emu Creek catchment (911 km2 area) in southeast 

Queensland, Australia (from S27°05', E151°45' in the uppermost part of the catchment to 

S26o58', E152°17' at catchment outlet). Emu creek is one of the major sub-catchments of 

the upper Brisbane River catchment, the major water supply area for south eastern 

Queensland. It is ephemeral and has a main channel length of 100 km. Emu creek 

catchment has a complicated geology with sixteen distinct rock types with ages extending 

from the Devonian (metamorphosed mafics) to the Quaternary (alluvium). Areas covered 

by the different geologies range from 180 km2 for Granite to 0.7 km2 for Tertiary Silcrete.  

Alluvial stores are present in both the upper tributaries, and in the lower catchment, but are 

largely absent in the middle reaches (see Figure  6.1). The alluvial stores cover 54.5 km2 (~ 

6 % of the total catchment area). Channel bank samples were used as the source end 

member in radionuclide tracing and as discrete sink terms in geochemical tracing. 

Therefore, the number of samples and sampling locations differ on each technique. 
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6.2.2 Sampling and measurement for radionuclide tracing  

Surface erosion: In order to characterize 137Cs and 210Pbex activity concentrations in the 

surface soils, 23 samples were collected from surface soils where there was no evidence of 

subsoil erosion (sample size ~1 kg). Each sample was made up of 20 sub samples collected 

from 500 m2 area to average out local variations. 

Channel erosion: Samples were collected from a total of 12 sites from actively eroding 

bank faces (sample size ~1 kg). Figure  6.1 a and b show the locations of the sampling sites 

for geochemical and radionuclide analyses, respectively. 

In this study we only analysed the clay and fine silt fraction (<10 µm) of soils and 

sediments to minimize particle size effects. We also corrected for variations in organic 

matter and interstitial water content by using “mineral” concentrations determined from 

loss-on-ignition measurements; activity concentrations are expressed in terms of the weight 

of the mineral fraction. All sediment and source area samples were pretreated by 

individually slurrying with water and subsequent settling (based on Stokes’ Law) to the 

point where the fine fraction, less than 10 µm, was decanted, and then dried at 105°C. 

Samples were sealed and stored for more than five times the half life of 222Rn (i.e. 21 days) 

to ensure equilibrium between 226Ra and 222Rn, before measuring the activity of 

radionuclides using a gamma spectrometer. The gamma activity of each surface soil, 

channel bank and sediment sample was measured for between 86000-173000 s. The gamma 

activity was measured at the 46.54, 351.9, 609.3 and 661.7 KeV photopeak for 210Pb, 214Pb, 
214Bi and 137Cs, respectively.  

6.2.3 Sampling and measurement for geochemical tracing  

The number and procedure of soil source and river bed sediment sampling for 

geochemical analysis are provided in the companion paper (Haddadchi et al. Submitted) 

(n=144 samples, comprised of 48 surface soil fractionated into three different size 

fractions). Subsurface channel bank samples (n=4) were collected by scraping soil from 

vertical surfaces of potentially erodible bank faces adjacent to the four river bed sampling 

sites in two upstream tributaries (i.e. CB2 channel site near GC river bed site in Gowrie 

Creek and CB1 channel site near MC1 river bed site in Mitchelle Creek) and two sites in 

the main channel of Emu Creek (i.e. CB3 and CB4 channel bank sites adjacent to EC5 and 

EC1 river bed sites, respectively). The height of the banks varied from 1 m in small 
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upstream creeks to over 10 m at some locations further down the catchment. Concentrations 

of 41 geochemical tracers (major, rare earth and trace elements) were measured by ICP-MS 

and ICP-OES methods.  

 
Figure  6.1. Location of channel bank, soil source and river bed sampling sites for 
geochemical (a) and radionuclide (b) tracing in Emu Creek catchment. 

126 
 



6.2.4 Sediment source clustering- Radionuclide tracing 

Similar to the methods used in Haddadchi et al. (Submitted), fallout radionuclide activity 

concentrations of sediment obtained from surface soil and channel bank sites located 

upstream of river bed sampling sites were used as the source samples (Figure  6.2) in our 

mixing models. The differences in 137Cs and 210Pbex probability distribution of surface soils 

between EC4 and EC2 river bed sites in Figure  6.5 originate from different contributing 

source samples. At site EC2, six more surface soil samples (S10 to S16) contribute to river 

bed sediment compared with its upper river bed site (EC4). 

 
Figure  6.2. Sediment source clustering for radionuclide analysis. 

6.2.5 Sediment source clustering - Geochemical tracing 

Same as sediment source clustering for radionuclide tracing, river bed and channel bank 

sites were related to the upstream end member samples that could contribute to them 

(Figure  6.3). For instance, only soils derived from Basalt, Arenite-Mudrock and 
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Sedimentary Rock contributed to Gowrie Creek river bed (GC) and channel bank (CB2) 

sites.  

 
Figure  6.3. Sediment source clustering for geochemical analysis. 

6.2.6 Mixing models 

Student’s t-distributions were used in our geochemical mixing models to estimate rock 

type source contributions to channel bank and river bed sediments. This modelling is fully 

explained in the companion paper (Haddadchi et al. Submitted).  

To determine the relative contribution of surface and sub-surface sediment sources to 

each river bed sediment sampling site, the summed probability of normal distributions 
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approach proposed by Caitcheon et al. (2012) and Olley et al. (2013; 2013b) was used for  

radionuclide mixing model. This model is based on the summation of normal distributions 

of samples on each source and then estimating the proportional contribution from each of 

the components by simultaneously minimising the sum of the squares of the relative errors 

(unlike earlier studies which minimized absolute differences): 

���1
n
∑ ∫ 1

�2πσj,i,k2
e
−

(xj,i,k−µj,i,k)2

1σj,i,k2 dxb
a

n
j=1 �Xk − Mi,k� Mi,k� �

2

    (Eq.  6.1) 

To determine the probability distributions of the 137Cs and 210Pbex fallout radionuclide 

activity concentrations in the surface soil and channel end members, normal distributions 

(indefinite Gaussian integrals) of each sample with their radionuclide activity as mean 

value (μ) and uncertainty of measurements as standard deviation (σ), were summed. 1000 

increments with bin width of 0.03 BqKg-1 for 137Cs and 1 BqKg-1
 for 210Pbex were used to 

solve indefinite Gaussian integrals. The terms a and b are the lower and upper limits 

selected for 137Cs (a= -5 to b=30 BqKg-1) and 210Pbex (a=-20 to b=1000 BqKg-1) activities. 

In equation 6.1, j is sample number (j=1, …, n), i is fallout radionuclide tracer (137Cs and 
210Pbex) and k is source type (channel bank and surface soil sources). Because we are using 

the clustering analysis method, number of samples (j) and distribution of radionuclide 

tracers differ for each river bed site. For instance at site EC3, the number of samples for 

both surface soils and channel end members were 10. While at the outlet of catchment (i.e. 

EC1 river bed site), all 23 surface soil and 12 channel bank samples were incorporated into 

the mixing model. M is distribution of river bed sediments and X is normal distribution of 

predictor for each source (k) with mean value as percentage of contribution and standard 

deviation as uncertainty of the contribution. Mean values of normal distribution of predictor 

are greater than zero and less than 1 and must sum to unity.   

A genetic algorithm optimization approach with 2500 iterations was used in both 

geochemical and radionuclide mixing models to find optimum source contribution results 

with least error values.  
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6.2.7 Selection of geochemical tracers 

A three-step statistical test including conservativeness test, Kruskal Wallis H-test and 

Discriminant Function Analysis was used to find the optimum combination of geochemical 

properties for each size fraction of underlying rock type sources. The tracer selection 

procedure we have used for river bed sediments is explained in the companion paper 

(Haddadchi et al. Submitted). Final composite fingerprint properties used to estimate the 

relative contribution of soil sources to channel banks were the same as final tracers used in 

river bed sediments (see Table 3 of companion paper) based on the results of three 

mentioned statistical tests. Nine tracers (SiO2, P2O5, K2O, Ni, CaO, Eu, Lu, Th, TiO2) in 

clay and fine silt (<10 μm), eight tracers (Cr, Rb/Sr, CaO, U, Na2O, K2O, Ni) in silt (10-63 

μm) and eight elements (Cr, Ni, Na2O, K2O, TiO2, Eu, SiO2 and U) in fine sand (63-212 

μm) samples were applied as the input of geochemical mixing models. 

6.3 Results and Discussion 

6.3.1 Radionuclide tracing 

Activity concentration of the fallout radionuclides 137Cs and 210Pbex were used to 

determine the relative contribution of surface-soil and channel erosion (including gullies 

and channel banks) to the finer fraction (<10 µm) of river bed sediments. 

6.3.1.1 210Pbex and 137Cs concentration in the source samples 

Radionuclide activities of all samples were corrected for their Loss on Ignition. The 
137Cs and 210Pbex concentration of surface soil samples were higher in the middle of the 

catchment after Mitchell and Gowrie Creeks (i.e. S12 to S19 samples) than in the upper and 

lower parts. This necessitates the application of clustering analysis to avoid biasing surface 

soil distribution within mixing models at upper river bed sites (i.e. MC1, GC and EC5). 

Table  6.1 represents relevant statistics for 137Cs and 210Pbex concentrations in samples 

collected from surface soils and channel banks. Concentrations of 137Cs and 210Pbex in 

surface samples exceed those in channel banks. Surface soil activity concentrations range 

from 1.1 ± 0.2 to 17.5 ± 0.9 Bq Kg-1 for 137Cs and 19±2.9 to 108.7 ± 8.6 Bq Kg-1 for 
210Pbex. In sub-surface samples from channel banks they range from -0.2 ± 0.3 to 1.89 ± 0.4 

Bq Kg-1 for 137Cs and -0.7 ± 2.9 to 61.3 ± 6.1 Bq Kg-1 for 210Pbex.  
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As presented in Figure  6.4, 137Cs highly discriminated surface soil and channel bank 

sources. However, 210Pbex is not behaving conservatively and falls out of the source ranges. 

Higher radionuclide activities of 210Pbex in river sediment samples than material derived 

from channel banks and some surface soil samples are probably related to the residence of 

the sediment within the ephemeral channel which increases its activity concentration 

(Wallbrink et al. 2002). Consequently we have removed 210Pbex from further analysis. 

Table  6.1. Relevant statistics of 137Cs and 210Pbex concentration (Bq Kg-1) in source samples 
collected to characterize the channel and surface soil end members. Note that this data are 
only used for estimating the contribution of sources at the outlet of the catchment (EC1 
site) because of the use of clustering analysis. 
Statistic Surface soil Channel 
 137Cs 210Pbex 137Cs 210Pbex 
Mean 8.8 60.7 0.9 19.7 
Median 9 59.6 0.96 14.6 
Standard deviation 4.34 23.03 0.68 19.21 
Maximum 17.5 108.7 1.89 61.3 
Minimum 1.1 19 -0.2 -0.7 
Skewness 0.5 0.31 0.01 0.96 
 

 
Figure  6.4. Activity concentrations of 137Cs and 210Pbex in surface soil, channel bank and 
river sediment samples. 
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Probability distribution plots of the 137Cs concentration in surface soil and channel bank 

sources are shown in Figure  6.5 together with their concentration in samples collected from 

six river bed sites. The distribution plots have different total probabilities because the 

number of samples from source end members that contribute to each river bed sites is 

different. 

 
Figure  6.5. The 137Cs probability distribution plots for channel bank and surface soil source 
end members for each river bed site. Total probabilities differ between sampling locations 
because using the sediment source clustering approach results in different numbers of 
source samples used in each model. River bed sediments are shown for comparison (closed 
circles). 

6.3.1.2 Relative sub-soil contributions 

The average relative sub-surface contributions for each of the river bed sampling sites 

together with 137Cs concentration and its associated standard deviations are presented in 

Table  6.2. The fallout radionuclide concentration of river bed sediments showed differences 

apparently related to spatial origin within the catchment. 
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137Cs concentration within the finer fraction (<10 µm) of deposited sediment collected 

from Mitchell Creek (MC1) was 1.79±0.2 Bq Kg-1. The analysis of the source contributions 

using distribution mixing model showed that at the MC1 river bed site, 89±2.6% of 

sediment originated from channel banks. In the river bed samples collected from Gowrie 

Creek (GC site),  a fine fraction 137Cs concentration of 0.9±0.38 Bq Kg-1 was measured, 

with channel erosion estimated to have contributed 97.8±2.9 % of the sediments. The 

estimated contribution of channel bank erosion to river bed sediments collected after the 

confluence of Mitchell and Gowrie Creeks (i.e. EC5 site) was lower (84.1±2.7 %)  than the 

two upper sites (GC and MC1) with 137Cs activity of 1.64±0.33 Bq Kg-1. 

The 137Cs activity of the river bed sediments at site EC4 was lower than its upper site in 

Emu Creek with 0.34±0.37 Bq Kg-1. Lower radionuclide activity lead to the calculation of a 

higher contribution from channel erosion (96.6±2.6%). The contribution of channel bank 

materials from alluvial stores to the sediments at site EC2, which is located 52 kilometers 

upstream of the catchment outlet on the main channel of Emu Creek, was high 

(96.5±2.7%). Similar to upper river bed sites, channel derived sediments dominate the 

sources contributing to the river bed site at the outlet of the catchment (96.2±2.7%), based 

on a measured 137Cs of just 0.55±0.1 Bq Kg-1. 

Table  6.2. Activity concentration and related standard deviations of 137Cs for each of the 
river bed sites with their average channel erosion contribution. 
River bed 
site 

137Cs 

Bq kg-1 
Stdev 
Bq kg-1 

Channel 
Erosion (%) 

Stdev (%) 

MC1 1.79 0.24 89 2.6 
GC 0.9 0.38 97.8 2.9 
EC5 1.64 0.33 84.1 2.7 
EC4 0.34 0.37 96.6 2.6 
EC2 0.02 0.01 96.5 2.7 
EC1 0.55 0.1 96.2 2.7 

As expected, the fallout radionuclide data show that channel banks are the dominant 

source of transported material in Emu Creek. The drawback of the radionuclide tracing 

approach, however, is that it does not indicate the nature of dynamic sediment transport. In 

other words, radionuclide tracing only determines the dominant erosion processes (surface-

soil vs. subsoil) contributing the sediment. It does not provide information on the 

deposition and remobilisation cycles in the catchment. 

133 
 



6.3.2 Geochemical tracing 

6.3.2.1 Comparing contribution of rock type sources to river bed and channel bank 
sediments (Parallel sediment tracing) 

The results of rock type source contributions to river bed and channel bank sediments 

are presented in Figure  6.6, Figure  6.7 and Figure  6.8 for the <10, 10-63 and 63-212 μm 

fractions, respectively. The source contribution results of river bed sediments were derived 

from (Haddadchi et al. Submitted). 

In Mitchell Creek, relative contributions of underlying rock type sources are similar in 

channel bank (CB1) and river bed (MC1) sediments for all three size fractions. In the <10 

μm size fraction, 82% of the river bed sediments and 83% of channel bank stores originate 

from Arenite-Mudrock (Figure  6.6). In the 10-63 μm size fraction, Basalt is the dominant 

source with 75% and 72% contribution in channel banks and river bed sediments, 

respectively (Figure  6.7). Likewise for the 63-212 μm size fractions, soil derived from 

Arenite-Mudrock geology generates 94% and 96% of the channel bank and river bed 

sediments, respectively (Figure  6.8). 

Finer (<10 μm) fractions of river bed (GC) and channel bank (CB2) sediments collected 

from Gowrie Creek largely originate from Sedimentary rocks (both 58%). Arenite-

Mudrock was the second contributor to channel bank (29±2.5%) and river bed sediments 

(33±0.8%). In fine silts (10-63 μm), Arenite-Mudrock makes up a large proportion of 

sediments delivered to channel bank (58±1.1%) and river bed sediments (49±4.6%). In the 

coarser size fraction (63-212 μm), soils derived from Sedimentary rock dominated both 

river bed and channel bank sediments with 94±3.9% and 71±4.5% contribution, 

respectively.  

In <10 µm size fraction, Arenite-Mudrock and Sedimentary Rock sediments were 

significant contributors with 47±0.9% and 46.6±0.8% contribution to channel bank and 

36±0.8% and 41.5±0.8% contribution to river bed sediments at the site after the confluence 

of Gowrie and Mitchell Creeks (EC5, CB3). Whereas, in the 10-63 μm size fraction Basalt  

dominated both channel bank (with 62±0.7% contribution) and river bed sediments with 

34±0.9% contribution. Sedimentary rock made a major contribution to channel bank (63%) 

and river bed (76%) sand fractions (63-212 μm). 
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Figure  6.6. Sediment source contributions to each river bed and channel banks sites in <10 
μm size fraction. 
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Figure  6.7. Sediment source contributions to each river bed and channel banks sites in 10-
63 μm size fraction. 
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Figure  6.8. Sediment source contributions to each river bed and channel banks sites in 63-
212 μm size fraction. 
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At the outlet of the catchment (EC1 river bed site and CB4 channel bank site), the clay 

and fine silt (<10 μm) fraction of the channel bank sediments originate largely from 

Metamorphosed (39±1.7%) and Mixed Sedimentary rock and Mafite (41.3±3.5%) rock 

types. Similarly, these two sources dominate river bed sediments with 49±1.3% 

contribution from Metamorphosed and 28±2.6% from Mixed Sedimentary rocks and 

Mafites. In the fine silt fraction (10-63 μm), Colluvium and Sedimentary rock and Mafite 

sources were major contributors to both channel bank and river bed sediments. Colluvium 

rock type contributes 34±1.4% and 44±3.4% and Sedimentary rock and Mafite contribute 

44±2.1% and 19.4±1.9% to river bed and channel bank sediments, respectively. 

Sedimentary rock and Mafite largely dominate sand particles (63-212 μm) collected either 

from channel bank (80±3.7%) or from river bed (78±3.9%) sediments. 

At each sampling site the channel bank and bed sediments are derived from similar 

initial soil/rock type sources. This applies across all three particle size fractions. Also the 

relative contribution of the initial source areas varies along the channel. Combined with the 

fallout radionuclide data this indicates that at each location along the channel, local 

(proximal) alluvial stores dominate the supply of sediment to the bed of the river.  

6.4 Conclusion 

Much of the previous work has focused on determining either the initial sources of the 

sediment (soils derive from a particular rock type) or the erosion processes generating the 

sediment. This paper determines the role of secondary sources, sediment stores, as potential 

sources of sediment leaving a catchment, using radionuclide and geochemical tracing 

techniques. Activity concentration of 137Cs in the fine (<10 µm) fraction of sediment 

samples collected from the bed along Emu creek are consistent with the samples having 

been derived from erosion of the alluvial stores along the channel. Furthermore, 

comparison of the geochemistry of three size fractions (i.e. <10, 10-63 and 63-212 μm) of 

the bed sediments with similar fractions from samples collected from the alluvial stores 

showed that at each location along the river the bed samples most closely resembled the 

adjacent alluvial store. This was particularly evident at the catchment outlet. Consequently, 

management works aimed at reducing the supply of sediments in Emu Creek catchment 

should therefore focus on rehabilitation channel banks.  
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CHAPTER SEVEN 
 

7 Using LM-OSL of Quartz to Distinguish Sediments Derived from 
Surface-soil and Channel Erosion 

Abstract 
This study describes the first attempt to use linearly modulated optically stimulated 
luminescence (LM-OSL) to distinguish surface-soil derived sediments from those derived 
from channel bank erosion. LM-OSL signals from quartz extracted from 15 surface-soil 
and five channel bank samples were analysed and compared to those from samples 
collected from two downstream river sites. Discriminant analysis showed that the 
detrapping probabilities of fast, first slow and second slow components of the LM-OSL 
signal can be used to differentiate between the samples collected from the channel bank and 
surface-soil sources. We show that for each of these source end members these components 
are all normally distributed. These distributions are then used to estimate the relative 
contribution of surface-soil derived and channel bank derived sediment to the river bed 
sediments. The results indicate that channel bank derived sediments dominate the sediment 
sources at both sites, with 90.1 ± 3% and 91.9 ± 1.9% contributions. These results are in 
agreement with a previous study which used measurements of 137Cs and 210Pbex fallout 
radionuclides to estimate the relative contribution from these two sources. This result 
shows that LM-OSL may be a useful method to estimate the relative contribution of surface 
soil and channel erosion to river sediments.  
Keywords: Quartz, OSL signal components, Sediment sources, Channel erosion 

7.1 Introduction 

Knowing the dominant erosion process supplying sediment within a catchment is 

important for guiding the design and targeting of management actions aimed at reducing 

downstream sediment loads (Lu et al. 2004; Wilkinson et al. In press). Different strategies 

are required for controlling surface soil erosion to those used for controlling erosion from 

channel banks (Wilkinson et al. In press). Fallout radionuclides (137Cs and 210Pbex) have 

been widely used to determine the relative contributions of surface soil and channel erosion 

(gully and stream banks) to river sediments (Walling and Woodward 1992; Olley et al. 

1993; Wallbrink et al. 1998; Matissoff et al. 2002; Whiting et al. 2005). Here we 

investigate the use of optically stimulated luminescence (OSL), as an alternative to using 
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fallout radionuclides, to determine the dominate erosion process supplying sediment in a 

water supply catchment in southeast Queensland. 

The OSL signal in quartz results from the accumulation of a trapped-charge population 

in response to exposure of the grain to ionising radiation. In nature this occurs when the 

quartz grains are buried away from light and subject to ionizing radiation derived from the 

surrounding environment. Exposure of the grain to light (‘bleaching’) stimulates the release 

of this trapped charge, which, upon recombination, results in the emission of luminescence. 

The OSL signal from quartz consists of a number of components that bleach at different 

rates (Singarayer et al. 2000; Singarayer and Bailey 2003; Singarayer and Bailey 2004). 

The so-called fast component of the signal, which is most commonly used in optical dating 

(for example see Olley et al. 2006), is reduced to a negligible level within a few seconds of 

exposure of the grains to sunlight (Wintle 1997; Aitken 1998). By contrast, the slow 

component can take several hours or days to be fully reset (Singarayer et al. 2000).  

Pietsch et al. (2008) showed that the sum luminescence from quartz in response to a 

given radiation dose is partly a response to environmental history. They showed that fluvial 

transport distance was positively correlated with grain ‘brightness’.  

We hypothesize that the processes leading up to the erosion and delivery to the channel 

of surface soils will result in a different number of cycles of radiation exposure and 

exposure to light (this being the most likely causal mechanism for changes in luminescence 

characteristics in quartz) than that experience by material delivered directly into the channel 

via the erosion of channel banks. These differences should be evident in OSL signals and 

hence these differences may be used to determine the relative contribution of surface soil 

and channel sources to river sediments. 

7.2 Materials and Methods 

7.2.1 Study site and sample collection 

Wivenhoe Reservoir in southeast Queensland is a major source of water for Brisbane 

city, the third largest city in Australia (population ~2 million). Water for the reservoir is 

derived primarily from the Upper Brisbane River. Our study area, Emu Creek (Figure  7.1), 

is a major tributary of the Upper Brisbane River and has a catchment area of 911 km2. The 

catchment has a complicated geology with sixteen distinct rock types with ages extending 

from the Devonian (metamorphosed mafics) to the Quaternary (alluvium). The geology of 
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the upper area of the catchment is dominated by basalt and arenite-mudrock. The geology 

of the middle catchment is more complex: sedimentary rock, granite, ferricrete, and mixed 

metamorphic are the most spatially abundant rock types. Sedimentary rock and mafite are 

located near the outlet of the catchment. Alluvial stores are present in the upper tributaries, 

and in the lower catchment, but are largely absent in the middle reaches. Land-use consists 

mainly of grazing (672 km2 area, 74%), forestry (64 km2, 7%) and cultivation including 

cropping and horticulture (27 km2, 3%).  

 
Figure  7.1. Map of the Emu Creek catchment (b) showing the locations of surface soil 
samples (closed circle), channel bank (closed triangle) and river samples (closed square). 
The inset map (a) shows the location of Emu Creek catchment in south eastern Queensland, 
Australia. 

Surface soil samples (n=15) were collected from the upper 1 cm of surface-soil at 15 

locations across the catchment (Figure  7.1- sites H1 to H15). Each sample was composed of 

20 sub-samples collected from a ~1ha area, in locations where there was no defined 

channel and no evidence of subsoil erosion.  

Channel bank samples were collected from five locations (C1 to C5) by scraping the 

entire vertical surface of the actively eroding bank faces with heights ranging from one to 
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three meters. All channel bank samples were taken from alluvial stores (occupying 6% of 

the catchment area). Bed sediments were sampled from two locations in the mid-reaches of 

Emu Creek (EC5 and EC4), below all the other sampling locations. Each stream bed 

sediment sample consisted of 20 sub-samples, collected in a section of river over an 

approximate length of 200 m. 

7.2.2 Sample preparation and instrumentation 

All the samples were processed under white light. To purify sand sized quartz grains and 

prepare them for OSL analysis, samples were first treated with 5% sodium-hydroxide 

(NaOH) and 30% hydrogen-peroxide (H2O2) to deflocculate the aggregates and remove 

organic matter. This was followed by wet sieving to obtain the 180 to 212 μm size fraction. 

To oxidise any remaining organic materials after sieving 30% hydrogen-peroxide was again 

used. The samples were then treated with 32% hydrochloric acid (HCl) to dissolve any 

carbonates. Density separation using lithium heteropolytungstate solution (s.g. 2.73) was 

used to remove heavy minerals and the sample was then etched with 40% hydrofluoric acid 

for 40 mins to remove any feldspars. This treatment will have also etched a ~10 µm rind 

from the quartz grains. After etching, samples were further washed in 32% hydrochloric 

acid to remove any precipitated fluorides.  

The LM-OSL measurements were made using an automated Risø TL/OSL DA-15 

reader. Beta irradiations were undertaken using an instrument mounted 90Sr/90Y source. 

Multiple grains were loaded onto planchettes each containing ~0.1 mg of quartz. The 

sequence used to measure LM-OSL signals is presented in Table  7.1. The quartz grains on 

planchettes were first irradiated with 2 Gy laboratory beta dose. Then the samples were 

preheated to 240 oC for 10 s to remove unstable OSL signals from shallow traps. An 

infrared ‘wash’ (40 s at 125 oC) using infra-red diodes (880±4 nm) was undertaken to 

bleach any residual feldspar inclusions that may have survived the etching. The LM-OSL 

signals were measured using blue light emitting diode arrays (470±30 nm). The stimulation 

power was linearly increased from 0 to ~ 45 mW cm-2 over 3600s at 125 oC. The LM-OSL 

was detected using a 9235QA photomultiplier tube through 7.5 mm of Hoya U-340 filter.  

Two 8 mm stainless steel planchettes, with each planchette holding approximately 3000 

grains, were measured for each of the 15 hillslope samples; two to four planchettes for the 
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five channel bank samples depending on sample availability; and three to four planchettes 

for each of the river bed samples. 

Table  7.1. Treatments used to evaluate LM-OSL components of quartz. 
Step Treatment 
1 2 Gy β-irradiaton 
2 Preheat at 240 oC for 10 s 
3 Infrared stimulation for 40 s at 125 oC 
4 LM-OSL stimulation for 3600 s at 125 oC 

7.2.3 Cycles of heating, irradiation and illumination for LM-OSL measurements 

To test the effect of sediment transport on the shape of LM-OSL curve and simulate 

environmental processing in the laboratory, 20 cycles of laboratory heating, irradiation and 

illumination were used. A sediment sample collected from upper tributary of Emu Creek 

was prepared using the OSL treatments as described in Table  7.2. Samples were bleached 

with blue-LEDs for 12 s and then β-irradiated with 4Gy, preheated for 10s at 160 oC, 

stimulated with IR-diodes for 40s at room temperature, finally the LM-OSL was measured 

at 125 oC. Five, 10, 15 and 20 cycles of irradiation with 2 Gy β dose, illumination with 

blue-LEDs and heating to only 50 oC were applied to test quartz signal response to cycles 

of heating, irradiation and illumination. 

Table  7.2. Measurement sequences used to assess the effect of sensitivity on LM-OSL 
curve 
Step Treatment 
 Bleach with Blue LED, 12 s, 125 oC 
 Give dose, 4 Gy 
 Cut heat 160 oC, for 10 s 
 IR-bleach, Room Temperature, 40 s 
 LM-OSL measurement, 3600 s, 125 oC 
Repeat for 0, 5, 10, 15, 20 Cycles  Give dose, 2 Gy 
 Bleach with Blue LED, 12 s, 50 oC 

7.2.4 LM-Curve Deconvolution  

The form of the equation describing the LM-OSL curve has been found to consist of 

multiple exponentials in sum (Bulur 1996). In this study, hillslope and channel bank 

samples were best fitted with five functions:  

𝐿𝐿(𝑡𝑡) = 𝑛𝑛0𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓𝑏𝑏𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓
𝑓𝑓
𝑇𝑇

exp �− 𝑏𝑏𝑓𝑓2

2𝑇𝑇
� + 𝑛𝑛0𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚𝑏𝑏𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚

𝑓𝑓
𝑇𝑇

exp �− 𝑏𝑏𝑓𝑓2

2𝑇𝑇
� + 𝑛𝑛0𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠1𝑏𝑏𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠1

𝑓𝑓
𝑇𝑇

exp �− 𝑏𝑏𝑓𝑓2

2𝑇𝑇
�+

𝑛𝑛0𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠2𝑏𝑏𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠2
𝑓𝑓
𝑇𝑇

exp �− 𝑏𝑏𝑓𝑓2

2𝑇𝑇
� + 𝑛𝑛0𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠3𝑏𝑏𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠3

𝑓𝑓
𝑇𝑇

exp (−𝑏𝑏𝑓𝑓2

2𝑇𝑇
)      (Eq.  7.1) 
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Where L (t) is the luminescence intensity as a function of time (t), n0 
is the number of 

trapped electrons for fast, medium and three slow components, T is the total stimulation 

time (T=3600 s), b is the detrapping probability for fast, medium and three slow 

components which is proportional to the photoionisation cross-section (σ) and the 

maximum stimulation light intensity (I0) with b = σ I0.  

7.3  Results 

7.3.1 The effect of laboratory cycles on LM-OSL curve 

With an increase in the number of cycles, the height of the part of the curve dominated by 

slow components increased (Figure  7.2). It therefore is apparent that the overall 

luminescence sensitivity increased markedly, due to the increase in output from the 

contributors to the slow components. For instance, without any cycles of heating, 

irradiation and illumination, the number of OSL counts within the sum of slow components 

were 96.8 % of total counts (4.47 ×106 counts) and after 20 cycles increased to 98.4% (7.1 

×106 counts). This indicates that an increase in the so called slow components with 

laboratory cycles may occur in natural cycles of irradiation and bleaching experienced by 

grains during erosion and transport which is tested in next section. 

 

Figure  7.2. LM-OSL curves following the cycles of heating, irradiation and illumination as 
described in Table  7.2 for sediment sample collected from the upper tributary of Emu 
Creek. The curves are mean LM-OSL counts of four planchettes in each 0 to 20 cycles (a). 
OSL counts of fitted fast, medium and four slow components curves to LM-OSL curves 
with 0 and 20 cycles (b). 
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Figure  7.3. LM-OSL curves of surface soil and channel bank samples. The curves are 
presented after background subtraction and normalisation using the peak of the fast 
component (Lmax). For each sample, the average of normalised counts from all planchettes 
was used. Labels show the sampling site number (see Figure  7.1) and also downstream 
transport distance in km for channel bank samples. Note that for the majority of surface soil 
samples the slow component has a maximum emission approximately one fifth that of the 
fast component. Whereas for the channel bank samples, the relative height of the maximum 
emission of the slow component varies with downstream transport, from approximately one 
fifth at site C1, just three stream km from the uppermost channel reach, to approximately 
one and a half times at site C5 a further 56 and 53 km downstream from two upstream 
tributaries. 
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7.3.2 LM-OSL curves  

The LM-OSL curves for the surface soil and channel bank samples are presented in 

Figure  7.3. It should be noted that to make the LM-OSL curves from surface soil and 

channel bank samples comparable, their OSL counts were normalised by dividing each 

count of the curves to the peak maximum value in the initial stage (i.e. L (t)/Lmax). The 

shape of the LM-OSL curves for the surface soil and channel bank quartz grains vary 

markedly: the surface soil samples had a large initial fast component with a negligible slow 

component. In contrast, channel bank samples had both fast and slow components.  

The dissimilarity in LM-OSL curve, from surface soil and channel bank samples is 

illustrated in the relative scale of the fast and slow components. The peak heights of these 

curves (Lmax and Lmax-slow in Figure  7.4) were calculated for all 30 planchettes of surface soil 

and 15 planchettes of channel banks. Their values are presented in Figure  7.5 as Lmax-

slow/Lmax ratios. Channel bank sample ratios ranged from 0.17 to 1.9 (mean= 0.8) and were 

much higher than hillslope samples with values ranging between 0.037 and 0.35 (mean= 

0.13). Figure  7.6 shows an example of the curve deconvolution procedure for all samples to 

distinguish channel bank and surface soil samples mathematically, as described by Bulur 

(1996).  

 
Figure  7.4. Maximum counts in sharp peak (Lmax) and broad signal (Lmax-slow) of LM-OSL 
curves (Channel bank sample: C5 #3). 
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Figure  7.5. Comparison of Lmax-slow/Lmax in channel banks and surface soil samples. 

7.3.3 Fitting LM-OSL Curve  

LM-OSL curves of all samples were deconvolved, following background (the average 

LM-OSL from four empty planchettes) subtraction, into five components including fast, 

medium and three slow components (Figure  7.6).  

 
Figure  7.6. Deconvolution of LM-OSL curves using five components (Channel bank 
sample: C5 #3). 
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The fast component is described by a very sharp peak occurring at the initial stages of 

the LM-OSL curve. The fast component is derived from the most light sensitive traps and is 

therefore the component usually chosen for sediment dating (Wintle and Murray 2006). 

Harder to bleach, optically deeper traps result in a (usually small) medium component, 

whilst traps still harder to bleach result in a series of slower components, with various 

studies (e.g. Bøtter-Jensen  et al. 1999; Bulur et al. 2000; Tsukamoto et al. 2011) resolving 

different numbers of slow components, some of which could not be fully bleached even 

after 3600s exposure. The ranges of detrapping probabilities and numbers of trapped 

electrons (maximum, minimum and mean values) for all LM-OSL components for channel 

bank and surface soil samples are presented in Figure  7.7. It can be seen that the first slow 

component provides the greatest discrimination between surface soil (0.08 to 0.44, 

mean=0.17 s-1) and channel (0.002 to 0.042, mean=0.02 s-1), having the greatest absolute 

difference in average, maximum and minimum detrapping probabilities. The next highest 

source of discriminatory power comes from the second slow component.  

 
Figure  7.7. Parameters of LM-OSL curve fitting for surface soil (white box) and channel 
bank (grey box) sources. Number of trapped electrons (n0) on all components are divided 
by 106.  
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7.3.4 LM-OSL components as tracers 

To examine the discriminatory power of LM-OSL parameters for distinguishing channel 

bank and surface soil end members, a two-step statistical selection procedure was 

conducted, involving Mann-Whitney U-test (Table  7.3) and stepwise Discriminant Function 

Analysis (Table  7.4).  

Each LM-OSL curve has been described using 11 properties (Table  7.3). From these, 

nine individual properties passed the Mann-Whitney U-test, yielding U-values lower than 

the critical value (Ucritical= 143). Detrapping probability of the slowest components (b-slow 

3) and number of trapped electrons of fast component (n0-fast) terms failed to exhibit 

significant difference between the two source end members. Based on the results of 

applying stepwise Discriminant Function Analysis to the remaining properties (Table  7.4), 

the final composite fingerprint comprised detrapping probability of the first slow 

component (bslow-1), second slow component (bslow-2) and the fast component (bfast). 

Together these provided 100% discrimination between the two sources. 

Table  7.3. Mann-Whitney U-test results for selecting sediment tracers to distinguish 
between surface soil and channel bank sources. 
Tracers Mann-

Whitney U 
P-value 

Lmax-slow/ Lmax 75 0.000 
b- fast 18 0.000 
n0- fast 208 0.682* 
b- medium 3 0.000 
n0- medium 103 0.003 
b- slow1 0 0.000 
n0- slow1 60 0.000 
b- slow2 16 0.000 
n0- slow2 3 0.000 
b- slow3 154 0.087* 
n0- slow3 141 0.043 
* Not statistically significant at P < 0.05. 

Table  7.4. The optimum OSL composite signatures to discriminate surface soil and channel 
bank source types. 

Step Tracers Wilk’s 
lambda 

Cumulative % 
source type samples 
classified correctly 

1 b-fast 0.402 93.3 
2 b-slow1 0.282 97.8 
3 b-slow 2 0.262 100 
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Figure  7.8 presents detrapping probability values of surface soil, channel bank and river 

bed samples. Detrapping probability of slow components in sediment samples are 

predominantly lower than surface soil samples and fall well within the range of the channel 

bank source samples.  

 
Figure  7.8. Detrapping probabilities of slow 1, slow 2 and fast components in the source 
samples. 

7.3.5 Distribution mixing model 

To test the accuracy of LM-OSL components as fingerprinting properties in estimating 

the relative contribution of channel bank and hillslope sources, the selected optimum 

components (described above) were incorporated into a multivariate mixing model. The 

calculated source contributions were compared with the results obtained by (Haddadchi et 

al. Submitted) who used fallout radionuclide tracers.  

A distribution mixing model, as the most accurate mixing model to predict the source 

contribution to sediment samples (see Haddadchi et al. 2014 for detailed discussion of this 

method), was used to determine the proportional contribution of two sources (x) to each of 

the two river bed sediment sites:  

E = ∑ �DC𝑖𝑖 −  �∑ 𝐷𝐷𝑆𝑆𝑖𝑖𝑗𝑗𝐷𝐷𝑋𝑋𝑗𝑗𝑚𝑚
𝑗𝑗=1 �/DC𝑖𝑖�

2n
i=1        (Eq.  7.2) 

Where DSij in equation 7.2 is correlated normal distribution of fingerprint properties 

(i=bslow-1, bslow-2, bfast) in sources (j= Channel bank, hillslope). The normal distribution uses 

two parameters: Mean and Standard Deviation values of samples from each source. Also, 

correlation coefficients were used to generate 2500 random numbers using the Latin 

Hypercube sampling method to determine the shape of the Student's t-distribution for each 

tracer within sources.  
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The end member normal distribution plots of the detrapping probabilities of the medium, 

slow-2 and fast components are shown in Figure  7.9 together with their respective river bed 

data. DCi is the normal distribution of each of the measured parameters for sediment 

samples collected from river bed sites using mean and standard deviation of measured 

values from four and three samples in EC4 and EC5 river bed sites, respectively. Also, DXj 

is the normal distribution of apportionments from source categories with source 

contribution (Xj) as mean value and its uncertainty as standard deviation. In addition, to 

find the best optimum source contributions, the objective function of the distribution 

mixing model was minimized using genetic algorithm optimization with 2500 iterations.  

 
Figure  7.9. The detrapping probability (b) of slow-1, slow-2 and fast components normal 
distribution plots for two end members: surface soil and channel bank. The bed load data 
from EC4 (black triangle) and EC5 (grey circles) are shown (at arbitrary positions on the y-
axis) for comparison. 

The average relative surface and sub-surface soil contributions, estimated using the 

distribution mixing model, from samples collected from two river sampling sites using 

either LM-OSL or fallout radionuclide data (137Cs and 210Pbex, (Haddadchi et al. 

Submitted)) are presented in Table  7.5. In the EC5 river bed site sample, sub-soil materials 

from the alluvial stores dominated sediment sources, whether measured using LM-OSL 

(90.1 ± 3%) or radionuclide (81.5 ± 2.7%) fingerprint properties. Similarly, a very high 
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contribution of alluvial stores to river bed sediments at the EC4 site was measured using 

both LM-OSL (91.9 ± 1.9%) and radionuclide (92.9 ± 2.6%) properties. Note that fallout 

radionuclide data were measured on fine fraction (<10 μm) of sediment samples. However, 

Chapter 6 indicated that channel banks highly dominate the supply of sediment to the bed 

of the river in different size fractions ranging from fine silt and clay (<10 μm) to fine sands 

(<212 μm). 

Table  7.5. Relative channel bank and surface soil contributions to bed material samples of 
Emu Creek applying LM-OSL tracers and fallout radionuclides (Haddadchi et al. 
Submitted). 
Site Type of tracer Channel banks 

contribution (%) 
Surface soil 
contribution (%) 

(EC5) LM-OSL 90.1± 3 9.9±1.8 
Fallout radionuclide 81.5± 2.7 18.5±2.5 

(EC4) LM-OSL 91.9±1.9 8.1±0.9 
Fallout radionuclide 92.9±2.6 7.1±2.6 

7.3.6 Geomorphic implication 

Figure  7.10 presents a schematic model of transport of eroded materials from surface 

soils and channel banks and related normalised LM-OSL curves from the upper tributary of 

Emu Creek to the river bed sampling sites. As per Figure  7.3 above, which shows the shape 

of the LM-OSL curves for the surface soil samples from different sampling sites were very 

similar, our model presumes an essentially identical form for the LM-OSL curve of 

hillslope material, no matter where in the catchment it originates. With the detachment and 

transport of these materials from surface soils and deposition and compaction of materials 

in channel banks (e.g. from H7 to C1), the peak height of the tail of LM-OSL curves (slow 

components) increases slightly due to the effects of transport across the hillslope surface 

into the upper reaches of the channel network and thence into the first available alluvial 

store.  

Figure  7.2 showed that the height of the part of the curve dominated by the slow 

components could be increased by exposure to multiple laboratory cycles of irradiation and 

bleaching, we interpret an increase in the slow components observed here as signifying 

progression of natural cycles of irradiation and bleaching experienced by grains during 

erosion and transport. 
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Figure  7.10. Schematic view of surface soil and alluvial transport together with LM-OSL 
curves of sediment samples. The normalised LM-OSL curves are based on average counts 
for planchettes of channel samples (i.e. C1, C2, C5 in Figure  7.1) and average counts of 
surface soil samples (H6 to H15).  

With further downstream transport of sediments from the upstream channel banks (C1) 

and erosion from the new surface soils (H6, H8-12), the peak height of the slow 

components in the next collected channel banks (C2) are increased. Continuation of erosion 

processes and rise in the broad peak of LM-OSL curve in the downstream collected channel 

bank sample (C5) indicate that higher number of trapped electrons are sourced from deeper 
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traps in channel bank samples than in surface soil samples (see Figure  7.7, n0-slow 1,2,3,4 – 

channel banks > n0-slow 1,2,3,4 – surface soils). As the position of the LM-OSL curve is 

dependent on both the trap population and detrapping probability of the trap being emptied, 

then detrapping probability of slow components in channel bank samples were lower than 

surface soils (b-slow 1,2,3 - surface soil > b-slow 1,2,3 - channel bank). Similar with the LM-

OSL curves of channel bank grains, the peak of the slow component in river bed samples is 

high indicating major contribution of channel banks to river bed sediments, as borne out in 

our mixing model and supported by previously collected radionuclide data.  

7.4 Conclusion  

This study demonstrates for the first time that LM-OSL can be used to distinguish 

surface-soil derived sediments from those derived from channel bank erosion. LM-OSL 

components of quartz were able to discriminate 100% between the two end members: 

channel bank and surface soil. Using LM-OSL to determine the relative contribution of 

these two sources to river sediment collected from two locations in the Emu Creek 

catchment produced estimates consistent with those determined using fallout radionuclides. 

It is concluded that LM-OSL can be used, at least in Emu Creek, to distinguish surface-soil 

derived sediments from those derived from channel bank erosion. If generally applicable, 

LM-OSL may provide an alternative to the use of fallout radionuclides for source tracing. 
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CHAPTER EIGHT 
 

8 Conclusion 

Understanding of the sources, stores and pathways of sediment in catchments is essential 

to accurately target management actions designed to reduce sediment delivery to receiving 

waters. Whilst it is convenient, within the context of catchment sediment models, to assume 

that once sediment has entered the river channel it is transported out of the catchment, 

sediment deposition within the catchment is incompatible with this assumption. While we 

recognise that sediment is stored on hillslopes, within rivers and on floodplains, and 

remobilised, the consequences of this storage on sediment transport pathways have rarely 

examined. To explore this critical knowledge gap, this thesis determines the true path of 

sediment from erosion sources to the spatially distributed sediment sampling sites down the 

Emu Creek, a small headwater catchment in southeastern Queensland, Australia. 

The main findings of this study related to landscape processes are: 

• Throughout the channel network, the sediments stored on the river bed and those 

transported in suspension, are dominated by material derived from proximal 

sources, with source areas at greater distances from any particular sediment store 

providing a progressively smaller proportion of the sediments found in that store;  

• Erosion of channel banks is the dominant process contributing sediment to the 

stream network; 

• There appears to be a high degree of ‘sediment trading’ between the river and its 

alluvium. Sediments ultimately derived from hillslope soils are routed downstream 

via multiple transits into and out of alluvium; 

• At each location along the channel different particle size fractions transported in 

suspension and as part of the bedload were derived from very similar source 

mixtures. However the percentages of contribution of the initial source material 

varied in different size fractions.  Therefore, source contribution results based on the 

analysis of one grain size should not be assumed to apply across the entire particle 

size range of transported sediment. 
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In addition the thesis developed a number of technical aspects relating to sediment 

tracing: 

• The so-called distribution mixing model (Laceby and Olley 2014) was identified as 

the most reliable sediment mixing model for the accurate prediction of sediment 

source contributions; 

• Optically stimulated luminescence (OSL) signals can be used to distinguish quartz 

grains that have undergone multiple cycles of erosion, transport and deposition from 

grains that have been derived directly from surface soil erosion. 

This chapter reviews and integrates the results from preceding chapters to discuss and 

integrate the above research outcomes. The first section discusses the dominant initial 

sources of the sediment derived from different rock types in different particle sizes using a 

reliable mixing model. The second section explores the role of secondary sources, that is, 

channel banks cut into alluvium, in supplying sediments at different points down the 

drainage network. The third section discusses the application of OSL techniques to 

determine the pathways taken by sediment in transit through a drainage network, 

particularly the role played by in-catchment sediment stores. This is followed by 

recommendations for future research and implications arising from this thesis. 

8.1 Dominant initial sources of sediment 

Prior to determining the contribution of different geological sources to sediments, it is 

important to select an appropriate mixing model to accurately ascribe the source 

contributions.  In chapter 2, different sediment tracing mixing models are reviewed and 

techniques compared using data from Bléone (France) and North Fork Broad River (US) 

catchments. The results provide clear evidence that the application of different mixing 

models to the same dataset will produce dramatically different source contributions. 

However, as the end mixing points were not known for those datasets, the model which 

produces the most accurate results could not be identified. 

In chapter 3, to circumvent this problem, mixing model robustness was tested by 

comparing their source contribution estimates and actual proportions using artificial 

mixtures of three well-distinguished geologic sources collected from Emu Creek 

catchment. The four mixing models tested were: Modified Collins (Collins et al. 2010a), 
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Modified Hughes (Haddadchi et al. 2014), Landwehr (Devereux et al. 2010) and 

Distribution (Laceby and Olley 2014) models. For 20 individual sediments, the Distribution 

model with average Mean Absolute Error (MAE) of 10.8% and Standard Error (SE) of 

0.9% calculated source contributions closer to their actual proportion than any of the other 

three mixing models. Modified Hughes with 2% higher MAE was the second most accurate 

model. In group sediments, Modified Hughes (MAE = 5.4%; SE = 1.5%) was the most 

accurate source contribution predictor and Distribution model with only 0.7% higher 

uncertainty was the second one. These results highlight the need to test mixing models with 

known data sets prior to applying them to field samples.  

Having determined the most accurate mixing model to use, a geochemical tracing 

approach was employed to examine the initial sources of sediments transported by Emu 

Creek by measuring geochemical characteristics of the dominant rock types and comparing 

these to those measured for suspended (Chapter 4) and river bed (Chapter 5) sediments. 

Note that in this case we use the term “river bed” to mean sediments collected from the dry 

river bed between flow events, thus these sediments are not necessarily bedload in the 

strictest sense. Source proportions were determined at spatially distributed sites (i.e. eight 

river bed and eight suspended sediment sites with four identical sampling locations) in 

major tributaries (Mitchell, Gowrie and Nukinenda Creeks) and along the main channel of 

Emu Creek. Quantifying the proportional contribution of source end members to each river 

bed sediment site was undertaken to investigate the impact of transport distance (between 

potential source and sediment sampling locations) on calculated source contribution and 

test the concept proposed by Lu et al. (2004) that the probability of sediment from a 

particular source being delivered to the catchment outlet decreased as the distance between 

source and outlet increases. These chapters also examined three different size fractions of 

eroded material including clay and fine silt (<10 μm), silt (10-63 μm) and fine sand (63-212 

μm) to determine if different sources are dominant in the production of different 

components of the sediment load downstream. 

Estimating source apportionments in single composited sediment samples using the 

Distribution mixing model, i.e. the most accurate mixing model to predict the source 

contributions to individual sediments (see chapter 3), indicates that particle size and 

location of sources within a catchment are major factors that affect the measured 
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contribution of sources to either river bed or suspended sediments. For all size fractions 

proximal and near proximal source end members make a higher contribution to sediments 

than distal sources. This is consistent with the model proposed by Lu et al. (2004),  the 

more distal a source the less likely it is to dominate the sediment supply at the catchment 

outlet. However, the percentages of contribution vary in different size fractions. This is 

because for a given stream power, finer particles can be transported larger distances, from 

hillslope sources to the sediment site of interest, than coarser fractions. As a result, in finer 

fractions, a portion of sediments originate from further sources which cause lower 

contribution of proximal sources in comparison to coarser particles. This produces 

contrasting source apportionments for different size fractions because of the different 

entrainment and transport processes. Therefore, the source contribution results based on the 

analysis of one grain size should not be assumed to apply across the entire particle size 

range of transported sediment. It also emphasizes the importance of selecting the particle 

size of most relevance to a given research or management problem when tracing sources of 

sediment in river catchments. Measuring size distribution of sources and sediments 

(suspended and river bed) could help us to determine the representativeness of three 

particle size classes analysed in this thesis. 

8.2 Dominant erosion processes 

Chapter 6 examines two possible scenarios for transport of sediment from hillslopes to 

the catchment outlet. Is sediment ‘traded’ into and out of alluvial stores during downstream 

transit, or, does the sediment stream remain largely confined to the channel? 

As we expected, radionuclide tracing data indicates that channel banks including, those 

cut into alluvial stores, are the dominant source of transported material. To observe 

downstream trends in the fluvial/alluvial relationship, a parallel geochemical tracing 

exercise was undertaken, whereby  separate alluvial pockets where treated as discrete sinks 

whilst comparing the sources for these alluvial pockets with the sources for bed sediments 

obtained adjacent to each of the alluvial pockets. Identical contribution of rock type sources 

to both river bed and alluvial pockets together with the dominant erosion being from 

channel banks indicates a high degree of ‘trading’ between the materials currently in 

transport and materials in storage. These findings also indicate the role of channel bank 
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sediments as secondary sources, with sediment cycling in and out of storage during its 

transit downstream. 

8.3 OSL signals as sediment tracers 

The application of the LM-OSL measurements to distinguish sources with different 

erosion processes was investigated in Chapter 7. LM-OSL signals from quartz extracted 

from 15 surface-soil and five channel bank samples were analysed and compared to those 

from samples collected from two downstream river sites. The results show that the shape of 

the LM-OSL curves for the surface soil samples from different sampling sites were very 

similar, no matter where in the catchment they originate. With the detachment and transport 

of these materials from surface soils and deposition and compaction of materials in channel 

banks, the peak height of the tail of LM-OSL curves increases due to the effects of 

transport across the hillslope surface and into the upper reaches of the channel network.  

Cycles of laboratory heating, irradiation and illumination were used to simulate 

environmental processing. An increase in the height of the LM-OSL signal peak 

corresponding to the so-called slow component was observed in this laboratory treated 

material, mirroring to a large extent the same development as that observed in samples 

collected sequentially downstream. This increase is interpreted as signifying progression of 

natural cycles of irradiation and bleaching experienced by grains during erosion and 

transport. Rises in the broad peak of LM-OSL curve in the channel bank sample indicate 

that a higher number of trapped electrons are sourced from deeper traps in channel bank 

samples than in surface soil samples. Discriminant analysis showed that the detrapping 

probabilities of fast, first slow and second slow components of the LM-OSL signal can be 

used to differentiate samples collected from the channel bank, from those collected from 

surface soils. Using selected LM-OSL components to determine the relative contribution of 

these two sources to river sediment produced estimates consistent with those determined 

using 137Cs and 210Pbex fallout radionuclides, as described in Chapter 6. This shows that 

LM-OSL may provide an alternative to the use of fallout radionuclides for source tracing. 

8.4 Future research  

In addition to testing the accuracy of mixing models prior to applying them to field 

samples, selection criteria for the optimum composite tracers must be re-examined. A two-
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stage procedure, combining either the Mann–Whitney U-test or Kruskal–Wallis H-test with 

Discriminant Function Analysis (DFA) proposed by (Collins et al. 1997b), has been widely 

used in the literature to test the discriminatory power of fingerprint properties. To date, 

little attention has been directed towards exploring the effect of selected tracers as the input 

variables of mixing models on model outputs (i.e. the relative source contributions). 

Recommended future research includes comparing the accuracy of mixing model results 

using a different range of tracers, especially incorporating the tracers which are normally 

removed due to failing the Kruskal Wallis H-test. Also, the application of alternative non-

parametric methods for testing the differences between source types, such as Jonckheere-

Terpstra, a more powerful test when there is ordering in source types (see Sprent and 

Smeeton 2007), is required to verify statistically the discriminatory power of composite 

tracers. 

The concept proposed by Lu et al. (2004) whereby the probability of sediment being 

delivered to the catchment outlet decreased with distance between the source and the outlet, 

is supported by the findings described here for the Emu Creek catchment. Further parallel 

studies, from a wide variety of catchments are required to ascertain whether this principle is 

more generally applicable.  

Description and quantification of quartz LM-OSL signal components were successfully 

applied to determine the dominant erosion processes operating in Emu Creek. More 

research is required to test the application of LM-OSL technique to distinguish surface-soil 

derived sediments from those derived from channel bank erosion. Analysis of the LM-OSL 

signal may provide an alternative to the use of fallout radionuclides for determining 

dominant erosion processes. 

8.5 International Implications 

This thesis makes significant contributions to the area of mixing model selection. 

Various multivariate mixing models have previously been used to determine the 

contribution of different sources to downstream sediments. The accuracy of these models 

has rarely been tested. The novel approach presented in this thesis (Chapter 3) determines 

the uncertainties associated with widely used mixing models. To improve the utility of 

mixing models in predicting source contributions, this study suggests using a group of 

sediments collected from the site of interest, rather than the commonly used sediment 
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sampling procedure that involves the collection of only a single sediment sample. This 

thesis has shown that this distribution approach significantly reduces the uncertainty of 

mixing models. In addition, the mixing model proposed by Collins et al. (1997b) and 

modified by Collins et al. (2010a) was shown to be significantly weak in predicting source 

contributions, at least for synthetic mixtures analysed here. Collins model is the most 

applied mixing model in sediment tracing studies (with 157 Scopus citations, as of January 

2015, in its original form and 54 in its modified version), therefore its potential weaknesses 

should be examined closely. The inaccuracy of the Collins model originates from the 

weighting parameters it uses, making this model less reliable for the prediction of source 

contributions to sediments than the distribution model described here. Consequently, 

management decisions based on studies which used the Collins model should be carefully 

re-examined. 

In addition, a unique opportunity was provided in this thesis to compare the sediment 

source proportions in river bed and suspended samples. Contribution of source types to 

suspended (chapter 4) and river bed (chapter 5) sediments indicates the origin of eroded 

materials collected from time-integrated suspended sampler during the 18 months period is 

essentially the same as that obtained from the river bed. In other words, material deposited 

on the bed is broadly representative of materials in suspension during the flow event. In 

studies where the aim is determining the provenance of suspended sediments, river bed 

sediments can be used as an alternative sampling approach to using installed suspended 

sediment samplers.  

8.6 Management Implications 

This thesis has demonstrated that the contribution of sources to either suspended or river 

bed sediments vary in different size fractions, most likely as a result of different 

entrainment processes and transport characteristics. There is no systematic relationship 

between source proportions determined for any two size fractions. Hence, the contribution 

of sources in a particular size fraction is not predictable from the source proportions of finer 

or larger particle sizes. The results of sediment tracing exercises should not therefore be 

assumed to apply outside the particular sampled particle size fraction.  

Determining the contribution of different sources at different points down the drainage 

network has indicated that for all size fractions proximal sources of sediment make a higher 
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contribution to suspended and river bed sediments than distal sources. However, this 

tendency is not equally expressed across all size fractions. This suggests that sediments 

eroded from the upper sources are deposited within the catchments sediment stores, and 

thus do not make a significant contribution to downstream sediment loads. Therefore, 

catchment works aimed at reducing sediment loads should be focused on the more proximal 

sources to the point of interest/impact, as well as stabilising sediment stores which have 

trapped material eroded from upstream. This thesis has also demonstrated that erosion of 

channel banks cut into alluvium that has acted as a sink (and store) of material eroded from 

upstream rock type sources, dominates (>90%) all sediments transported in the Emu Creek 

catchment. In this case management actions aimed at reducing the supply of sediments to 

Emu Creek and ultimately Wivenhoe Reservoir should focus on the rehabilitation of 

channel networks, as well as stabilising the dominant underlying rock type sources which 

have initially produced the eroded materials trapped in channel bank stores.  

8.7 Conclusion 

Three main findings arise from this work. First, proximal and near proximal sediment 

sources dominate river bed and suspended sediments collected from spatially distributed 

sites in the major tributaries and along the main channel of Emu Creek. Second, erosion of 

channel banks, particularly those built from alluvium is the dominant process supplying 

sediment to the channel network. Third, the geochemical characters of river bank material 

and adjacent river bed sediment evolve downstream in parallel, indicating a high degree of 

sediment trading between the river and its alluvium. Combining these findings emphasize 

that management actions aimed at reducing the supply of sediments from Emu Creek, and 

ultimately the Upper Brisbane River, should focus  on rehabilitation of the channel banks 

networks and stabilising the local rock type sources as the initial source of eroded 

materials.  
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APPENDIX 
 

Study area  

The research in this thesis focuses on the provenance of sediment on the Emu Creek 

catchment, located in South-east Queensland, Australia. Emu Creek is a sub-catchment of 

the Upper Brisbane River catchment which drains into Wivenhoe reservoir (See Figure A.1 

a). Wivenhoe dam is the major water supplier of Brisbane city, Queensland state capital, 

with a population of ~2 million people. The choice for this study area is because 

accelerated sedimentation as a result of changing land use causes losing water storage 

capacity and additional water treatment works in the region of major water supply 

catchment, Wivenhoe. Effective control of sediment delivery to the water storage requires 

an understanding of the sources, stores and pathways of the sediment generated from the 

upper sub-catchments such as Emu Creek.  

The Emu Creek catchment spreads over a 911 km2 area and lies between Latitude 26° 

54' to the north and 27° 15' in the south, and Longitude 151° 46' to the east and 152° 17' in 

the west. Emu Creek originates from the mountains in the east and south of the catchment 

area and flow to the west, discharging into the Brisbane River, the main river of the Upper 

Brisbane catchment. Emu Creek is an ephemeral stream with a main channel length of 

100.5 km from the confluence of upper tributaries to the outlet of the catchment. 

Five major tributaries in the catchment area include Nukinenda, Gowrie, Mitchell, 

Pierce and Salty Creeks (See Figure A.1 b). Gowrie Creek, the longest tributary (62 km) 

and its upper tributaries including Pierce Creek and some unnamed creeks cover the 

southern and south-eastern upstream part of the catchment. Mitchell Creek with a length of 

36.6 km covers northern upstream part of the catchment. Pierce Creek originate in the 

mountains in the south of the catchment area. Nukinenda Creek in the west is the nearest 

tributary to the outlet of the catchment with 22 km length. Salty Creek with 31 km length 

originates from grazing area and joins to the Emu Creek in the middle of the catchment. 
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Figure A.1. Map of the Emu Creek catchment showing the location of the catchment in 
South-east Queensland (a), Wivenhoe reservoir and Brisbane city (b) and waterways within 
the catchment (c). 
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Land use and development 

Human activity since European settlement of South-east Queensland in 1823 remarkably 

altered land uses through time. Only about 25% of the original woody vegetation remains 

intact. Clearing of native forests together with agricultural development changed runoff 

responses to rainfall events and substantially altered the catchment hydrology.  

Land use in Emu Creek catchment (Figure A.2a) consists of 74% grazing (672 km2 

area), 8.3% grazing with intensive animal production (75.4 km2), 9.2% bushland (84 km2 

area, native and exotic), 5.8% managed and plantation forest (52.6 km2), 3% cultivation 

(27.1 km2) and <0.1% urban areas (QLUMP 2014). Cultivated areas including cropping 

and horticulture are mainly located on alluvial flats. Emu Creek categorised as a pastoral 

catchment because grazing is present throughout the region, even in native and remnant 

bushlands. 

Geology 

Emu Creek catchment has a complicated geology with sixteen dominant underlying rock 

types (Digital geological mapping data 2014). Seven geologic units (Felsite, Gabbroid, 

Diorite, Silcrete, Mixed Mafite and Felsite with Rhyolite rock type, Unconsolidated 

sediment with Djuan Tonalite and poorly consolidated sediment with sub-labile sandstone) 

were ignored to be source end members due to their very small catchment proportions 

(<2.5%).  

Nine underlying rock types (geologic units) considered for this study are: Granitoid unit 

comprising Biotite granite, Adamellite, Appinite and Tonalite of late Permian to early 

Triassic age, Metmorphosed unit from Sugarloaf Metamorphics of Devonian to 

Carboniferous age, Arenite- Mudrock derived from Marburg formation with Jurassic age, 

Basalt rock type with Main Range Volcanic and Tertiary age, Sedimentary rock and Mafite 

from Maronghi rock beds with ages range from Devonian to Permian, Sedimentary Rock 

unit with Tarong beds and Woogaroo subgroup of Triassic to Jurassic age, Ferricrete of 

Tertiary age, Colluvium source type with Tertiary to Quaternary age and Alluvial stores 

with Quaternary age. Table A.1 presents occupied area, percentage of catchment proportion 

and geologic periods of the major underlying rock types. 
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Figure A.2. Simplified land use map of Emu Creek and (b) Geology of Emu Creek showing 
the principle geology classes. 
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Table A.1. Major geologic unit of Emu Creek catchment and their area and geologic period  
Geologic unit Area 

(km2) 
Catchment 
proportion (%) 

Geologic period 

Granitoid 181.6 19.9 Late Permian to early Triassic 
Metamorphosed 153.4 16.8 Early Devonian to Pennsylvanian Carboniferous 
Arenite- Mudrock 144.9 15.9 Jurassic  
Basalt 137.9 15.1 Paleogene to Neogene (Tertiary) 
Sedimentary rock and Mafite 123.9 13.6 Early Devonian to Lopingian Permian 
Sedimentary rock 43.36 4.8 Early Triassic to late Jurassic 
Alluvium 54.5 6.0 Quaternary 
Ferricrete 29.8 3.3 Paleogene to Neogene (Tertiary) 
Colluvium 17.8 1.9 Tertiary to Quaternary 

The rock types provide distinct geological differentiation in different parts of the 

catchment (Figure A.2 b). The western side of the catchment (headwaters of both Mitchell 

and Gowrie Creeks) is completely comprised of Arenite-Mudrock and Basalt. The geology 

of the middle catchment is more complex: Metamorphosed, Granitoid, Sedimentary rock, 

Ferricrete and Colluvium are the most spatially abundant geologies. The areas of the 

eastern catchment, near the outlet of the catchment, are almost exclusively sedimentary 

rock and Mafite. Alluvial stores are located adjacent to the contemporary floodplains and 

present in both upper tributaries, and in the lower catchment, but are largely absent in the 

middle reaches.  

Climate and stream flows 

The catchment’s climate is dry-tropical (Köppen climate classification: BSh), with an 

average temperature of 24 °C. Mean maximum monthly temperatures based on the data 

from closest weather station to Emu Creek catchment (Jimna Forestry, Station No.: 040561, 

26°39'S, 152°27'E) range from approximately 19 °C in June to 30.5 °C in December. Mean 

minimum monthly temperatures range from approximately 16°C in June to 25.5 °C in 

January.  

The mean annual rainfall at Boat Mountain climate station near the outlet of the 

catchment (26° 58' S, 152° 17'E) is 658.6 mm (SD=210.5 mm) with most rainfall occurring 

from November to March. Maximum annual rainfall was recorded in 1999 and 2011 with 

1170 and 1026 mm a-1, respectively (Figure A.3, (DNRM 2014)).Typically, summer season 

is extremely rainy and winter season is dry with 75% of the annual rainfall occurring in the 

summer months between October and March (Figure A.4). 
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Figure A.3. Annual rainfall for the period of 1993-2013. Solid line is a 2-year running 
average. Dashed horizontal line is the mean annual rainfall for the entire measurement 
period (658.6 mm a-1). 

 
Figure A.4. Average monthly rainfall and related standard error (SE) for 21 years 
measurement (1993- 2013). 

Runoff is highly variable with the Emu Creek having a coefficient of variation of annual 

flows of 1.41. Mean annual runoff based on the 1978-2014 record is estimated at 45479 

ML/year. As presented in Figure A.5 stream flow in the region is seasonally variable. 

Monthly runoff is higher in summer months of January and February with average of 

monthly discharges of 4.5 (SE= 2.74) and 3.1 (SE= 1.17) m3s-1, respectively, as a result of 

tropical low pressure systems that periodically make rainfall. August has the lowest 

discharge with 0.19 m3s-1 averages of measured values during 38 years from 1977 to 2014. 
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High standard error values, especially in months with large runoff, indicate variability of 

discharges in different years. 

 
Figure A.5. Average monthly discharge and related standard error at the outlet of the 
catchment (Boat Mountain climate station) for 1977 to 2014. 

 
Figure A.6. Largest flood events at the Emu Creek for the period 1977-2013. For each 
hydrograph discharge and related return period are shown. 

Figure A.6 presents eight highest flood events recorded during the 38 years 

measurement period In Emu Creek. Highest recorded flood was on 2011 with 66-yr return 

period (Q=835.9 (m3 s-1) followed by 1999 event with 24-yr return period (Q=800.4 m3 s-1) 

and 1983 flood event with 14.5-yr return period (Q=473.4 m3 S-1). Two of the very high 

flow events, shown in Figure A.6, were occurred during the 18 months time-integrated 
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suspended sediment collection from October 2011 until March 2013. These two major 

floods were happened in January 2013 with 10.5 year return period and peak discharge of 

433.5 m3 s-1 and in February 2013 with 246.7 m3 s-1 peak discharge and 6-yr return period. 

The turbidity measurements were not available for the period of suspended sediment 

sampling, but based on the 2003 to 2011 measurement period, the average of daily turbidity 

was 45.6 NTU with the maximum daily turbidity of 925 NTU. 

 

 

174 
 


	CHAPTER ONE
	1 Introduction
	1.1 Introduction to methods used
	1.2 The research approach and structure of the thesis
	1.2.1 Structure of the thesis


	CHAPTER TWO
	2 Sediment Fingerprinting in Fluvial Systems: Review of Tracers, Sediment Sources and Mixing Models
	2.1 Introduction
	2.2 Fluvial and source soil sampling
	2.3 Fingerprint properties (Tracers)
	2.4 Sources of sediment
	2.5 Mixing models
	2.5.1 Genetic algorithms and mixing models
	2.5.2 Comparison of mixing models
	2.5.2.1 North Fork Broad River watershed
	2.5.2.2 Bléone watershed
	2.5.2.3 Goodness of fit results


	2.6 Conclusion

	CHAPTER THREE
	3 Accuracy of Mixing Models in Predicting Sediment Source Contributions
	3.1 Introduction
	3.2 Materials and Methods
	3.2.1 Mixing models
	3.2.1.1 Modified Hughes mixing model
	3.2.1.2 Collins mixing model
	3.2.1.3 Distribution mixing model
	3.2.1.4 Landwehr model

	3.2.2 Accuracy of mixing models

	3.3 Results and discussion
	3.3.1 Individual sediments
	3.3.2 Groups of sediments

	3.4 Conclusion

	CHAPTER FOUR
	4 Quantifying Sources of Suspended Sediment in Three Size Fractions
	4.1 Introduction
	4.2 Study Site
	4.3 Methods
	4.3.1 Sediment sampling and source characterisation
	4.3.2 Sample treatment and geochemical analysis
	4.3.3 Sediment source cluster analysis
	4.3.4 Selection of fingerprint properties
	4.3.5 Mixing model

	4.4 Results and discussion
	4.4.1 Sources of suspended sediment
	4.4.2 The effect of source location on the relative contribution to suspended sediments
	4.4.3 The effect of particle size fraction on source proportions

	4.5  Conclusions

	CHAPTER FIVE
	5 Sediment Tracing, Part 1: Source Contributions to River Bed Sediments on Three Size Fractions
	5.1 Introduction
	5.2 Materials and methods
	5.2.1 Study area
	5.2.2 Soil and sediment sampling
	5.2.3 Soil and sediment analysis
	5.2.4 Mixing model
	5.2.5 Sediment source clustering
	5.2.6 Selection of fingerprint properties
	5.2.6.1 Conservativeness
	5.2.6.2 Kruskal-Wallis H-test
	5.2.6.3 Discriminant Function Analysis


	5.3 Results
	5.4 Discussion
	5.4.1 Distance of source types and their contribution
	5.4.2 Comparing the contribution of rock type sources to suspended and River bed sediments

	5.5 Conclusion

	CHAPTER SIX
	6 Sediment Tracing Part 2: Evidence for Cyclic Sediment Trading Between Channel and River Bed Sediments
	6.1 Introduction
	6.2 Materials and Methods
	6.2.1 Study site
	6.2.2 Sampling and measurement for radionuclide tracing
	6.2.3 Sampling and measurement for geochemical tracing
	6.2.4 Sediment source clustering- Radionuclide tracing
	6.2.5 Sediment source clustering - Geochemical tracing
	6.2.6 Mixing models
	6.2.7 Selection of geochemical tracers

	6.3 Results and Discussion
	6.3.1 Radionuclide tracing
	6.3.1.1 210Pbex and 137Cs concentration in the source samples
	6.3.1.2 Relative sub-soil contributions

	6.3.2 Geochemical tracing
	6.3.2.1 Comparing contribution of rock type sources to river bed and channel bank sediments (Parallel sediment tracing)


	6.4 Conclusion

	CHAPTER SEVEN
	7 Using LM-OSL of Quartz to Distinguish Sediments Derived from Surface-soil and Channel Erosion
	7.1 Introduction
	7.2 Materials and Methods
	7.2.1 Study site and sample collection
	7.2.2 Sample preparation and instrumentation
	7.2.3 Cycles of heating, irradiation and illumination for LM-OSL measurements
	7.2.4 LM-Curve Deconvolution

	7.3  Results
	7.3.1 The effect of laboratory cycles on LM-OSL curve
	7.3.2 LM-OSL curves
	7.3.3 Fitting LM-OSL Curve
	7.3.4 LM-OSL components as tracers
	7.3.5 Distribution mixing model
	7.3.6 Geomorphic implication

	7.4 Conclusion

	CHAPTER EIGHT
	8 Conclusion
	8.1 Dominant initial sources of sediment
	8.2 Dominant erosion processes
	8.3 OSL signals as sediment tracers
	8.4 Future research
	8.5 International Implications
	8.6 Management Implications
	8.7 Conclusion

	APPENDIX

