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Abstract  

The erosion, transport and deposition of sediment create environmental 

problems and social issues worldwide. Due to these ecological, environmental 

and economic implications for society, the importance of protecting and 

managing the sediment and soil resource is increasingly recognised through 

legislation and government policy. These legislative drivers have inspired the 

development of new and innovative approaches towards applied sediment 

management research, to develop effective erosion and pollution control 

strategies and improve the understanding of sediment transport processes to 

inform management decisions. To implement real change and inspire a 

holistic view of coastal and catchment management, of which sediment is  

critical, it is necessary to fully understand how sediments, contaminants and 

microbes move around the planet and the environmental impact that this 

constant flux of material has on the wider environment and on specific 

ecosystems. As sediment and soil are a fundamental resource for humans 

appropriate management of these resources requires a full understanding of 

these issues. Crucial to this is the use of direct field techniques, practically 

able to identify the sediment sources, transport pathways and sink areas of 

different soil and sediment types.  

Active sediment tracing is a field technique which uses materials 

designed to replicate the movement of sediment, whilst remaining identifiable 

within the native sediment load. Active sediment tracing techniques have been 

developed over the last century, yet despite extensive study, the ‘perfect’ 

sediment tracer and field methodology remains elusive. Sediment tracing 

provides a unique applied sediment and soil research and management tool 

able to provide information which can be used to protect ecological habitats, 
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inform sediment and soil management, and provide information and 

quantitative data to improve environmental modelling approaches. The 

development of a robust tool able to provide direct field information regarding 

sediment transport dynamics is important as sediment flux and deposited 

sediments and the associated contaminants and microbes negatively impact 

the environment and society as a whole. The development of informed 

management strategies is therefore crucial to maintain the sediment and soil 

resource for future generations.  

Sediment tracing methodologies and tracer design has progressed 

significantly in the last century recovering from significant setbacks (i.e. the 

environmental ban on the use of irradiated grains) and fluctuations in 

popularity due to the somewhat resource intensive nature of a sediment 

tracing study. Recent technological developments have reinvigorated the 

technique and led to original application and commercial enterprise within the 

sector. A variety of sediment tracers are now available. Each tracer material 

has unique benefits and limitations. The search for the ‘perfect’ sediment 

tracer is ongoing. Here the evaluation and application of a novel dual 

signature sediment tracer are described. The tracer has two signatures: 

fluorescence and ferrimagnetism which is considered an advance on 

previously used mono-signature tracers. The tracer provided unique 

opportunities to employ a variety of techniques to monitor tracer within, and 

recover tracer from the environment. These techniques were applied within an 

informed methodological framework developed to provide consistency of 

methodological approach within all active sediment tracing studies across 

disciplines. The framework provides a clear and robust step by step guide to 

conducting a sediment tracing study. Further it has outlined a range of 

techniques useful to practitioners with a focus on the practical application of 

the technique to the field. Field trials were conducted to investigate real world 

sediment management problems, these being: soil erosion within an 

agricultural field; sand transport on a beach within a complex 

anthropogenically affected environment; and, the release of fine material as 

part of nearshore dredging activities.  
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The soil erosion study showed the tracer had the potential to be applied 

to trace multiple size classes and different soil types and explored the 

potential use of both passive and active sampling techniques to determine a 

soil erosion rate. The results indicated that the dual-signature tracer was an 

effective tracer of soil and showed strong potential as an applied soil 

management research tool. The beach face study demonstrated the utility of 

sediment tracing within the sediment and coastal management arena and 

again explored the use of passive and active sediment tracing approaches to 

optimise sediment monitoring and recovery from the field. The field trials 

successfully delineated the sediment transport pathways on the beach face in 

a complex environment. The study of the dispersion of fine material in the 

nearshore coastal zone demonstrated the critical role of tide and current in the 

near and far field transport of disposed dredged sediment. The spatio-

temporal distribution and sedimentation pattern of the discharged particles 

was mapped over a tidal scale to determine the immediate, near and far field 

impact of disposed dredge material. The results highlighted the potential for 

significant redistribution of fine sediment through the nearshore coastal zone, 

with potentially significant environmental impacts. These three distinct field 

trials provide highlights the utility of active sediment tracing studies to further 

our understanding of sediment transport within different environments. These 

data are useful to manage and mitigate the associated impacts of eroded and 

transported sediment on the environment.  

The dual signature tracer was found to be an improvement over 

previously used, mono-signature tracers. Throughout laboratory testing and 

field trials the tracer upheld the key fundamental assumptions of an active 

sediment tracer. The tracer imitated the hydraulic properties of natural 

sediments, whilst not disrupting the transport system and remaining 

identifiable within the native sediment load. For each field application a 

practical, multifaceted, sampling approach was developed which increased 

the quantity and quality of information garnered from each tracing study: an 

advance since sediment tracing studies fundamentally comprise an empirical 

evidence-based approach. Further, the development of an analytical 

procedure which reduced timescales and associated costs, has improved the 
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benefit-cost ratio of an active sediment tracing study. Continued development 

of the active tracing methodology can increase and enhance application of 

these techniques in both conventional and novel contexts. This thesis has 

provided baseline data for future studies utilising dual-signature tracer within 

laboratory or field research, or industry based studies.  
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1. Project Rationale and Thesis Structure  

  

Due to the ecological, environmental and economic implications for 

society, the protection of sediment and soil is increasingly recognised as an 

integral component of catchment and coastal management (Hamilton and 

Gehrke, 2005, Kay and Alder, 1999, Walker et al., 2001, White, 2006). 

Legislation such as: the Coastal Access Act (2009); the Water Framework 

Directive (Directive 2000/60/EC); the European Community Shellfish Waters 

Directive (2006/113/EC); the designation of Marine Protected Areas: the 

European Union Soil Thematic Strategy (COM (2006) 231); and proposed Soil 

Framework Directive (COM (2006) 232) has shifted the scope from local, to 

river basin and national scale sediment and soil management (Brills, 2008, 

Kothe, 2003). This demonstrates a change in priority away from industry and 

agricultural production, to environmental protection (Boardman et al., 2009, 

Page and Kaika, 2003, Ruhl, 2000). The development of new and innovative 

approaches towards sediment management and research (Black et al., 2007), 

would assist the development of effective erosion and pollution control 

strategies (Gibson et al., 2011, D'Arcy and Frost, 2001, Prato and Shi, 1990, 

Walling and Collins, 2008, Gallagher et al., 1991) and improve the 

understanding of sediment transport processes (Eidsvik, 2004, Cabrera and 

Alonso, 2010, Walling and Fang, 2003, Merritt et al., 2003). 

Sediment tracing is a field tool which enables the user to investigate the 

impacts of sediment on ecological habitats, develop evidence based sediment 

and soil management strategies, and provides information and quantitative 

data to assess, and therefore improve, the performance of modelling 

approaches. Sediment tracing is best utilised to directly assess source-sink 

relationships and the transport rate through the environment. This is important 

as the movement of sediments, and the associated contaminants and 

microbes impact the environment and society in a variety of ways. The use of 

active sediment tracing studies furthers our understanding of sediment 

transport processes. Improving our understanding of these processes is 

crucial to maintaining (and potentially improving) the sediment and soil 

resource for future generations through the implementation of informed 



2 
 

management strategies. Fundamental to informing management strategies 

are robust field techniques.  

Sediment tracing methodologies and tracer design has progressed 

significantly in the century following the study of Richardson (1902), 

recovering from significant setbacks (i.e. the environmental ban on the use of 

irradiated grains) and fluctuations in popularity. The resource intensive nature 

of a sediment tracing study has led both researchers and commercial 

organisations to strive to improve field and analytical methodologies. Recent 

developments have reinvigorated the technique and led to original application 

and commercial enterprise within the sector.  A variety of tracers are now 

available to trace sediment in terrestrial, fluvial, marine and coastal 

environments. Each tracer has unique benefits and limitations. The most 

appropriate tracer is the tracer that can be effectively monitored within and 

recovered from the environment and which possesses the greatest similarity 

to the hydraulic properties of the native sediment. Tracer specific practical and 

analytical methodologies have unique benefits and limitations, which must be 

weighed against both methodologies relating to alternative tracer, and the 

appropriateness of the tracer as a tracer for the study of sediment dynamics. 

As such, a tracer is only as strong as its methodology and the methodology is 

only as robust as its tracer. Currently the ‘perfect’ sediment tracer does not 

exist.  

This thesis describes the development of a novel sediment tracing 

approach utilising a commercially available dual signature sediment tracer. 

The tracer is fluorescent and magnetic providing unique opportunities to 

employ various techniques to monitor tracer within, and recover tracer from 

the environment. This collaborative research and development project was 

conducted in conjunction with Partrac Ltd, working as part of the Centre for 

Global Eco Innovation at Lancaster University. Partrac is a marine data 

acquisition company specialising in oceanographic, environmental and 

geoscience surveys. Partrac manufacture a dual signature, sediment tracer, 

which can be used to directly monitor the movement of mineral sediments, 

particulates, and the associated nutrients, contaminants and microbes, across  

space through  time. The project explored the development of a fluorescent-
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magnetic active sediment tracing methodology. These methods were then 

applied within a range of environments and study contexts to examine source-

sink relationships, the nature and location of the transport pathway(s), and the 

rate of sediment transport through the environment. The thesis was based 

around examination of the tracer properties, original method development in 

the laboratory, and field application within a range of environments. Figure 1 

outlines the thesis structure. 

 

 

Figure 1. A flow chart which outlines the organisation of the thesis. 

The following section provides a summary of each thesis chapter. 

2. Review of Relevant Literature  

This chapter provided a synthesis of the relevant literature. The review 

outlined the different sediment tracing approaches with a focus on active 

sediment tracing. The vast and differing range of materials used as active 

sediment tracers and approaches to monitor the movement of sediment, was 
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described. The chapter culminates by describing the thesis aims and 

objectives. 

3. Tracer Characterisation  

This chapter provided a description of the dual signature tracer 

technology, developed and owned by Partrac Ltd. The chapter then moves on 

to describing the methods used throughout the thesis to determine the 

hydraulic properties of both the native sediment and tracer. Following this, 

through a systematic series of tests, the tracer properties were characterised 

prior to application within the field. These tests were designed to assess the 

fluorescent and magnetic characteristics of the tracer, and the robustness / 

survivability of the tracer coating during exposure to simulated environmental 

conditions. The methods used and results of all testing conducted are 

described and a discussion of the results and concluding remarks are 

provided.  

4. Field Tracing Techniques: Method Development 

This chapter outlines the methodological development undertaken prior 

to application in the field. Both passive and active sampling techniques 

available to monitor and recover tracer from the environment were described. 

The development of the tracer enumeration process was outlined. The 

developed method was then tested prior to application, to: 1) evaluate the 

methodological bias; and, 2) determine best practice. The results of the testing 

are described. A discussion and concluding remarks are provided.  

5. Sediment Tracing Using Active Tracers: A Guide for Practitioners. 

This chapter explored the development of a methodological framework 

for the use of active sediment tracers. The framework can potentially be 

applied universally, regardless of study context, environment or tracer type. 

The framework aims to provide methodological consistency across academic 

and commercial disciplines to ensure robust active sediment tracing studies 

are being conducted. The recent technological advances in the field of active 

sediment tracing studies means now, more than ever, the technique is 

available to more practitioners with a broader experience and knowledge 
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base.  The developed framework provides a step by step guide for 

practitioners to aid in conducting a robust sediment tracing study. 

6. The Evaluation and Application of a Dual Signature Tracer to Monitor 

Soil Erosion Events. 

This chapter described the evaluation, assessment and field application 

of dual signature sediment tracer, as a tracer of soil. A rigorous assessment of 

the tracer was conducted under controlled laboratory conditions. Following 

which, the tracer was applied to monitor soil erosion under natural rainfall 

conditions, at the plot scale, in a fallow agricultural field. These trials indicated 

that there is great potential for dual signature tracers to be used to monitor soil 

erosion events within terrestrial environments. The results were promising and 

a soil erosion rate was determined from both passive sampling and active 

sampling techniques leading to the development of a terrestrial fluorescent – 

magnetic sediment tracing methodology. 

7. Monitoring Wave-Driven Sediment Transport During High-Energy 

Events Using a Dual Signature Tracer – A Case Study from 

Scarborough, North Yorkshire UK. 

This chapter described the application of dual signature tracer to 

monitor wave driven sediment transport on the beach face, within a complex 

natural and anthropogenic setting. The tracer was deployed on the beach to 

delineate the sediment transport pathways. The tracer proved to be an 

appropriate tracer of native beach sand being unequivocally identifiable within 

the native sediment load and an excellent hydraulic match to the native beach 

mineral sediments. The tracer was successfully deployed and monitored 

through a period of wave activity at the site. The data generated indicated the 

existence of an area of sediment divergence on the beach which, depending 

on prevailing wave direction, was the source of beach material being delivered 

both South and North, Prior to this study this the sedimentary regime at the 

site was previously unknown. 

8. An Assessment of the Transport and Deposition of Sediments, 

Following a Simulated Disposal of Silt Sized Dredge Material Within a 

Near Shore Harbour Setting.  
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The final application chapter evaluated the near and far field transport and 

deposition pattern of a silt-rich, near shore dredge disposal within a highly 

industrialised environment. This field trial evaluates the use of several 

technologies to monitor and sample tracer travelling in suspension within the 

water column. Tracking the movement of silt presents significant challenges 

when using active sediment tracers. The silt tracer was manufactured to 

replicate a silt sized sediment and deployed to the environment to simulate a 

nearshore dredge disposal. The immediate, near field and far field sediment 

transport pathways were investigated through the spring-neap tidal phase to 

evaluate the potential impacts of such a disposal on the near shore marine 

environment and local ecosystems.   

9. Thesis Summary 

A summary was provided to contextualise the results within the 

literature and summarise the findings of the thesis. At this stage the 

requirements for further research were identified and described.   

10.  Thesis Conclusion 

A series of conclusions were drawn from the thesis. The key 

developments were identified and the requirement for future research and 

further development outlined.  
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2. Review of Relevant Literature  

Change within environmental systems is an integral process that 

occurs naturally through time and can inspire system regeneration (Bauer et 

al., 2009) or where change exceeds systems resilience, can damage systems 

beyond repair (Tress and Tress, 2009). Since the industrial age began human 

intervention has increased the rate and magnitude of environmental change 

(Church et al., 2013, Devoy, 1992, Jevrejeva et al., 2014). The development 

of knowledge and technologies combined with increased concern regarding 

future uncertainties led to significant attempts to manage the environment 

through engineering solutions (Hamm et al., 2002, Hanson et al., 2002). 

Within dynamic environmental systems change is inherent. Two areas where 

environmental change directly impacts society occur within catchments 

(Gilvear et al., 2013) and at the coast (Sanchez-Arcilla et al., 2016). Within 

these environments a host of highly dynamic ecosystems reside. Critical to 

appropriate management of these systems is understanding change. The 

ability to predict change accurately must be based upon a complete 

understanding of the physical, chemical and biological processes occurring 

within the system (Falkowski et al., 2000, Christopher et al., 2006). Therefore, 

understanding all processes across instantaneous to decadal scale is of 

scientific importance to underpin future environmental management 

strategies, predictions and engineering solutions (Whitehouse et al., 2005). 

This requires an approach which incorporates a multitude of techniques 

working harmoniously across differing spatial and temporal scales to gather 

appropriate data (Tetzlaff and Laudon, 2010). 

Sediment and soil are an integral and dynamic component of river 

catchments and coastal ecosystems (Forstner and Salomons, 2008, Costanza 

et al., 1990); form a variety of habitats (Venterink et al., 2006, Snelgrove, 

1999, Covich et al., 1999, Sebens, 1991, Beekey et al., 2004, Hutchings, 

1998, Schindler and Scheuerell, 2002, Gray, 1981); provide a source of life 

(Whitlatch, 1981, Palmer et al., 2000, Sherer et al., 1991, Newell et al., 1995); 

and have been a valuable resource for humans, for millennia (Brills, 2008, 

Owens, 2009, White, 2006). Sediment refers to organic and inorganic loose 

material (Masselink and Hughes, 2003, Droppo et al., 1997, Aspila et al., 
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1976). Soil is a fundamentally important natural capital (Robinson et al., 2013) 

occurring on the surface of the earth, which is a medium for plant growth, and 

whose characteristics have resulted from the forces of climate and living 

organisms over a period of time (Donahue et al., 1971, White, 2006, Biswas 

and Mukherjee, 1994, Steila and Pond, 1989, Nortcliff et al., 2012).  Sediment 

and soil are transported across the landscape and within fluvial, estuarine and 

coastal environments, through the forcing mechanisms created by rain, wind, 

flow, currents and gravity (Masselink and Hughes, 2003, Beasley, 1972, 

Reading, 1996, van Rijn, 1993, Dyer, 1995, Habersack and Kreisler, 2012) 

The transport of sediment and associated nutrients, contaminants and 

microbes (Droppo, 2001, Gillan et al., 2005, Cordova-Kreylos et al., 2006), 

can create a range of environmental issues. These include: decreased 

agricultural production (Pimental et al., 1987, Pimental and Burgess, 2013); 

destruction of ecological habitats (Baxter and Hauer, 2000, Armstrong et al., 

2003, Erftmeijer and Robin Lewis III, 2006, Erftemeijer et al., 2012); and a 

reduction of water quality in receiving water bodies (Boardman and Favis-

Mortlock, 1992, Boardman et al., 2009, Billotta and Brazier, 2008).  

The accelerated erosion and transport of soil and sediment is a 

significant environmental problem worldwide (Armstrong et al., 2012, 

Reganold et al., 1987, Pimental et al., 1987, Pimental and Sparks, 2000). 

Erosion of soil on agricultural land is a global environmental problem 

(Pimental and Sparks, 2000, Larssen et al., 2010, Ballantine et al., 2009, 

Beasley, 1972, Foley et al., 2005). Detrimental effects of soil erosion occur 

both within the field and within lotic and lentic ecosystems (Armstrong et al., 

2012, Reganold et al., 1987). On site, erosion acts to reduce soil quality 

leading to a loss of productivity (Stevens and Quinton, 2008, Pimental et al., 

1987, Pimental and Burgess, 2013). Off-site, soil that is eroded may be 

delivered to nearby watercourses (Collins et al., 2013, McHugh et al., 2002, 

Amore et al., 2006), and cause many environmental problems, including 

increased turbidity and sedimentation (Owens et al., 2005, Lane et al., 2007), 

which detrimentally impact wildlife (Baxter and Hauer, 2000, Armstrong et al., 

2003). Moreover, the redistribution of  nutrients (Haygarth and Jarvis, 1999, 

Catt et al., 1998) and contaminants (Wilcox et al., 1996, Cadwalader et al., 
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2011), can lead to the eutrophication of water bodies (Quinton and Catt, 2007, 

Ullen et al., 2007, Balcerzak, 2006, Daniel et al., 1997). Understanding soil 

detachment, transport and depositional processes is therefore important in 

order to underpin numerical modelling of erosion, assess risk and develop 

effective mitigation strategies (Armstrong et al., 2011, Gobin et al., 2003). 

Critical to this is the development of approaches able to provide information 

on rates of soil loss (Clark et al., 1985, Walling, 1995, Poesen et al., 2003), 

applicable at the field scale (Gómez et al., 2008, Guzman et al., 2010). 

Soil, on all but the lowest slopes, is moving downhill due to gravity 

(Allen, 1985, Heimsath et al., 2002). The principal forcing mechanism in the 

erosion (and subsequent transport) of soil is generated due to rainfall and 

water flow (Figure 2) (Beasley, 1972, Kinnell, 2010). Soil erosion due to water 

is based on two basic processes: 1) the detachment of particles due to 

raindrop impact; and 2) the transport of detached particles by raindrop splash 

and overland flow (Watson and Laflen, 1986, Kinnell, 2005, Morgan et al., 

1998, Morgan, 2005, Lal, 2001). Environmental conditions and soil 

characteristics dictate the susceptibility of soil to erode.  Factors include: 

rainfall intensity (Assouline and Ben-Hur, 2006, Defersha and Melesse, 2012, 

Sharma and Gupta, 1989, Sharma et al., 1991); soil type and surface 

conditions (Assouline and Ben-Hur, 2006, Rickson, 2014, Truman and 

Bradford, 1990, Le Bissonnais, 1990, Romkens et al., 1990); vegetation cover 

(Garcia- Ruiz, 2010, El Kateb et al., 2013, Thornes, 1990, Wainwright and 

Thornes, 2004, Kosmas et al., 1997); and slope (Fox et al., 1997, Fox and 

Bryan, 1999, Assouline and Ben-Hur, 2006, Defersha and Melesse, 2012). 

These factors directly affect, or are affected by, processes occurring at the 

micro scale, such as changes in micro topography (Morin et al., 1981, Jarvis, 

2007, Horn et al., 1994, Parkin, 1993). 
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Within coastal and marine environments, a range of industries (e.g. 

construction and maintenance dredging) act to suspend significant volumes of 

fine sediment (Carvalho, 1995, Wilber and Clarke, 2001, Gilmour, 1999, Smith 

and Friedrichs, 2011, Larcombe et al., 1995), inducing siltation of coastal 

areas (Al-Madany et al., 1991, Hossain et al., 2004, Eyre et al., 1998), 

negatively impacting upon marine habitats and coastal ecosystems (Erftmeijer 

and Robin Lewis III, 2006, Erftemeijer et al., 2012, Thrush et al., 2004, 

Kenneth et al., 2004, Thrush and Dayton, 2002). For sediment to move, the 

force of water flowing over it must be capable of overcoming both the force of 

gravity acting on the sediment grains, and the friction between the grains and 

the surface in which they are resting (Grabowski et al., 2011, Dey, 2014, Miller 

et al., 1977, van Rijn, 1984, Parchure and Mehta, 1985). Once mobilised, 

sediment transport processes depend on dynamic feedback interactions 

Figure 2. A schematic diagram to illustrate the transport processes occurring during soil erosion 

due to water. 
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between the hydrodynamics, bed forms and sediment properties (Nielsen, 

2009, Soulsby, 1997). Several transport processes generated by a 

combination of waves and currents , move sediment in the along-shore and 

cross-shore direction (see Figure 3 modified from Brown et al. (1999) and 

Masselink and Puleo (2006)). Wave orbital action suspends sediment which is 

then transported in the direction of the prevailing currents. As waves approach 

the shore, an alongshore current is established which flows along the 

shoreline, transporting mobilised sediment (Brown et al., 1999, Masselink and 

Hughes, 2003). In addition, sediment is transported in the swash zone 

(Masselink and Puleo, 2006, Smith et al., 2003, Kamphuis, 1991, Puleo et al., 

2000, Masselink and Hughes, 1998), through the processes of bed load, 

suspended load, sheet flow and single phase flow (Hughes et al., 1997, 

Masselink and Puleo, 2006). 

 

Figure 3. A schematic diagram of wave and current driven longshore and cross – shore transport 

processes which occur in the breaker, surf and swash zone. 

Computational, physical and empirical modelling has been used 

extensively to evaluate  coastal sediment processes (Carr et al., 2000, Catt et 
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al., 1998, Chen and Adams, 2007, Crabill et al., 1999, Kozerski and 

Leuschner, 1999), and  erosive processes (Meybeck et al., 2003, Larssen et 

al., 2010, Lee et al., 2004, Lee et al., 2007, Digiacomo et al., 2004). Modelling, 

though theoretically sound, often does not provide an accurate picture of what 

is occurring in reality (Athanasios et al., 2008, Gallaway, 2012, Cabrera and 

Alonso, 2010, Mehta, 2012, Araujo et al., 2002). The simplification of a 

process, although a precept in environmental modelling (Overton and 

Meadows, 1976, Simons and Simons, 1996, Dawdy and Vanoni, 1986) is of 

concern when strategic decisions are based solely upon modelling evidence 

(Black et al., 2007, Usseglio-Polatera and Cunge, 1985, Cromey et al., 2002). 

Yet, modelling provides the strongest available tool to inform long term 

management plans and decision making (Gonenc and Wolflin, 2005). 

Therefore, it is crucial, that these models are as representative of real world 

processes as possible (Curtis et al., 1992). To ensure this, sediment transport 

models need to be validated using field techniques (Cromey et al., 2002, 

Zobeck et al., 2003, Tazioli, 2009).  

Field techniques used to investigate sediment transport primarily rely 

on point (Eulerian) measurement sampling approaches including, variously, 

sediment traps, turbidity sensors, acoustic sensors, erosion pins etc. (Vincent 

et al., 1991, Horn and Mason, 1994, Kraus and Dean, 1987, Kawata et al., 

1990, Jimoh, 2001). At larger scales (n km2), remote sensing techniques can 

contribute to  marine and coastal sediment transport studies e.g. the satellite-

based CASI instrument (El-Asmar and White, 2002, Millington and 

Townshend, 1987), and terrestrial transport studies (King et al., 2005, 

Haboudane et al., 2002, Curzio and Magliulo, 2009, Vrieling, 2006) e.g. 

terrestrial LIDAR scanning  (Castillo et al., 2012). In addition, computational, 

physical and empirical modelling have been developed to investigate coastal 

morphodynamic and sediment processes (Bertin et al., 2009, Lesser et al., 

2004, Long et al., 2008, Picado et al., 2011, Suh, 2006), and  hydrological and 

earth surface transport processes (Rushton et al., 2006, Batelaan and De 

Smedt, 2007, Lubczynski and Gurwin, 2005, Nearing et al., 1989). These 

techniques though useful provide limited information. Point measurement 

sampling techniques provide data on sediment movement in one position, 
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whereas sediment movement is predominately a geospatial phenomenon 

(Black et al., 2007, Hamylton et al., 2014, Karydas et al., 2014). Further, point 

measurement techniques struggle to monitor sediment transport on event 

based or short temporal scales (White, 1998, Lawler, 2005, Letcher et al., 

2002, Peeters et al., 2008, Benaman et al., 2005).  Remote sensing 

techniques enable changes to be viewed at a broader scale, providing a 

spatial context to evaluate the significance of field data (Campbell and Wynne, 

2011). However, they are generally expensive, rarely set up for sediment 

studies, nor do they provide information on sediments other than in the very 

surface layer (Huntley et al., 1993, Brassington et al., 2003).  

A judicious approach to assessing sediment transport dynamics would 

combine some (the most appropriate) of these methods, with a method which 

indicates specifically where sediment comes from, where it is transported to, 

and where it finally ends up: the technique available to do this is active 

sediment tracing (Foster, 2000, Black et al., 2007, Guzman et al., 2013). To 

garner information on the origin of the sediment, its associated transport 

pathway, and eventual fate, a sediment tracing approach (which is 

fundamentally Lagrangian in form) is required, since most commonly, it is not 

possible to differentiate the sediment in transport from the surrounding 

sediments (Black et al., 2007). Sediment tracing is the science associated with 

the use of tracers (Foster, 2000, Drapeau et al., 1991). Tracers are natural or 

synthetic materials which are identifiable from the native sediment load 

(Mahler et al., 1998, Crickmore, 1967, Spencer et al., 2011, Liu et al., 2004, 

Michaelides et al., 2010). Tracers are identifiable due to natural or applied 

“signatures”. This enables the spatio-temporal distribution of sediments, and 

anthropogenic derived particulates, to be monitored within the environment 

(Black et al., 2007, Drapeau et al., 1991). Sediment tracing can be used to 

identify point sources of sediment (Magal et al., 2008, Guymer et al., 2010, 

Inman and Chamberlain, 1959, Cromey et al., 2002), elucidate transport 

pathways (Collins et al., 1995, Mayes et al., 2003, Carrasco et al., 2013, 

Kimoto et al., 2006a, Polyakov and Nearing, 2004), and assess zones or 

areas of accumulation / deposition (Collins et al., 2013, Kimoto et al., 2006b). 

Furthermore, the methodology if applied correctly, can provide quantitative 
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data regarding the volume of sediment in transit (Ciavola et al., 1998), and the 

transport rate (Ingle, 1966, Ciavola et al., 1997, Ciavola et al., 1998, Carrasco 

et al., 2013, Ferreira et al., 2002, Vila-Concejo et al., 2004). Such data are 

considered essential benchmark data for numerical model development and 

validation (Athanasios et al., 2008, Merritt et al., 2003, Cromey et al., 2002).   

. Sediment tracing, using active tracers, has been a prevalent field 

technique for over a century. The first use of tracers in a scientific study 

investigated the long shore transport of shingle on Chesil beach, UK 

(Richardson, 1902). Early tracing studies e.g. Ingle (1966), Inman and 

Chamberlain (1959), Pantin (1961), Shinohara et al. (1958), King (1951), led 

to the development of methodologies and tracing principles which remain to 

this day. Though historically, studies often utilised tracing materials with 

disparate properties to the native sediment load e.g. pulverised coal 

(Shinohara et al., 1958), broken house bricks (West, 1949, Kidson and Carr, 

1961), painted sediment (Dobbs, 1958, King, 1951, Luneberg, 1960), 

sediments wrapped in tin foil, (Lee et al., 2007), and fly ash mixed with  

cement (Hu et al., 2011, Dong et al., 2007, Dong et al., 2009). Due to the use 

of tracing materials with disparate properties, and resource intensive 

methodologies, the popularity of sediment tracing has fluctuated  (White, 

1998). Recent technological developments in tracer design and the tracing 

methodology (Table 1) combined with relevant environmental legislation (e.g. 

the water framework directive. Directive 2000/60/EC) have prompted a 

resurgence of interest in active sediment tracing (Black et al., 2007).  

Table 1. The recent technological, and methodological, developments which have prompted a 

resurgence of interest in the sediment tracing technique. 

Stage Technological 

development 

Impact 

Tracer design Synthetic 

tracers 

 

The development of commercially 

available synthetic tracers has increased 

the application of the sediment tracing 

technique. Synthetic tracers provide a low 

cost sediment tracer e.g.Tauro et al. 
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Stage Technological 

development 

Impact 

 

 

 

 

Improved 

labelling 

techniques 

(2010), Ventura et al. (2001), Pedocchi et 

al. (2008), Angarita-Jaimes et al. (2008). 

 

Labelling or tagging natural sediment with 

an identifiable signature has led to the 

development of tracers which  replicate the 

hydraulic properties of the native sediment 

load, remain stable through time and do 

not interfere with the transporting system 

e.g. Black et al. (2004), Guymer et al. 

(2010), Collins et al. (2013), Zhang et al. 

(2001), Armstrong et al. (2012), Van Der 

Post et al. (1995).  This has increased the 

validity of the sediment tracing technique. 

Sampling   

advancements 

Passive 

sampling 

techniques 

 

 

 

 

Passive sampling techniques are driving 

innovation within sediment tracing studies 

e.g. the use of in situ fluorimeters, imaging 

techniques and magnetic susceptibility. 

These techniques provide information 

regarding the spatio-temporal distribution 

of tracer particles, without direct sampling 

of the sediment or soil. This reduces both 

the interference with the system, and the 

requirement for resource intensive 

sampling campaigns and sample analysis. 

Analytical 

advancements 

Development 

of novel tracer 

enumeration 

Tracing studies have regularly used 

resource intensive, sample analysis 

techniques. These techniques restrict  

sampling frequency in the field, due to the 
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Stage Technological 

development 

Impact 

techniques analytical timescales  e.g. Carrasco et al. 

(2013), Cabrera and Alonso (2010), 

Ferreira et al. (2002), Benevente et al. 

(2005), Cronin et al. (2011), and/or the 

related cost of samples analysis e.g. 

Zhang et al. (2001), Kimoto et al. (2006b), 

Stevens and Quinton (2008), Michaelides 

et al. (2010), Zhang et al. (2003). Recent 

techniques have reduced the resource 

intensive nature of  sample analysis 

techniques e.g. Tauro et al. (2010), Silva 

et al. (2007), Yang et al. (2011), Forsyth 

(2000 ), Ventura et al. (2002). 

 

Natural tracers use the signatures associated with native particles to 

trace the movement of sediment, termed sediment source ascription or 

sediment fingerprinting ( Foster, 2000). The most popular technique utilises 

the fallout from nuclear weapons testing in the 1950’s and 60’s to study 

sediment transport at the catchment scale (Theuring et al., 2013, Smith et al., 

2013, Porto et al., 2013, Belyaev et al., 2013, Bai et al., 2013). Popular 

radioisotope tracers include: Caesium-137 (137CS) (half-life, t1/2 = 30.17 years)  

(Pfitzner et al., 2004, Walling et al., 2000, Quine et al., 1999, Lu and Higgitt, 

2000, Schuller et al., 2003); Thorium-234 (234Th) (t1/2 = 24.1 days) (Bacon and 

Rutgers Van Der Loeff, 1989, Turnewitsch and Springer, 2001, Rutgers Van 

Der Loeff et al., 2002, Inthorn et al., 2006, Peine et al., 2009); lead–210 

(210Pb) (t1/2 = 22.26 years) (Porto et al., 2013); and Beryllium–7 (7Be) (t1/2 = 

53.12 days) (Walling, 2013).  

Mineral magnetism has also been utilised as a tracer signature 

(Dearing, 1992, Yu and Oldfield, 1989, Oldfield et al., 1981) to determine the 
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relative sediment contribution of different river basins e.g. Royall (2001), 

Horng and Huh (2011), Dan (2001), Owens et al. (2000), Caitcheon (1993).  

Sediment source ascription or sediment fingerprinting has significant 

application in catchment and river basin sediment studies (Collins et al., 1997, 

Walling et al., 2013). However, if specific data relating to the sediment source, 

transport pathway and sink areas is required an active sediment tracer must 

be utilised  (Collins et al., 2013). 

Sediment tracing using active tracers, involves the tagging or marking 

of natural or artificial sediments with an identifiable signature (Black et al., 

2007). Active tracers are introduced to the environment providing a direct field 

method of monitoring the movement of sediment. The method is versatile with 

application in marine and coastal, (Vila-Concejo et al., 2004, Carrasco et al., 

2013, Cronin et al., 2011, Benevente et al., 2005, Lee et al., 2007, Miller and 

Warrick, 2012); and terrestrial and fluvial environments (Stevens and Quinton, 

2008, Ventura et al., 2002, Liu et al., 2004, Kimoto et al., 2006a, Tauro et al., 

2010). The overriding strength of the technique is that it can delineate 

sediment transport pathways more effectively than other methods (Ingle, 

1966, Mayes et al., 2003, Carrasco et al., 2013,  Polyakov and Nearing, 

2004). Further, it is a field method which if executed effectively, can provide 

an accurate picture of sediment transport trends ( Ciavola et al., 1998, Ciavola 

et al., 1997, Ferreira et al., 2002, Vila-Concejo et al., 2004).  

There are two principal types of active tracer that have been utilised in 

tracing studies; 1) labelled (coated) natural particles; and 2) labelled synthetic 

tracer (Black et al., 2007). Historically, the most popular tracer signatures 

have been applied radioactivity, fluorescence, magnetism and rare earth 

elements.    

Following the advent of the nuclear age, the means were developed to 

irradiate sediment grains (White, 1998). These grains were used extensively 

as a sediment tracer (Crickmore and Lean, 1962, Inman and Chamberlain, 

1959, Sarma and Iya, 1960, Davidson, 1958, Courtois and Monaco, 1968) due 

to the relative ease with which the irradiated grains could be monitored over a 

large spatial area, using hand held Geiger counters e.g. Inman and 
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Chamberlain (1959). However, irradiated tracers, are now not permitted in 

most environments on the basis of health and safety considerations, 

significantly limiting their use (Black et al., 2007, Sigbjornsson, 1994). 

Applied fluorescent colour has proved a popular tracer signature. 

Fluorescent materials provide a unique visual tool which enables in situ non-

invasive image analysis and visual inspection techniques to be utilised (Vila-

Concejo et al., 2004, Ciavola et al., 1998, Carrasco et al., 2013, Russell, 

1960, Solan et al., 2004). A fluorescent signature can be applied to a natural 

material via: the application of a fluorescent substance (Russell, 1960, Teleki, 

1966); staining sediment with  fluorescent dye (Ingle, 1966, Vila-Concejo et 

al., 2004, Ciavola et al., 1997, Ciavola et al., 1998, Carrasco et al., 2013); or 

the development of a fluorescent luminophore (Mahaut and Graf, 1987, Silva 

et al., 2007). The advantage of the luminophores is the long-lasting nature of 

the colorant and its fluorescent properties (Mahaut and Graf, 1987, Magal et 

al., 2008). 

Rare Earth Elements (REE) have been applied to natural material as a 

tracing signature (Stevens and Quinton, 2008, Zhang et al., 2001, Zhang et 

al., 2003, Deasy and Quinton, 2010). Early studies used REE as a horizon 

marker (Knaus and Van Gent, 1989). Following this, natural particles tagged 

with a REE were used to investigate sediment transport trends (Tian et al., 

1994, Olmez et al., 1994, Krezoski, 1985, Krezoski, 1989). In a pioneering 

study,  Zhang et al. (2001) demonstrated that REE oxide powders, when 

directly mixed with soils, bound with silt sized soil particles and incorporated 

into soil aggregates of different sizes (> 53 um) in uniform proportions (Zhang 

et al., 2001, Zhang et al., 2003). Due to the strong binding capability, low 

mobility and low natural background in soils, REE oxide powders were 

determined to be an effective tracer of soil  (Kimoto et al., 2006b, Zhang et al., 

2001). REE oxide powders have since been used to investigate soil erosion 

trends on agricultural land. (Deasy and Quinton, 2010, Stevens and Quinton, 

2008, Zhang et al., 2003, Kimoto et al., 2006a). However, as the signal 

associated with REE tracers significantly reduces or fluctuates following 

dilution (Spencer et al., 2007), REE tracers have limited application within 

sub-aqueous environments (Spencer et al., 2011, Krezoski, 1985). In addition, 
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the related cost of sample analysis for REE tracers is high (Ventura et al., 

2001), reducing the number of samples that can be collected from the field 

within a given resource budget. This limits the potential spatial and temporal 

resolution of a REE tracing study. 

Alternatively, the magnetic signature of soils and sediments can be 

enhanced through heating (Oldfield et al., 1981, Armstrong et al., 2012, Van 

Der Post et al., 1995).  

Technological progress in the development and manufacturing of 

polymers and synthetic materials has led to the use of entirely synthetic 

tracers (Tauro et al., 2010, Black et al., 2007, Guzman et al., 2013). In an 

analogous fashion to coated natural material, synthetic tracers are labelled 

with an identifiable signature. Synthetic tracing materials used historically 

include: fluorescent microspheres (Tauro et al., 2010, Angarita-Jaimes et al., 

2008, Meselhe et al., 2004, Pedocchi et al., 2008); magnetic plastic beads 

(Ventura et al., 2001, Harvey et al., 1989, Tanaka et al., 1998); and REE 

tagged, glass particles (Riebe, 1995) and ceramic prills (Plante et al., 1999). 

However, synthetic particles are often unable to replicate the particle size 

distribution, particle density, shape, surface morphology, and surface reactivity 

of natural sediments (Zhang et al., 2003, Black et al., 2007). Also, concern 

has been raised over the deployment of entirely synthetic materials (e.g. 

plastic beads) to the environment, especially in ecologically sensitive areas 

(Thompson et al., 2004). 

Active sediment tracers have had success in monitoring the transport 

trends of coarse sediments. However, tracing the movement of fine sediment 

has received far less scientific attention  (Bruque et al., 1980, Adams, 1998). 

Recently, studies have labelled natural clays with: DNA (Mahler et al., 1998); 

iridium (Yin et al., 1993); and other REE oxides (Krezoski, 1985,  Spencer et 

al., 2007, Spencer et al., 2011). Yet, despite these studies, tracking silt and 

clay sized particles remains a significant challenge (Black et al., 2007, 

Spencer et al., 2010). Consequently, the development of a tracer which is 

universally applicable, regardless of environment or study context, has the 

potential to enhance the field of active sediment tracing. 
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Tracking fine silts and cohesive sediment provides a significant 

challenge at every stage of the particle tracking methodology and due to this 

difficulty has received significantly less scientific attenuation. This is a 

surprise, as the silt fraction (< 63 um) is of concern to agencies charged with 

providing catchment sediment management plans as the silt fraction increases 

turbidity in receiving water reaches and destroys ecologically sensitive aquatic 

habitats. The silt fraction is transported directly in suspension, and can be 

transported over great distances before being deposited again; this has 

implications for the feasibility of tracking studies. Some fine sediment is 

cohesive in character; cohesiveness results mainly from the presence of clay 

minerals in the sediment (Jordan and Valiela, 1983). The clay minerals form 

aggregates which are held together by electrostatic attraction and surface 

tension properties. This presents significant manufacturing challenges. The 

tracer must be transported in the same fashion as the native sediment; as 

cohesive sediment is transported primarily as flocs (Maltby, 1991); it is critical 

that any cohesive sediment tracer must flocculate (on its own or in conjunction 

with the natural sediment of study) and must have similar dynamic 

characteristics to naturally flocculated material (i.e. erosion, transport and 

settling rate) (Maltby, 2009) . To do this, detailed matching of the tracer to the 

native sediment is vital to ensure the tracer is transported in the same fashion 

as the natural sediment.   

Understanding the transport behaviour of fine and cohesive sediment is 

fundamental to the sustainable management of aquatic environments 

(Hutchinson et al., 1995). The collection of field data relating to cohesive 

sediment presents a range of technical and practical difficulties. Sediment 

tracing techniques, which have been widely used for measuring the transport 

pathways of sand-sized material in the field, need to be adapted, in terms of 

practical approach and technology, to be a viable technique that can provide 

direct field data relating to cohesive sediment processes. The development of 

tracers for tracking coarser material is relatively straight forward; the weight of 

the literature is based around sand, cobbles and shingle movement as it is 

considered easier to manufacture a suitable tracer for larger grain sizes. The 

development of a tracer suitable for tracking fine, cohesive sediment (> 63 
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um), including geo-chemically labelled clays has proved a significant 

challenge as coating of natural silts and clays with fluorescent dye significantly 

alters the hydrological properties of the individual particles (size and density) 

and hence transport characteristics  (Eidsvik, 2004). Such tracers should have 

chemical signatures that can be easily detected following significant dilution in 

the field and should remain constant for the duration of the tracer study. 

Recently there has been considerable effort within the scientific community to 

develop a tracer for the fine sediment fraction. Fluorescent paint pigments 

have been used to track the dispersion of fine sediment from a marine sewer 

outfall (Maltby and Acreman, 2011), natural clays have been labelled with 

DNA (Milner et al., 2003), and iridium (Mitsch and Gosselink, 1983). Rare 

earth element oxides have also been used to engineer a suitable tracer for 

tracking silt (Moller, 2006, Mitsch et al., 1979, Olff et al., 1997) with limited 

success. The interaction of cohesive muds and injected cohesive tracer is vital 

to both the results and the viability of the technique. A cohesive tracer was 

tested by Maltby (2009) who concluded that even though the cohesive tracer 

flocculated and had similar hydrological properties as natural mud the tracer 

flocs have significantly different floc characteristics; this has implications for 

the use of cohesive tracer within particle tracking studies and could generate 

misrepresentative data. Following these findings Spencer et al. (2011) 

designed a rare earth element - labelled potassium depleted clay to track 

cohesive sediments in aquatic environments. The technique of labelling 

cohesive clays provides a tracer that has a number of significant advantages. 

REE’s are non-toxic (Black et al., 2004) can be determined at low 

concentrations (Jarvis, 1989) and have strong binding capabilities with clays 

which provide a viable material that can be used  for tracking cohesive 

sediments (Blake et al., 2006, Boardman, 1993). However, as discussed 

previously the use of REE’s as a tracer in aquatic environments has a 

significant disadvantage, that the signal will reduce following dilution, making it 

difficult to distinguish the tracer from background native material. The 

commercial sector has developed synthetic, polymer based fluorescent 

tracers with the same size, density and surface charge characteristics as the 

silt fraction (Maltby, 2009).  
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This review has described a range of techniques available to 

investigate sediment transport dynamics with a focus on active sediment 

tracing methods. The recent resurgence of sediment tracing techniques within 

both the academic community and commercial sector has driven 

developments in tracer design and field methodologies. Sediment tracing has 

the potential to be a useful tool to investigate sediment transport dynamics 

within a range of environments and provide robust information to a range of 

real world sediment management problems. This thesis has assessed the use 

of a commercially available, dual signature tracer to investigate sediment 

transport trends in a range of environments e.g. Black et al. (2004), Guymer et 

al. (2010), Collins et al. (2013), Koch et al. (2013).  This novel tracer has the 

potential to: 1) Improve the validity of active sediment tracing studies by 

increasing the quantity and quality of information to be garnered; 2) enable 

active sediment tracing approaches to applied in a range of new environments 

in a range of study contexts by increasing the flexibility of the sediment tracing 

technique, enabling a range of sediment types (e.g. soils and mineral 

sediments) to be monitored; and, different sediment size fractions (from 

medium silts to cobbles).  

2.1. Thesis Aim  

The overarching aim of the thesis is to investigate active sediment 

tracing approaches and develop a novel, robust, fluorescent magnetic active 

sediment tracing methodology that can be applied to study sediment 

dynamics, regardless of environment or study context.  

2.2. Objectives 

The principal objectives were to: 

1. Assess the utility and environmental significance of the active sediment 

tracing approach. 

2. Evaluate the limitations of current active sediment tracing materials and 

assess the potential improvement to the active sediment tracing 

approach provided by a dual signature sediment tracer through an 

extensive review of the relevant literature. 
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3. Assess the efficacy of the active sediment tracing approach to the 

study of sediment transport dynamics in different environments and 

study contexts through a review of the relevant literature, extensive 

laboratory testing and method development and field trials in three 

distinct environments. 

4. Evaluate and characterise the tracer properties to assess the 

effectiveness of the dual signature tracer to uphold the fundamental 

assumptions of a robust active sediment tracer. 

5. Develop an analytical procedure suitably able to measure the tracer 

content of multiple tracer colours, within the same sample. 

6. Reduce the timescales associated with the analytical procedure to 

enable the temporal and spatial resolution of tracing studies to 

increase. 

7. Develop a methodological framework, within which, all tracing studies 

can be conducted. 

8. Apply the technique to investigate real world, sediment management 

problems. 

9. From the field trials assess and evaluate the field methodologies 

available to monitor and recover dual signature tracer from the 

environment. 
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3. Tracer Characterisation 

3.1. Technology Description 

Partrac Ltd (www.partrac.com) manufactures proprietary, dual-

signature sediment tracers (Figure 4). The tracers possess highly similar 

hydraulic properties to natural mineral sediments (silts; sands; gravels) but are 

tagged, to enable unequivocal identification within the environment. 

Historically, tracers have relied on a single signature to identify them within the 

environment, dual-signature tracers are tracers which have two signatures, 

being fluorescence and ferrimagnetism. The fluorescent pigments are 

comprised of polymer nanospheres embedded within a water insoluble dye. 

The dye is loaded with a magnetic mineral oxide, resulting in each individual 

grain being fluorescent and ferromagnetic. There are four different coloured 

tracers available with a specific gravity (particle density) ranging from 1050 - 

3800 kg/m3 ± 115 kg/m3.  

3.2. Tracer Properties 

The tracer properties were assessed in order to characterise the tracer 

prior to deployment to the environment. Firstly, the methods used to quantify 

the hydraulic properties of the tracer and native sediment throughout the 

thesis are described. Secondly, a series of tests were devised to assess: 1) 

Figure 4. A photomicrograph of chartreuse coloured, dual signature tracer. Image courtesy 

Partrac Ltd. 
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the fluorescent and magnetic characteristics of the tracer; and, 2) the 

degradation of the tracer coating over time.  

SPSS statistics 20 software (IBM 2014) was used for all analysis. The 

significant differences between the responses of each tracer size fraction to 

the suite of magnetic measurements were assessed using a one-way ANOVA 

test with a Tukey multiple comparison test. The difference between the 

fluorescent emission of tracer, following exposure, and the fluorescent 

emission of the tracer control batch, was assessed using a paired T test. 

3.2.1. Methods used to characterise the hydraulic properties of tracer 

and native sediment 

 The hydraulic properties of the tracer should strongly match those of 

the native (or target) sediment (Black et al., 2007a, Dyer, 1986). The key 

hydraulic properties that effect sediment transport are the particle size 

distribution and the particle density (specific gravity). The methods used to 

determine these properties are outlined below. 

3.2.1.1. Particle size distribution 

The particle size distribution of each tracer used and native sediment 

(where the tracer is designed to replicate the native sediment), was 

determined using a Mastersizer 2000 laser diffraction particle size analyser 

device. A sub-sample of tracer or native sediment was analysed in triplicate. 

The methodology followed the standard operating procedure and best practice 

outlined in IS0 13320:2009, and the device’s handbook (Ltd, 2015) Where 

organic material was present, analysis was conducted following acid digestion 

(Laubel et al., 2003).  

3.2.1.2. Particle density (specific gravity) 

The specific gravity of each tracer and native sediment (where the 

tracer is designed to replicate the native sediment) was determined 

empirically, utilising a standard pycnometer procedure (Germaine and 

Germaine, 2009). Prior to testing, the pycnometer was calibrated to account 

for temperature change during the experiment (Figure 5). To calibrate the 

pycnometer it was cleaned, dried and weighed with and without distilled water. 

These measurements were then applied to the following equation: 
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𝑀𝐵+𝑊𝑇 
=  𝑀𝐵 +  𝑉𝐵𝑇𝐶

 {1 + (𝑇 −  𝑇𝐶) ∈𝑔}(𝑃𝑊𝑇
−  𝑃𝑎𝑇

)      (1) 

Where, 𝑀𝐵+𝑊𝑇 
 is the mass of the pycnometer and water at temperature 

T (g), 𝑀𝐵 is the mass of the pycnometer, 𝑉𝐵𝑇𝐶
 is the volume of the pycnometer 

at temperature 𝑇𝐶 (cm3), 𝑇 is the temperature of the pycnometer during 

individual measurement (0C),  𝑇𝐶 is the temperature of the bottle at calibration 

condition (0C), ∈𝑔 is the coefficient of the cubical expansion of glass (0.1 x 10-4 

/ 0C), 𝑃𝑊𝑇
 is the mass density of water at temperature 𝑇 (g / cm3) and 𝑃𝑎𝑇

 is the 

mass density of air (0.001 g / cm3). 

To calculate the specific gravity of the tracer, a subsample of tracer ( ̴ 

10 g) was weighed to three decimal places. The sample was then carefully 

transferred to the pycnometer, half filled with DI water, and left to rest for 24 

hours. Following this time period the entrapped air was removed by placing 

the pycnometer in a beaker of gently boiling water. The pycnometer and 

contents were then left to cool to room temperature. The pycnometer was 

filled completely with DI water, and the stopper placed in the top. The outside 

of the pycnometer was cleaned and dried, and the pycnometer and its 

contents weighed to three decimal places. Finally, the temperature of the 

contents of the pycnometer was obtained using a mercury thermometer. The 

specific gravity of the tracer was determined using the following equation:  

𝐺𝑆𝑇
=  

𝑀𝑆

(𝑀𝐵+𝑊𝑇 
 + 𝑀𝑆) − 𝑀𝐵 + 𝑊 + 𝑆𝑇

 
           (2) 

Where 𝑀𝐵 + 𝑊 + 𝑆𝑇  is the mass of the pycnometer filled with DI water, 

and sediment, at temperature T. 𝑀𝑆 is the mass of dry sediment (g).   

Specific gravity values were reported at 20 oC. Thus, the value must be 

corrected to account for the change in water density using equation 3: 

𝐺𝑠 =  𝐺𝑆𝑇
 

𝑃𝑊𝑇

𝑃𝑊20

         (3) 

Where 𝑃𝑊𝑇
 is the mass density of water. 
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3.2.2. Methods used to characterise the magnetic properties of the 

tracer   

In order to evaluate the magnetic properties of the dual signature 

sediment tracer a suite of magnetic tests were conducted to characterise the 

magnetic properties of the tracer. These tests were designed to assess the 

relative ease at which the tracer is able to ‘acquire’ magnetisation when 

exposed to an incrementally increasing magnetic field, and correspondingly, 

the relative ease at which the tracer is ‘demagnetised’ from a ‘magnetised’ 

state. To do this, a tracer was dry sieved into five different size fractions, < 63, 

63-125, 125-250, 250-500 and > 500 microns. Triplicate samples of each size 

fraction were weighed and wrapped in cling film ready   for analysis of the 

magnetic parameters. A set of magnetic measurements were performed 

based on the methodology described by Armstrong et al. (2012). 

Figure 5. The pycnometer calibration curve depicting the change in the mass of the pycnometer 

(filled with DI water) over a range of temperatures. The calibration curve is derived from equation 1. 

(0C) 
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Measurements were collected at room-temperature, in the following 

sequence: low frequency magnetic susceptibility (KLF); high frequency 

magnetic susceptibility (KHF); anhysteretic remanent magnetisation (ARM, 

subsequently subjected to stepwise alternating field demagnetization at 15, 

and 23 milliTesla, mT) and stepwise acquisition of isothermal remanent 

magnetisation (IRM) at  20, 50, 100, 300 and 1000 mT  (subsequently 

subjected to stepwise alternating field demagnetisation at 10 and 20 

milliTesla, mT). The IRM at 1000 mT is assumed to be the saturated 

isothermal remanent magnetisation (SIRM). Low and high frequency magnetic 

susceptibility were measured using a MS2B susceptibility sensor, and all 

remanence measurements were made on a mini spin fluxgate magnetometer 

(noise level 2.5 x 10-5 Am–1). A demagnetizer with an ARM attachment was 

used for the ARM (up to a peak alternating field, AF, of 80 mT with a small 

steady field, 0.08 mT, superimposed) and for all AF demagnetizations. For the 

IRM acquisition experiments, a pulse magnetizer was used to generate direct 

current (d.c.) fields up to 300 mT and a Newport electromagnet for fields of 

1000 mT. All instruments detailed (Bartington Instruments Ltd).  

3.2.2.1. Results of testing  

Tracers of all size fractions were attracted to an introduced magnetic 

field. The mean magnetic susceptibility of the tracer was 598 x 10–8 m3 Kg-1. 

Each tracer size fraction, when exposed to an alternating electromagnetic field 

showed high magnetic remanence (Figure 6, 7 and 8).  Tracer, < 63 microns 

in size, showed a significantly higher magnetic remanence than the coarser 

sized fractions (n 14, p < 0.05) and a significantly lower magnetic susceptibility 

than each of the other tracer size fractions (n 14, p < 0.05) (Table 4). The 

highest susceptibility was observed with tracer of a size 63-125 microns, 

which displayed a significantly higher susceptibility, in comparison to the other 

size fractions (n 14, p < 0.05) (Table 4). Throughout each measurement where 

tracer was exposed to an incrementally increasing magnetic field (ARM and 

IRM), significant differences between the remanant magnetisation were 

observed between tracer particles sized, < 63 microns, and 63-125 microns, 

and the coarser particles (n 14, p < 0.05) (Table 2 and 3). However, no 

significant difference was observed between the different size fractions 
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following de magnetisation of ARM at 23 mT and demagnetisation of SIRM at 

20 mT (n 14, p > 0.05) (Table 2 and 3). Each tracer size fraction tested, is 

discernible from each other (Figure 6, 7 and 8).  

Table 2. A table to show the difference (p, 0.05) between the measures and particle size derived 

from the one-way Anova test with a Tukey multiple comparison test. The dependant variables 

include ARM acquisition and AF demagnetisation at 15 and 23 millitesla. 

 Significant difference (p = 0.05) 

Particle 

size  

(micron) 

ARM 

(Am2 x 10-8) 

AF demag of ARM @ 

15 mT  

(Am2 x 10-8) 

AF demag of ARM @ 

23 mT 

(Am2 x 10-8) 

< 63  

(1) 

2, 3, 4, 5  4, 5 No sig diff 

63-125  

(2) 

1, 3, 4, 5 No sig diff No sig diff 

125 -250 

(3) 

1, 2 No sig diff No sig diff 

250 – 

500  

(4) 

1, 2 No sig diff No sig diff 

500 – 

950  

(5) 

1, 2 No sig diff No sig diff 
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Table 3. A table to show the difference (p = 0.05) between the measures and particle size derived 

from the one-way ANOVA test with a Tukey multiple comparison test. The dependant variables 

include IRM acquisition at 20, 50, 100, 300 and 1000 millitesla and AF demagnetisation of SIRM at 

10 and 20 militesla. 

 Significant difference (p = 0.05) 

 IRM acquisition 

(Am2 x 10-8) 

AF demagnetisation 

of SIRM 

(Am2 x 10-8) 

Particle 

size  

(micron) 

20 

 mT 

50  

mT 

100  

mT 

300 

mT 

1000 

mT 

10  

mT 

20  

mT 

< 63  

(1) 

2, 3, 

4, 5 

2, 3, 

4, 5 

2, 3, 

4, 5 

2, 3, 

4, 5 

2, 3, 

4, 5 

2, 3, 4, 5 No sig diff 

63-125  

(2) 

1, 3, 

4, 5 

1, 3, 

4, 5 

1, 3, 

4, 5 

1, 3, 

4, 5 

1, 3, 

4, 5 

1, 3, 4, 5 No sig diff 

125 -250 

(3) 

1, 2 1, 2 1, 2  1, 2 1, 2 1, 2 No sig diff 

250 – 500  

(4) 

1, 2 1, 2 1, 2 1, 2 1, 2 1, 2 No sig diff 

500 – 950  

(5) 

1, 2 1, 2 1, 2 1, 2 1, 2 1, 2 No sig diff 
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Table 4.. A table to show the difference (p = 0.05) between the measures and particle size derived 

from the one-way ANOVA test with a Tukey multiple comparison test. The dependant variables 

include low and high frequency mass specific magnetic susceptibility. 

 Significant difference (p = 0.05) 

 Mass specific magnetic susceptibility 

(x 10-8 m3 kg-1) 

Particle size  

(micron) 

Low frequency  High frequency  

< 63  

(1) 

2, 3, 4, 5 2, 3, 4, 5 

63-125  

(2) 

1, 3, 4, 5 1, 3, 4, 5 

125 -250 

(3) 

1, 2 1, 2 

250 – 500  

(4) 

1, 2 1, 2 

500 – 950  

(5) 

1, 2 1, 2 
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Figure 6. The anhysteretic remanent magnetisation (@ 100 uT dc, 80 uT ac) of different sized 

tracer particles subjected to stepwise alternating field demagnetization at 15, and 23 milliTesla. 

The markers show the mean response and the whiskers the standard error. 
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Figure 7. The stepwise acquisition of isothermal remanent magnetisation (IRM) at 20, 50, 100, 300 and 

1000 mT, of different sized tracer particles subsequently subjected to stepwise alternating field 

demagnetisation at 10 and 20 milliTesla. The IRM at 1000 mT is assumed to be the saturated 

isothermal remanent magnetisation (SIRM). The markers show the mean response and the whiskers 

the standard error. 
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Figure 8. Low frequency magnetic susceptibility versus SIRM for different size fractions of dual 

signature tracer. 

3.2.3. Methods used to characterise the fluorescent properties of the 

tracer 

The fluorescent emission of a range of different sized (silts; sands and 

gravels) and different coloured tracers (pink and chartreuse), were 

qualitatively assessed under white light and ultra violet (400 nm) or blue light 

illumination (395 nm). Tracer particles were assessed at microscopic and non-

microscopic scales. A LSM 510 Meta laser scanning confocal fluorescence 

microscope (Zeiss Ltd) combined with Axio imager 2; imaging facilities (Zeiss 

Ltd) was used to capture an image under white light and UV-A illumination. At 

non-microscopic scale, under white light illumination, an image was captured 

using a 750D Digital SLR camera (Canon Ltd), fitted with a 50 mm lens. To 

capture an image under blue light or UV-A illumination a yellow dichroic filter 

was fitted to the lens.   
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3.2.3.1. Results of testing 

Each tracer analysed was consistently reactive upon exposure to UV-A 

or blue light. The fluorescent emission was clearly visible to the human eye 

(Figure 9, 10 and 11). Consequently, the tracer is unequivocally identifiable 

from the native sediment load, due to the fluorescent signature. 
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2 cm 

Figure 9. These two images above show the same sample under white light (top) 

and ultraviolet light (UV-A – 400 nm) illumination (bottom). The image was 

captured using a 750D Digital SLR (Canon Ltd), fitted with a 50 mm lens. When 

captured under UV-A illumination the image was shot through a yellow dichroic 

filter.  

2 cm 
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Figure 10. Silt sized tracer particles analysed under a fluorescence microscope. The 

image is captured under white light illumination (top) and under ultraviolet light 

(UV-A     400 nm) on an LSM 510 Meta laser scanning confocal fluorescence 

microscope used with Axio imager 2, imaging facilities (Zeiss Ltd). 

 

70 µm 

70 µm 
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70 µm 

Figure 11. Photograph of sand sized chartreuse tracer particles 

mixed with native beach sand at a density of 0.001 g cm
2
 (top)  

and 0.185 g cm
2
 (bottom) under blue light illumination (395 nm). 

The image was captured using a 750D Digital SLR (Canon Ltd), 

fitted with a 50 mm lens, shot through a yellow dichroic filter.   

 

8 cm 

8 cm 
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3.2.4. Methods used to assess the degradation / survivability of the 

tracer coating  

It is important that the applied tracer signals (fluorescence and 

ferrimagnetism) are not significantly altered once introduced to different 

environments (Foster, 2000, Black et al., 2007b). Therefore the degradation of 

the tracer coating through time, due to exposure to a range of environmental 

conditions, was investigated. Due to the makeup of the tracer coating, a 

reduction in the fluorescent emission would indicate a reduction in both tracer 

signals. Therefore degradation of the tracer coating was assessed by 

statistically comparing the fluorescent emission of exposed tracer particles, to 

the fluorescent emission of a control sample. A chartreuse sand tracer (D50 = 

125 microns) was used for all testing. A systematic series of tests were 

devised to evaluate the degradation of the tracer coating during exposure to: 

1) an abrasive environment; 2) a sub-aqueous environment; and, 3) 

weathering. 

To simulate an abrasive environment, 10 samples of 10 g of tracer 

mixed with 10 g of natural mineral sand were submerged in distilled (DI) water 

in 50 ml sample tubes. These sample tubes were then placed in an end over 

end shaker and continuously run at 20 rpm, for 60 days. Each sample was 

sub-sampled and analysed at the end of the time period to assess coating 

degradation. 

To simulate submersion in a subaqueous environment, 10 samples of 

10 g of tracer were submerged within 40 ml of fresh and sea water in 50 ml 

sample tubes, respectively. These samples were stored in a fridge for 60 days 

prior to analysis. Each sample was sub-sampled and analysed at the end of 

the time period to assess coating degradation. 

To simulate the effect of weathering two different soil types were split 

between 12 separate pots (a clay loam soil of the Wick 1 association, and a 

sandy loam soil of the Oak 2 association). Within each pot 10 g of tracer was 

deployed to the soil surface as a mono-granular layer, by hand. In total, 6 pots 

were positioned outside and six pots were positioned in a greenhouse facility. 

The pots positioned in the greenhouse were exposed to controlled 



40 
 

environmental conditions. These were: dry conditions under artificial light 

exposure for 14 hours per day, day temperature of 18 0C and a night 

temperature of 14 0C. A random sampling technique was used to collect 

samples in triplicate, from pots positioned outside, and in the green house. 

Sampling was conducted every four months over a 12 month period. Each 

sample was sub-sampled and analysed using the methodology outlined 

below. 

Following collection, all samples were oven dried at 105 0C. The 

magnetic fraction (tracer) was separated using a high-field permanent magnet 

(11000 Gauss) e.g. Ventura et al. (2002) (method described in full in section 

4.2). The fluorescent emission of the exposed tracer sample and control batch 

was accurately measured using a fluorimeter (Chelsea Technologies Group, 

UK). This enabled sensitive changes in the fluorescent emission to be 

determined. To measure the fluorescent emission of the tracer, a dye solution 

was prepared by adding a known dry mass of tracer particles (0. 2 g) to 10 ml 

of solvent in an eppendorf tube, mixing and then allowing the solution to 

equilibrate for 7 days in the refrigerator (a series of prior tests indicated this 

was the optimal time period for dissolution of the dye coating). Following this, 

200 l of the eluted dye solution was then mixed with 2 ml of HPLC analytical 

grade solvent (a dilution of 1 in 10) to create a stock solution (optically dilute 

solution). Approximately, 20 seconds worth of raw fluorescent intensity data 

(volts) was recorded for each measurement using a 1 second (1 Hz) sampling 

rate. The fluorescent response of the exposed sample was then statistically 

compared to the control batch. The magnetic properties of the sample were 

not compared as all tracer particles remained attracted to an applied magnetic 

field following exposure.   

3.2.4.1. Results of testing  

Exposure to an abrasive environment (n 9, p > 0.05), and submersion 

within a sub-aqueous environment, within fresh (n 9, p > 0.05), and sea (n 9, p 

> 0.05) water had no significant effect on tracer signal. Comparatively, a 

significant effect was observed (n 17, p < 0.05) when the tracer was exposed 

to weathering. The tracer signal reduced by 3 - 5% over a period of 12 months 

(Figure 12). The reduction in fluorescent emission  is attributed to photo-
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degradation of the tracer particles by sunlight (Rabek, 2012). This result 

should be considered, and mitigated for, if conducting tracing studies over 

significant temporal scales where extended periods of sunshine are likely. 

Further, this result has implications for shallow aqueous and abrasive 

environments where photo degradation of the tracer particles is likely to occur. 

It is of note, though no degradation occurred within the simulation of an 

abrasive environment or sub-aqueous environment, these tests were 

conducted indoors. 

 

Figure 12. The mean fluorometer response to samples stored outside, in the green house and the 

control sample over a period of 12 months. The markers show the mean response and the 

whiskers the standard error. 

3.3. Tracer Characterisation: Discussion and Concluding Remarks  

Prior to application the tracer was characterised to determine the 

suitability of dual signature tracer, as a tracing material. A suite of testing was 

conducted to assess the fluorescent and magnetic properties of the tracer and 

the robustness/survivability of the tracer coating. The results demonstrated the 
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fluorescent and magnetic signal would enable silt, sand and gravel sized 

tracers to be identified within the environment, a fundamental precept of 

sediment tracing studies. The tracer is highly magnetic (Figure 5). The 

variance observed in the magnetic signature of tracer particles of different size 

fractions (silts and sands) has implications for studies that: 1) utilise magnetic 

susceptibility to monitor the spatio-temporal distribution of tracer particles; 2) 

where tracers with a multimodal size distribution are deployed; or, 3) a specific 

particle size fraction is of interest. The variance between the responses of 

different size fractions to a range of magnetic tests is due to the increased 

surface area of finer particles. This inherently increases the volume of dye, 

and thus, the quantity of magnetic mineral oxides per unit mass of tracer. This 

increases the degree of magnetisation of the sample (Oldfield et al., 1981). It 

is of note that during the manufacturing process a dust fraction is created 

(which consists of coated, partially coated and uncoated sediment mixed with 

dye and mineral oxide fragments). Further, the manufacturing process is 

unable to effectively label fine silt sized particles (< 10 microns in size). 

Material sized < 10 microns is present in each tracer batch, but this sized 

material consists of uncoated particles, shards of dye pigment and / or 

magnetic oxide powder etc. These materials are not able to be reliably traced.  

The testing of the fluorescent properties indicated the fluorescent 

particles were reactive when exposed to blue (395 nm) or UV-A light (400 

nm). The tracer is highly fluorescent (Figure 6 – 8). Fluorescent marking 

techniques combine a fluorescent compound with a natural mineral kernel by 

physical or chemical action (Ciavola et al., 1997, Mahaut and Graf, 1987). The 

specific manufacturing process used to develop the dual-signature tracer is 

protected as a trade secret. Thus, the specific physical and chemical make-up 

of the tracer is unknown. Degradation of tracer, through time, will inevitably 

lead to the breakdown of the fluorescent complex, introducing fluorescent dye 

to the environment. The toxicity of fluorescent dyes used within water tracing 

studies such as fluorescein, rhodamine B and rhodamine WT have been 

assessed in terms of their effects on aquatic organisms and marine life (Smart 

and Laidlaw, 1977). At low concentrations, no deleterious effects on ecology 

were recorded (Bandt, 1957, Sowards, 1958). However, as organisms were 
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exposed to greater dye concentrations, over longer periods of time, 

deleterious effects (Akamatsu and Matsuo, 1973, Keplinger et al., 1974, Sturn 

and Williams, 1975, Ganz and Stensby, 1975), and mortality (Marking, 1969, 

Parker, 1973) were observed.  The toxicity of these dyes can be assumed to 

be similar to other fluorescent dyes available (Smart and Laidlaw, 1977).  

The results of the survivability/degradation testing indicated the tracer 

should remain identifiable when deployed to terrestrial, marine, estuarine and 

fluvial environments. The data appears to show the tracer is robust enough to 

withstand exposure, across research and industry relevant, temporal scales.  

The toxicity data of regularly used fluorescent dyes and the robustness 

/ survivability of the dual-signature tracer coating indicates that following the 

culmination of a tracing study, the environmental impact of the dual-signature 

tracer remaining in the environment will be  negligible. As the tracer is able to 

withstand extensive exposure without significant degradation and loss of 

fluorescent dye, at the stage where fluorescent dye is released, the particulate 

tracer is likely to be sufficiently dispersed and diluted. At this point, dye 

concentrations should be reduced to less than that of dye tracing studies, 

which input a dye solution directly into the environment at a concentration of 

ten-parts per 1000 (Stern et al., 2001) which is insufficient to create 

deleterious effects on the environment, ecology and human population (Smart 

and Laidlaw, 1977).  

The results of the tracer characterisation testing indicate the tracer 

should uphold the fundamental characteristics of an effective active sediment 

tracer as outlined by Foster (2000). This demonstrates the tracer is suitable 

for each application proposed. 
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4. Field Tracing Techniques: Method Development 

4.1. Tracer Recovery and Monitoring 

Active sampling techniques directly sample native sediment with the 

aim being to determine the tracer content within the sample. Within the thesis 

active sampling techniques were used to sample deposited tracer from the 

sea bed, beach face and field. Additionally, within the suspended sediment 

transport application, active sampling techniques were used to sample tracer 

directly from the water column or water flow. Comparatively, passive sampling 

techniques enabled the spatial distribution or concentration of tracer to be 

assessed, without the requirement for active sampling techniques.  

4.1.1. Active sampling  

The active sampling techniques utilised throughout the thesis, included: 

the collection of shallow sediment cores and sediment grab (Van Veen) 

samples; and in situ magnetic sampling (Pantin, 1961b, Ventura et al., 2002, 

Guymer et al., 2010, Collins et al., 2013a). In situ magnetic sampling only 

samples iron or Fe-bearing materials. Within the suspended sediment 

transport study, high-field permanent  bar magnets (11000 gauss) were 

deployed directly in the water column on float moorings, and attached to 

infrastructure to capture passing tracer (Koch et al., 2013, Black et al., 2013) 

(Figure 13). The magnets were deployed with a slim fitting sheath which is 

removable, enabling material captured by the magnet to be sampled, in situ 

(Black, 2012).   
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4.1.2. Passive sampling  

 A range of passive sampling techniques were utilised throughout the 

thesis to gather evidence regarding the tracer content within the native 

sediment and spatio-temporal distribution of tracer on the sediment surface. 

The following sections described the techniques used. 

4.1.2.1. Magnetic susceptibility  

Magnetic susceptibility is a comparative measure of the relative ease 

with which a material can acquire a magnetic field, when exposed to a low or 

high frequency alternating magnetic field (Oldfield et al., 1981). Fe - bearing or 

Figure 13. Photo of a high field permanent magnet (11000 gauss) saturated with 

dual signature tracer. The magnet was positioned within the anticipated stream 

flow within a suspended sediment study. Image courtesy Partrac Ltd. 
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iron-rich particles acquire a magnetic field far more easily than non Fe-bearing 

particles (Oldfield et al., 1999). Susceptibility is measured using a magnetic 

susceptibility sensor (e.g. Bartington Instruments Ltd). Figure 14 shows a 

positive correlation between tracer mass (g) and low frequency susceptibility. 

This semi-quantitative method for measuring tracer concentration in 

sediments and soils (Van Der Post et al., 1995) enables the rapid 

determination of the spatial distribution of tracer  (Guzman et al., 2013) 

(Figure 15).  

 

 

Figure 14. A plot of the dry tracer mass (g) recovered from a shallow soil core vs. the low 

frequency volume magnetic susceptibility of the core measured using an MS2K high resolution 

surface sensor. The operating frequency was 0.58 KhZ, the area of response was 25.4 mm full-

width, half maximum, depth of response was 50 % at 3 mm, and 10 % at 8 mm, (Bartington 

Instruments Ltd, UK). 
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Figure 15. An example of the presentation of magnetic susceptibility (KLF) data. The data 

represents the soil surface post tracer deployment, pre simulated rainfall event (left) and post 

simulated rainfall event (right) when a coarse tracer (500 – 950 microns) was deployed in a soil box 

for typical experiments. The tracer deployment zone is centred on 17.5 cm. The magnetic 

susceptibility of the surface was measured using a MS2K high resolution surface sensor. The 

operating frequency was 0.58 KhZ, the area of response was 25.4 mm full-width, half maximum, 

depth of response was 50 % at 3 mm, and 10 % at 8 mm, (Bartington Instruments Ltd, UK). 
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4.1.2.2. In situ fluorimeters 

Within the suspended sediment transport study, an in situ fluorimeter 

was used to detect the fluorescent emission of  the cloud of suspended tracer 

particles as they pass the sensor e.g. Guymer et al. (2010). Following 

calibration of the instrument in the laboratory, the estimated tracer 

concentration (ug / l) beneath the fluorimeter was determined.  

4.1.2.3. Night-time fluorescence  

The spectral characteristics of the tracer enabled identification of the 

tracer particles within the environment using a blue light torch (emitting 

wavelength 395 nm). Using these torches, at night, the spatial distribution of 

tracer on the sediment surface was visually assessed e.g. Ciavola et al. 

(1998), Russell (1960a), Silva et al. (2007), Carrasco et al. (2013), Vila-

Concejo et al. (2004a), and an image captured e.g.Tauro et al. (2010), Solan 

et al. (2004) (Figure 16). During each tracing study where night time 

fluorescence inspections were utilised, a sampling diary was kept. Each diary 

entry provided a qualitative description of the observed spatial distribution of 

tracer particles on the sediment surface.  
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Figure 16. An example of night time fluorescence. These photo mosaics show the soil surface of an 

erosion plot (2.75 m x 0.5 m) with a slope angle of 7 %.  A 300 L water butt positioned directly 

above the plots, through hoses, supplied water to the plot. The water was delivered through poly-

vinyl chloride pipe with 8 holes, located 6 cm apart. Finally, the water was passed through a plastic 

mesh to create droplets. The simulated overland flow event had a flow rate of 8 L/min and lasted 30 

mins. The plot was photographed under blue light (395 nm) illumination, post tracer deployment, 

pre – overland flow event (left), and post overland flow event (right). The tracer deployment zone 

was centred on 2.5 m. Each image captured a 25 x 25 cm spatial area, defined by a quadrat placed 

on the soil surface using a 750D Digital SLR (Canon Ltd), fitted with a 50 mm lens shot through a 

yellow dichroic filter. 
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4.2. Tracer Recovery: Magnetic Separation  

Within each tracing application, environmental samples were collected 

and analysed to determine tracer content. To determine tracer content a 

magnetic separation method was used (Pantin, 1961b, Black et al., 2013, 

Ventura et al., 2002). Each sample was dried in an oven at 105 0C for 24 

hours, then transferred to a pestle and mortar and gently disaggregated. The 

sample was then spread to an approximately granular monolayer on a large 

piece of white card board and a permanent, 11,000 Gauss magnet, was 

scanned across the sample at a distance of 2-3 mm, facilitating separation of 

magnetic particles from the native (non-magnetic sediment load). This 

procedure was repeated, with intermittent cleaning, until no further magnetic 

particles were extracted. Magnetic particles were recovered by simply 

removing the plastic sheath from the surface of the magnet. The magnetic 

particles were then weighed. It is critical to determine empirically the tracer 

extraction efficiency for each application. Where background, non-fluorescent, 

magnetic material was present within the sample, the tracer dry mass content 

could not be determined by simply weighing the recovered magnetic particles. 

In this scenario a spectrofluorometric method was used to determine tracer 

content.  

4.3. Tracer Enumeration: Spectrofluorometric Method  

The ultimate aim of any study is to locate, and enumerate, the dry mass 

(M, g) of tracer in each sample. The method chosen is a modification of a 

spectrofluorometric method (Carey, 1989, Farinato and Kraus, 1980).  The 

dye pigment of coated mineral (and polymeric) fluorescent tracers can be 

extracted from the particles using a solvent. Consequently, if fluorescent 

particles and native (non–fluorescent) sediment is mixed within a sample, the 

dye pigment of the tracer can be extracted from the particles and measured. 

Carey (1989) found that analysis of the fluorescent intensity of the eluted 

(extracted) solution at certain wavelengths is proportional to the number of 

particles and thus also to the concentration of fluorescent pigments within the 

sample. Under certain circumstances the relationship between concentration 

and intensity is linear (Gunn, 1963), and the fluorescence intensity can be 
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proportioned to dry mass (M, g) of fluorescent tracer particles within the 

sample.  

The analytical method utilised a fluorimeter to measure the intensity 

and wavelength distribution of emitted radiation after excitation by a certain 

spectrum (wavelength) of light. It is hypothesised that this methodology, has 

the potential to increase the utility of tracing studies by reducing analytical 

timescales and the associated costs (and hence allowing for a greater number 

of samples to be analysed within a given budget). Further, it has the potential 

to increase the flexibility of the fluorescent tracing technique by measuring two 

different tracer colours in one sample.  

The enumeration technique to determine the dry mass of tracer within 

an environmental sample containing either one or two colour tracer particles 

was developed using chartreuse and pink tracer colours. The two colours 

were selected, as although their respective absorption (excitation) spectra 

overlap, importantly, there is no spectral overlap between the peaks of the 

respective emission spectra, within the electromagnetic radiation frequency 

spectrum (Figure 17). To measure the fluorescent emission of the sample, two 

fluorimeters, were used (Chelsea Technologies Group, UK). The fluorescein 

probe, employed to detect Chartreuse tracer particles was configured to excite 

fluorescence at 470 nm and collect emission at 530 nm. The rhodamine probe 

employed to detect the Pink tracer particles is configured to excite 

fluorescence at 530 nm and collect emission at 625 nm (Figure 17).  
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Figure 17. The emission-excitation spectra for the chartreuse tracer pigment (top) and the pink 

tracer pigment (bottom). The peak excitation and emission wavelengths are noted. 
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4.3.1. Calibration curves 

Three dose response curves, otherwise known as calibration curves, 

consisting of plots of fluorescence intensity vs. assumed dye concentration 

were developed (Figure 18 and 19). These calibration curves were developed 

to empirically relate fluorimetric measurements (probe reading in volts) to 

tracer dye concentration (i.e. the concentration of dye following solvent 

elution) over the range of dry masses (0 – 1 g). These graphs depict the 

response of two colours of the same size fraction (60-100 microns in size). 

These calibration curves were created from a single dye solution prepared by 

adding a known dry mass of tracer particles (0.1 g) to 10 ml of solvent in an 

Eppendorf tube, mixing and then allowing the solution to equilibrate for 7 days 

in the refrigerator. Following this, 200 l of the eluted dye solution was then 

mixed with 2 ml of HPLC analytical grade solvent (a dilution of 1 in 10) to 

create a stock solution (optically dilute solution). Dose response curves were 

obtained by filling the measurement vial of the fluorimeter with 75 ml of 

analytical grade solvent and recording a baseline, or dye zero concentration 

reading. To determine the baseline reading a blank was tested; blanks are 

solutions made up in entirely the same manner as samples but without 

inclusion of a sediment / tracer sample. In total, 10 sequential 20 l aliquots of 

the stock solution was then added, the sample was mixed and a reading 

taken. This procedure creates 10 samples of monotonically increasing dye 

concentration (up to 2600 mg L), which correspond to discrete tracer dry 

masses of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 g (Figure 18 and 

19).  Approximately 20 seconds worth of raw fluorescent intensity data (volts) 

was recorded for each measurement using a 1 second (1 Hz) sampling rate 

and average and standard deviation values computed. Least-squares 

regression analysis (Fowler et al., 1998) was performed on the data to 

generate calibration functions. These graphs can be considered reference 

standards for each dye colour. Site and tracer specific calibration curves were 

determined empirically for each different application of the tracer to reduce 

potential sources of error. 
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Figure 18. Dose response curves developed using the fluorescein probe to dye solutions derived 

from 0.1 g of chartreuse and pink tracer ( 60 - 100 microns in size). Each data point represents a 

dry mass of tracer, i.e. 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 g. 

(ug L
-1

) 
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4.3.2. The determination of dye concentration in samples containing one 

tracer colour 

To determine dye concentration (DC) in a sample containing one tracer 

colour, the respective regression equation was used.  

4.3.3. The determination of dye concentration in samples containing two 

tracer colours 

 By using the data obtained from the dose response curves for each 

fluorimeter, exposed to both coloured dyes (Figure 18 and 19), it is possible to 

determine the respective tracer DC for two different tracer colours within one 

sample. Within this approach there are two simultaneous equations with two 

unknowns (Equation 4). These two simultaneous equations, solved 

algebraically generate the two unknown concentrations for both dyes:  

  

Figure 19. Dose response curves of the rhodamine probe to dye solutions derived from 0.1 g of 

chartreuse and pink tracer (60 - 100 microns in size). Each data point represents a dry mass of 

tracer, i.e. 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 g.  

(ug L
-1

) 
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𝑆𝐹 =  𝑆𝐿𝐹𝐶 ×  (𝐶ℎ𝑟)  +  𝑆𝐿𝐹𝑃  × (𝑃𝑟)  +  𝑂𝐹   

And 

𝑆𝑅 = 𝑆𝐿𝑅𝐶 × (𝐶ℎ𝑟)  +  𝑆𝐿𝐹𝑃 × (𝑃𝑟)  +  𝑂𝑅       (4) 

Where, SF is the sample signal from the fluorescein UniLux. SlFC is the 

slope of the chartreuse dye response on the fluorescein UniLux. SlRC is the 

slope of the chartruese dye response on the Rhodamine UniLux. SR is the 

sample signal from the rhodamine UniLux. SlFP is the slope of the pink dye 

response on the fluorescein Unilux. SlRP is the pink dye response on the 

rhodamine UniLux. OF is the offset (the solvent blank signal) for the 

fluorescein UniLux and OR is the offset for the rhodamine UniLux. Chr and Pr is 

the response of each probe to the sample.  

4.3.4. Tracer dry mass enumeration 

Once dye concentration is derived for one or two tracer colours within a 

sample the tracer dry mass (TDM) can then be calculated using the following 

equation: 

𝑇𝐷𝑀 = (
𝐷𝐶

𝐷𝐶𝑚𝑎𝑥
) × 𝑇𝐷𝑀𝑚𝑎𝑥         (5) 

Where, DCmax is the maximum assumed dye concentration and TDMmax 

is the equivalent tracer dry mass value. 

4.4. Method Test 

A systematic series of tests were devised to assess the 

spectrofluorimetric technique in a logical manner and to fully characterise the 

methodology. Three tracers were used: 

1. Chartreuse tracer, 60-100 micron size fraction (Ch100)  

2. Pink tracer, 60-100 micron size fraction (P100)  

3. Pink tracer, 300 micron size fraction (P300) 

SPSS statistics 20 software (IBM 2014) was used for all analysis. The 

significant difference between the probe response with no background 

material and with the addition of background material was assessed using a 



57 
 

two tailed paired t- test. The percentage error (PE) between the measured and 

exact tracer content value of the spiked samples was determined using the 

following equation: 

𝑃𝐸 =
𝑀𝑣− 𝐸𝑣 

𝐸𝑉
 100           (6) 

Where, MV is the measured value and EV is the exact value. 

4.4.1. Optimal elution duration 

 Dissolution of dye into the solvent was hypothesised to be a time 

dependent, cumulative process i.e. the longer a sample was left then the 

greater quantity of dye would be found in the solvent. To investigate the 

optimal elution time of the dye pigment, from the surface of the tracer into the 

solvent, three samples of tracer (P100) were carefully prepared at various 

concentrations (0.2 g, 1 g and 5 g), and the fluorescent intensity (probe 

response) measured 10 times over a period of 314 hours.   

4.4.1.1. Results of testing 

The elution of dye from the surface of tracer particles by the solvent 

displayed a consistent asymptotic profile through time (Figure 20) regardless 

of the quantity of tracer used. A steep initial increase in fluorescent emission 

(corresponding to greater elution rates) was observed up to ̴ 100 hours, 

following which the elution process slows and comes to a (relative) equilibrium 

wherein further time does not significantly increase fluorescent emission. The 

time at which the fluorescent intensity is observed at > 90 % of the final 

fluorescent emission was determined for each concentration. This was 

observed at:  68 hours for 0.2 g;   95 hours for 1 g; and 220 hours for 5 g. 

These data indicated a minimum 7 day elution period is required to ensure 

sufficient time for the dye pigment to be eluted from the surface of the tracer 

particles. 
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Figure 20. The response of the Rhodamine probe to dye solutions of P100 at low (0.2 g), 

intermediate (1 g) and high concentrations (5 g) over a period of 314 hours. The reference line 

indicates the end of the 7 day time period. 

 

4.4.2. Instrument Test  

 The accuracy of the two fluorimeters was assessed. This was achieved 

by recording the fluorimeters response to all tracers (Ch100, P100 and P300) 

across a range of dye concentrations. The instrument was tested by carefully 

preparing 10 samples, each, of a known dry mass of tracer particles (0.025, 

0.1, 0.2, 0.5, 0.75, 1 g). The fluorimeter response was then measured under 

controlled laboratory conditions. High accuracy was indicated by a stable 

value and an associated low standard deviation. 

4.4.2.1. Results of testing  

The testing of the accuracy of the instrument shows strong 

reproducibility across a range of concentrations for both the rhodamine and 

(h) 
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fluorescein probe (Figure 21, 22 and 23). The results indicate there is a 

relationship between increased concentration and increased variance. Overall, 

high accuracy is observed, indicated by a relatively low deviation from the 

mean. The deviation represents the systematic error related to the use of the 

UniLux fluorimeters, determined at 3 - 12%.   

 

Figure 21. The fluorescein probe response (V) to increasing quantities of CH100 (0.025, 0.1, 0.2, 0.5, 

0.75, 1 g) during the testing of the device accuracy. 

 

(g) 
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Figure 22. The rhodamine probe response (v) to increasing tracer quantities of P100 (0.025, 0.1, 

0.2, 0.5, 0.75, 1 g) during the testing of the device accuracy. 

(g) 
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Figure 23. The rhodamine probe response (v) to increasing tracer quantities of P300 (0.025, 0.1, 

0.2, 0.5, 0.75, 1 g) during the testing of the device accuracy. 

4.4.3. The Influence of Background Material  

 In many environments (e.g. industrialised environments) non-

fluorescent but magnetic, background material are present (Mead et al., 2013, 

Pearce et al., 2014). In terms of a fluorescent-magnetic tracing study, this 

constitutes noise, and forms undesired additional mass in samples (Black, 

2012). The presence of non-fluorescent, magnetic material within the sample 

reduces the fluorescent emission of the tracer particles via a radiation 

quenching process (Lakowicz, 2006, Albani, 2008). Quenching is any process 

that decreases the fluorescent intensity of a sample (Lakowicz, 2006, Albani, 

2008). Where non-fluorescent molecules are present within a sample, a 

number of external decay pathways competitively contribute to the decay of 

the molecules excited state, reducing the fluorescent intensity of the molecule 

(Eftinka and Ghiron, 1981, Ihalainen et al., 2005). Fluorescence quenching 

typically occurs through the mechanisms of dynamic (Wyatt et al., 1987, Eftink 

and Ghiron, 1976, Huber et al., 1999) or static quenching (Malliaris, 1987, 

(g) 
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Tong et al., 2012). Dynamic quenching is observed when a fluorophore in an 

excited state collides with another molecule in the solution, resulting in a 

deactivation of the fluorophore and a return to the ground state (Lakowicz, 

2006). In static quenching, complexation occurs in the ground state between 

the quenching molecules and the fluorophores (Geddes, 2001, Gehlen and De 

Schryver, 1993, Valeur and Berberan-Santos, 2012, Arik et al., 2005), 

resulting in the absorbed energy being dissipated by heat and  only a small 

amount of energy being emitted by light (Lakowicz, 2006, Tyagi et al., 1998, 

Bernacchi and Mely, 2001). The emission of the sample is reduced as the 

quenching molecules reduce the number of fluorophores which can emit 

fluorescence (Lakowicz, 2006). This must be accounted for if accurate tracer 

mass values are to be established. To investigate the potential effect of 

background material on the fluorescent emission intensity of the eluted 

fluorescent dye, dose response curves were produced with different known 

masses of background material present (Figure 24 and 25). To simulate the 

effect of background material, representative environmental samples were 

prepared using (non-fluorescent) quarried sand (300 um), and magnetite 

powder ( ̴ 10 microns, 99.99 % purity). Dose response curves were prepared 

with tracer (P100 and P300) mixed with 4 levels of background material: 1) no 

background material; 2) low background material (0.2 g); 3) moderate 

background material (2 g); and, 4) high background material (5 g),  

4.4.3.1. Results of testing  

Figures 24 and 25 show the presence of additional non-fluorescent 

mass significantly reduced (n = 10, p = < 0.05) the fluorescent emission of the 

sample, except when ‘low’ background material was added to a sample of 

P100 tracer particles (n = 10, p = > 0.05). The rhodamine probe response at 

the maximum dye concentration (2600 ug / l) reduced by 0% and 1%, 66% 

and 29% and 67% and 46% when low, moderate and high background 

material were added to samples of P300 and P100 tracer particles, 

respectively. The reduction in fluorescent emission is due to static quenching 

demonstrated by the linear result observed (Figure 24 and 25). A non-

fluorescent complex is being formed by the dye solution and the non-

fluorescent native material (Steiner and Kubota, 1983, Papadopoulou et al., 
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2005) due to hydrophobic and electrostatic effects causing the dye and 

quencher molecules to stack together (Johansson, 2006). These unique 

properties were able to be effectively calibrated. This technique of creating the 

calibration curves using the native background material effectively obviates 

the problems associated with fluorimetric analysis where significant 

background material is present. This was tested and the results confirmed the 

use of this as a suitable methodology to generate revised calibration curves. 

Due to the broad application of fluorescent tracing studies significant variation 

in the make-up of background material is highly likely e.g. the background 

material in an estuary will differ to that found on a sandy beach or within an 

agricultural field (Droppo, 2001). Thus, it is important the empirical coefficient 

is determined using material native to the site, study area or area of interest. 
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Figure 24. dose response curves depicting the responses of P100 tracer particles of the same 

concentration with different levels of background material present i.e. none,  low = 0.1 g, moderate 

= 1.0 g and high = 5.0 g. Each data point represents a dry mass of tracer, i.e. 0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, 0.7, 0.8, 0.9, 1.0 g. 

 

(ug L-1) 
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Figure 25. dose response curves depicting the responses of P300 tracer particles of the same 

concentration with different levels of background material present i.e. none,  low = 0.1 g, moderate 

= 1.0 g and high = 5.0 g. Each data point represents a dry mass of tracer, i.e. 0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, 0.7, 0.8, 0.9, 1.0 g. 

(ug L-1) 
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4.4.4. Spiked environmental samples 

 Environmental samples spiked with varying quantities of both one and 

two tracer colours were prepared to investigate the methodological accuracy 

(i.e. the difference between measured tracer content and known tracer 

content). To do this, 64 samples were prepared, 40 without background 

material present and 24 with background material present, variously mixed 

with single or two tracer colours (P100 and Ch100). Each set of samples that 

were mixed with background material were separated into triplicates of 4 and 

mixed with low background material (0.2 g), moderate background material (2 

g) and high background material (5 g). The tracer content values of each 

spiked sample were unknown to the person who undertook the measurements 

and analysis. Calibration curves were developed empirically to account for the 

experimental and environmental conditions at the time of testing. The 

calculated value of the sample was statistically compared to the measured 

value using a two tailed paired t test, and the percentage error and standard 

deviation determined. 

4.4.4.1. Results of testing 

A significant difference was observed between the known and 

measured value of spiked samples containing one and two tracer colours. 

Where samples had no additional background material added, the mean 

percentage error between the known and measured value where one tracer 

colour was present within the sample was 19 ± 13 % (n = 19, p = < 0.05), and 

6 ± 5 % (n 19, p < 0.05) for the rhodamine and fluorescein probes respectively 

(Figure 26).  The mean percentage error where two tracer colours were 

present within the sample was 26 ± 9 % (n 19, p < 0.05), and 29 ± 8 % (n 19, 

p < 0.05) for the rhodamine probe and fluorescein probe respectively (Figure 

27). 

Where samples had various quantities of background material present 

within the sample a significant difference was observed between the known 

and measured value of spiked samples containing one tracer colour, with 

background material present when using the rhodamine probe. No significant 

difference was observed when using the fluorescein probe. The mean 

percentage error between the known and measured value was 16 ± 12 % (n 
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11, p < 0.05), and 11 ± 6 % (n 11, p > 0.05) for the rhodamine probe and 

fluorescein probe respectively (Figure 28).  A significant difference was 

observed between the known and measured value of spiked samples 

containing two tracer colours with background material present in the sample. 

The mean percentage error was 25 ± 15 % (n 11, p < 0.05), and 19 ± 11 % (n 

11, p < 0.05) for the rhodamine probe and fluorescein probe respectively 

(Figure 29).  Table 5 provides an overview of the results of the spiked sample 

analysis of both samples with no background material present and samples 

with background material present, containing one and two tracer colours.  

A methodological bias of ± 20 % for single colour sample analysis and 

± 30 % for two colour sample analysis has been quantified from the 

percentage error and standard deviation. An experienced technician is able to 

analyse 150 - 200 mono colour samples and   75 - 150 dual colour samples 

per day (8 hours). This analytical method can be used in combination with a 

variety of fluorescent marking and labelling techniques (including polymers), 

and adapted to a range of fluorescence sensing technologies. 
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Figure 26. Tracer mass Vs. calculated tracer mass for samples with one tracer colour, either pink or 

chartreuse, derived from the response of the rhodamine and fluorescein probes respectively. 

(g) 

(g
) 
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Figure 27. Tracer mass vs. calculated tracer mass for samples with two tracer colour in the sample, 

pink and green derived from the response of the rhodamine and fluorescein probes respectively. 
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) 
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Figure 28. Tracer mass vs. calculated tracer mass for samples with one tracer colour in the 

sample, pink and green and mixed with: low  (0.1 g); moderate (1 g); and high (5 g)  background 

material derived from the response of the rhodamine and fluorescein probes respectively. 

(g) 

(g
) 
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Figure 29. Tracer mass vs. calculated tracer mass for samples with two tracer colours in the 

sample, pink and green and mixed with: low (0.1 g); moderate (1.0 g); and high (5.0 g)  

background material derived from the response of the rhodamine and fluorescein probes 

respectively. 

(g) 

(g
) 
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Table 5. The mean percentage error (Equation 6) and standard deviation between the exact tracer 

content and measured tracer content for the rhodamine and fluoroscein probe when measuring 

environmental samples containing one and two tracer colours with varying quantities of 

background material present. The significant difference between the fluorescent response of the 

exposed and control tracer batches were assessed using a two tailed paired t- test. The 

percentage error is derived from equation 6. 

 

  

Mean percentage error and standard deviation between the known mass and 

measured mass within an environmental sample 

Single colour sample 

Sample No of samples Fluoroscein Rhodamine 

No background material 

20 

6% ± 5% 

(n 19, p < 

0.05) 

19% ± 13% 

(n 19, p< 

0.05) 

Background material present 

12 

11% ± 6% 

(n 11, p > 

0.05) 

16% ± 12% 

(n 11, p < 

0.05 

Two colour sample 

No background material 

20 

29% ± 8% 

(n 19, p < 

0.05) 

26% ± 9% 

(n 19, p< 

0.05) 

Background material present 

12 

19% ± 11% 

(n 11, p < 

0.05 

25% ± 15% 

(n 11, p < 

0.05 
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4.5. Method Development: Discussion and Concluding Remarks  

 The passive and active sampling techniques described, detail a range 

of techniques available to monitor and recover silt and coarse sized tracer 

particles once deployed to the environment. Having two signatures 

(fluorescence and ferrimagnetism) proved beneficial during the analytical 

process. Magnetic separation provides a quick and simple technique to 

determine the tracer dry mass content (mass per unit mass) within 

environmental samples.  However, in the majority of environments naturally 

occurring magnetic material is present (Pearce et al., 2014). This undesired 

additional mass means that magnetic separation is unable to be used to 

determine tracer dry mass content. Despite this, where additional magnetic 

material is present, magnetic separation remains useful practically, as it 

reduces sample volume. 

The spectrofluorometric analytical procedure was adapted and 

developed to exploit the fluorescent attribute of the tracer particles, to provide 

directly, the dry tracer mass (M, g). The technique has sufficient spectral 

resolution to distinguish low concentrations (< 0.01 g) of two spectrally unique 

tracer colours. The fluorescent excitation and emission wavelengths of 

fluorescent derivative were located at 470 nm, and 530 nm respectively for 

chartreuse tracer particles, and 530 nm, and 625 nm respectively for pink 

tracer particles. The fluorescent excitation of these derivatives are not 

common to materials commonly found in water (Stern et al., 2001, Wilson et 

al., 1986).  The dye concentration was proportioned to dry mass (M, g) of 

fluorescent tracer particles through the use of colour specific reference 

standards. A methodological bias of ± 20% for single colour sample analysis, 

and ± 30% for two tracer colour sample analysis, was quantified. The 

observed increased error associated with the analysis of two colour spiked 

samples in comparison to single coloured spiked samples, indicated where 

high precision is required, the use of a single tracer colour is preferable. Also, 

the data indicates there is a greater methodological bias related to the use of 

the rhodamine probe in comparison to the fluorescein probe. This is attributed 

to the greater probe response of the fluorescein probe (fluorescein probe 

response @ dye concentration of 2600 ug / l = 3.066 v) to the corresponding 
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dye concentration of the rhodamine probe (rhodamine probe response @ dye 

concentration of 2600 ug / l = 0.863 v). The methodological bias is considered 

tolerable within the sediment tracing methodology, due to the error associated 

with other enumeration techniques e.g. an error of  5 - 10 % was attributed by 

Carrasco et al. (2013) to counting fluorescent tracer grains by eye. Further, 

the error related to models of sediment transport are judged to be of the order 

of a factor of 10  (Eidsvik, 2004), reduced to a factor of 5 or better once 

validated (Soulsby, 1997).  

The fluorometric method was validated and applied to the 

determination of representative environmental samples spiked with various 

quantities of one or two tracer colours. The representative environmental 

samples indicated that background material (native environmental particulates 

of the sample) reduced the fluorescent emission of derived dye solution due to 

static quenching effects by up to 67%, dependant on the quantity of 

background material within the sample. This was accounted for empirically by 

determining colour specific reference standards with known masses of 

representative native material. This methodology provided a relatively simple, 

fast and non-resource intensive approach to tracer enumeration within 

fluorescent tracing studies, which will potentially contribute to improvement of 

the general utility of the technique. 

  Within the spectrofluorometric technique a range of factors affect the 

specific coefficient of fluorescence intensity vs. tracer dry mass. Potential 

sources of error include: 1) human error, which can be obviated by using an 

experienced technician with a practical and theoretical understanding of 

spectrofluorimetry (Gunn, 1963); and, 2) the empirical relationship between 

the assumed concentrations of a sample to tracer dry mass; the homogenous 

mixing of the particles and the native sediment; particle size distribution and 

surface area of the particles; the dye loading on the surface of the individual 

tracer particles; and the properties of the solvent and dye pigment. These 

potential sources of error can be significantly reduced  if  the coefficient is 

determined empirically for each combination of conditions (Carey, 1989, 

Gunn, 1963).  
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The spectrofluorometric analytical methodology can be utilised to 

determine the dry mass of fluorescent tracer samples of different size 

fractions, and two different tracer colours separately, or concurrently. In 

comparison to other methods of determining the mass of fluorescent tracer 

particles within a sample, this is a relatively fast, reliable and low cost 

technique. The linear calibration lines, small variance of experimental points, 

and consistently high coefficients of determination (R2) indicate the potential 

for high accuracy of tracer enumeration.  
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5. Sediment Tracing Using Active Tracers: A Guide for Practitioners. 

5.1. Summary 

Determining the source, pathway and fate of sediment, soil and 

associated contaminants, nutrients and microbes is desirable as a result of the 

growing environmental concern and economic consequences surrounding the 

movement of sediment and soil. Sediment tracing, or as it is sometimes 

termed ‘sediment tracking’, can provide qualitative and quantitative data 

detailing the spatial and temporal dynamics of sediment and soil particles. To 

date, research has predominantly focused on the effectiveness of various 

types of tracers, with little emphasis on how they are deployed, monitored, 

and recovered, and yet study outcomes are highly dependent on these 

factors. A generic six step methodological framework is presented for robust 

sediment and soil tracing developed from the analysis of existing studies. The 

inextricable link between tracers and the applied methodology identifies that a 

holistic view of the tracing methodology is required at the planning stage, to 

improve method development and crucially, tracer material selection. It is 

anticipated that this framework will be a valuable guide for practitioners and 

researchers interested in the practical application of sediment tracing 

techniques to sediment transport problems, and that it may promote the 

uptake or adoption of a robust, universal methodology  across academic (and 

commercial) fields. 

5.2. Introduction  

Sediment tracing techniques progressed significantly in the century 

following the first tracing study of Richardson (1902). The technique has 

recovered from significant setbacks e.g. the environmental ban on the use of 

irradiated grains (Black et al., 2007, Sigbjornsson, 1994) and fluctuations in 

popularity, primarily due to the resource intensive nature of the method 

(White, 1998). Recent developments in tracer design and methodological 

approach have revived the technique . This has led to novel application and 

commercial enterprise within the sector (Black et al., 2013, Black, 2012, Smith 

et al., 2007). A number of tracers are now available to perform tracing studies. 

These tracers provide robust information regarding sediment dynamics in both 

terrestrial and fluvial (see Guzman et al. (2013) for a synthesis of the subject), 
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and marine and coastal environments (see Black et al. (2007) for a synthesis 

of the subject). Each tracer has its own  benefits and limitations (Guzman et 

al., 2013, Black et al., 2007). Similarly, tracer-specific practical and analytical 

methodologies each have their own benefits and limitations. These benefits 

and limitations must be weighed against other tracer materials, and the 

appropriateness of the specific tracer for the study area (Liu et al., 2004). As 

tracers are now more readily available, a unified methodological approach is 

needed to provide consistency, given increasing application of the tracing 

technique to real world, sediment management problems. A robust 

methodological framework should provide an effective sequence of events 

that can be considered, regardless of choice of tracer material.   

An optimal tracer is one that can be tracked, recovered from 

environmental samples and enumerated successfully, and which has similar 

properties to the native sediment (, Zhang et al., 2001, Mahler et al., 1998, Liu 

et al., 2004). Key assumptions that commonly introduce error into tracing 

studies include:  

I. The tracer’s hydraulic and bio-organic properties closely match those of 

the native sediment such that the tracer is transported in the same 

manner as the native sediment. 

II. The tracer properties are stable and do not change through time. 

III. Introduction of the tracer does not disrupt the transporting system.  

It is essential that these assumptions are acknowledged, tested and the 

results considered in the light of potential effects on sediment transport 

dynamics (Foster, 2000).  

Historically, tracing studies were somewhat crude in nature, utilising 

tracer that violated the three key assumptions outlined above (Pantin, 1961, 

Lee et al., 2007b, Shinohara et al., 1958, Kidson and Carr, 1961, Dobbs, 

1958). Modern technological advances have resulted in the development of 

tracers which do not violate the above precepts. This has led to an increase in 

the validity of the technique. However, such tracers still need to be applied 

using a clear, defined methodological framework. 
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The aim of this article is to develop a generic sediment tracing 

methodological framework, applicable regardless of environment and context. 

The framework is  focused on ‘active’  tracers (i.e. where a tracer is actively 

introduced or injected into an environment) and not on approaches that use 

the natural ‘signature’ of native particles, such as ‘sediment source ascription’ 

or ‘sediment fingerprinting’ e.g. Foster (2000), nor those which utilise the 

presence of anthropogenic radioactive fallout e.g. Walling (1999) Herein, the 

most appropriate steps and sequence of active tracing methods are proposed. 

The crucial elements of each step are identified from previous approaches 

that are particularly applicable to oceanographic, geological, 

geomorphological, and hydrological and soil science research.  

5.3. Approach 

Altogether, 51 peer-reviewed journal papers were identified from 

literature searches conducted through Web of Science (Thomson Reuters, 

2014). The following keywords and search terms were investigated: tracing, 

tracers, sediment, soil, fluorescent, magnetic, rare earth element. The paper 

was considered relevant if an artificial tracer had been introduced to the 

environment. From a review of the methodologies used within these studies, 

six logical and consistent steps required to conduct a successful tracer study 

were identified. Following identification, each paper was reviewed to establish 

which study type conducted (and reported) each step (Figure 31).  

5.4. A Methodological Framework  

Any tracing study begins with an assessment of the problem or issue 

that needs to be addressed. Once the aim and objective(s) of the study have 

been decided, there are six methodological steps to ensure a robust, practical 

tracing study is conducted (Black, 2012). The six key steps identified (Figure 

30) are: 1) perform a background survey; 2) design / select tracer by matching 

the tracer properties to those of the native sediment and determine the 

quantity of tracer required; 3) introduce the tracer to the environment; 4) 

sampling; 5) tracer enumeration; and 6) analysis of results. The requirements 

of each step are outlined below. 
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Figure 30: Proposed methodological framework for conducting a sediment tracing study using an active 

tracer. 
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5.4.1. Step 1: Background Survey  

The purpose of a background survey is manifold. It is to: 1) determine 

the presence / absence of particulates within the study region with the same 

or similar characteristics as the proposed tracer of use; 2) provide a 

comprehensive assessment of the properties of the native sediment on which 

tracer design can be based; and 3) evaluate environmental baseline readings 

by testing any sampling techniques proposed, to ensure no false positives are 

recorded.  

Step 6 Step 5 Step 4 

Step 3 Step 2 Step 1  

Figure 31: The percentage of studies that reported each step of the proposed methodological 

framework within peer reviewed articles. The green coloured slice represents studies that reported the 

results of each step and the red coloured slice represents studies that did not report the results of 

each step. 
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Only 41 % of the studies identified in the literature survey reported the 

findings of a background survey (Figure 31). This was unexpected, as it is 

crucial to know that the tracer to be used has a unique signature in the 

environment of use (Crickmore, 1967, Spencer et al., 2011, Liu et al., 2004, 

Benevente et al., 2005, Michaelides et al., 2010). This can only be assessed 

through sampling (and testing) of the environmental sediments (Vila-Concejo 

et al., 2004, Inman et al., 1980, Miller and Warrick, 2012, Polyakov and 

Nearing, 2004, Ferreira et al., 2002). Determining if the sediment (or other 

native material) has similar properties to the tracer material is critical, as this 

constitutes noise within a tracing study (Stevens and Quinton, 2008, Mahaut 

and Graf, 1987, Cronin et al., 2011, Russell, 1960). To achieve this, sediment 

samples (cores, grabs etc.) should be collected throughout the study area / 

area of interest, focusing on potential source areas, transport pathways and 

deposition zones (Inman et al., 1980, Stevens and Quinton, 2008, Mahaut and 

Graf, 1987, Krezoski, 1989, Collins et al., 2013). Within the literature some 

studies collected just one bulk sample (Vila-Concejo et al., 2004, Ciavola et 

al., 1998, Lee et al., 2007, Carrasco et al., 2013, Ferreira et al., 2002). This 

risks incomplete capture of the sediment characteristics of the site and their 

spatial variation. From experience it is recommended that a minimum of five 

core samples are collected from each (potential) - distinct sediment zone per 

km2 within the study area (e.g. upper and lower foreshore, and disturbed and 

undisturbed soils). Each sample should be analysed for the characteristics 

critical to sediment transport such as, the particle size distribution and specific 

gravity (particle density) (Dyer, 1986). This allows a tracer to be designed - 

based upon, the physical characteristics of the native sediment. Further, the 

bulk density of the native sediment should be determined, to quantify the 

appropriate mass of tracer required. If heterogeneous sediment characteristics 

are found (or known) throughout the area of interest, it is possible to reduce 

the volume of samples collected whilst still maintaining statistical significance 

using a random sampling technique (Wang et al., 2012).  

The background survey should also be used to collect relevant data 

regarding the forcing mechanisms at the site (e.g. the collection of current 

velocity data, quantification of flow rates, slope and topography etc.)  (Smith et 



82 
 

al., 2007, Cabrera and Alonso, 2010, Miller and Warrick, 2012, Carrasco et 

al., 2013, Cronin et al., 2011).  Also a qualitative site assessment should be 

made (e.g. evidence of erosion, beach profiles, land use and management), 

as this may provide extra information regarding possible sediment transport 

rates and pathway(s) within the study area (Deasy and Quinton, 2010, 

Stevens and Quinton, 2008, Silva et al., 2007, Lee et al., 2007, Guymer et al., 

2010, Collins et al., 2013). Fully understanding the study area prior to 

introduction of the tracer enables an informed methodological strategy to be 

developed. 

5.4.2. Step 2: Tracer Design/Selection, Matching the Tracer to the Native 

Sediment and Quantity of tracer required. 

A tracer that matches the native sediment in terms of its hydraulic 

attributes should be selected and / or designed. Little or no recognition has 

been given to the importance of matching the tracer to the native sediment in 

historic studies (Richardson, 1902, Joliffe, 1963, Kidson and Carr, 1961). Only 

25 % of the papers identified in the literature survey reported the findings of 

matching (Figure 2) (termed ‘hydraulic matching’) and as such the accuracy of 

the reported results is uncertain (Caldwell, 1981). The tracer should ideally 

match the native sediment, in terms of its physical, biological and 

electrochemical properties (Madsen, 1987, White, 1998, Black et al., 2007, 

Foster, 2000, Ambulatov and Patrikeiev, 1963). Whether this is ever achieved 

in reality is debatable. However, ensuring the tracer is hydraulically matched 

to the native sediment is a methodological necessity which must be achieved, 

and should be prioritised over other characteristics (Black et al., 2007). Two 

hydraulically matched, or hydraulically equivalent, sediments will be cycled 

(eroded, transported, deposited) in the same way by a fluid flow (Black, 2012, 

Dyer, 1986). On a practical level matching the tracer hydraulic properties to 

the native sediment is straight-forward; samples collected within the 

background survey and the tracer are tested for characteristics that influence 

transport, namely size distribution and density (and within silt tracing studies 

occasionally settling velocity), and the results statistically compared  (Ciavola 

et al., 1997, Tauro et al., 2010, Stevens and Quinton, 2008, Silva et al., 2007, 

Miller and Warrick, 2012, Cronin et al., 2011).  
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Commonly the results of this similarity matching are expressed as a 

similarity ratio (e.g. d50 tracer / d50 native). Tracing materials are designed to be 

unique within the environment; therefore it is unlikely that a perfect hydraulic 

match will be achieved. Permissible differences between the hydraulic 

characteristics of the native sediment and tracer have been outlined in the 

literature (Black et al., 2007). The median grain size (modal grain diameter) of 

the tracer should be within ± 10 % of the native sediment (White and Inman, 

1989), and the specific gravity (particle density) should be within ± 6 % (Black 

et al., 2007) to limit the effects on field observations.  

Matching is particularly critical when tracking the finer fractions 

(Louisse et al., 1986). It is  also more challenging given its cohesive nature 

(Brown et al., 1999), and the hydraulic matching process may be based upon 

different precepts to those of coarse sediments. Unlike sand and gravel 

particles, cohesive sediment is transported primarily as flocs (Droppo, 2001). 

Thus it is critical that any tracer mimicking cohesive sediment must be able to 

flocculate (on its own), and thereby resemble a natural floc aggregate  

(Spencer et al., 2011), an approach which can be commonly called direct floc 

mimicking. This approach is preferable as it accounts for the mineral 

sediments and the organic and inorganic floc constituents  (Droppo et al., 

1997, Droppo, 2001). Unfortunately, tracers able to directly mimic a floc are 

not widely available, not least because within the direct floc mimicking 

approach it is difficult to establish that the tracer flocs, behave the same as 

native flocs, in terms of temporal aggregation and disaggregation processes 

(Louisse et al., 1986, Spencer et al., 2007, Spencer et al., 2010, Spencer et 

al., 2011). Significant theoretical and practical challenges remain in the 

development of effective clay sized tracers. Therefore, outlined below is an 

alternative approach, termed floc tagging e.g. Koch et al. (2013). In this 

approach the tracer particles must have similar hydraulic characteristics (i.e. 

size, density and settling rate) to one or more of those constituent sediment 

particles found within  naturally flocculated material (Spencer et al., 2010). 

This approach facilitates tracking of the flocs by directly labelling the flocs 

(Figure 30). For this approach, the key information is the particle size 

distribution (following acid digestion e.g. (Laubel et al., 2003) of the native floc. 
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As silts are by definition < 63 m in size, a tracer of size e.g. 25-55 m would 

be suitable for the majority of projects (Black et al., 2013). Figure 32 illustrates 

the principle of floc tagging.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Within the literature survey the quantity of tracer deployed is driven by 

environment (Lee et al., 2007). Studies conducted within the marine and 

coastal environment predominately deploy a significantly greater mass than 

4 cm 

Figure 32: The image captured under ultraviolet illumination shows a core of cohesive peat 

sediment mixed with a pink silt tracer. The tracer has been hydraulically matched to the 

cohesive peat sediment. The tracer has then been thoroughly mixed with the peat and left 

to settle. The image demonstrates that the hydraulically matched tracer and peat, due to 

the similar hydraulic characteristics of one or more of the constituent sediment particles 

have a similar settling rate, resulting in the tracer flocculating with, and becoming 

entangled with, peat material. Thus the peat flocs have been tagged with an identifiable 

‘signature’ enabling cohesive sediment transport to be assessed. The tags will ensure that 

ensuing transport processes may be tracked and transport pathways delineated. Image 

provided by Partrac Ltd. 
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studies conducted within terrestrial environments. Tracer mass deployed 

regularly exceeds 100 kg e.g. Silva et al. (2007) and 1 tonne e.g. Collins et al. 

(1995), Smith et al. (2007). Studies conducted in the terrestrial environment 

have focused less on the mass of tracer deployed and more on desired tracer 

concentration post deployment (Stevens and Quinton, 2008, Deasy and 

Quinton, 2010, Michaelides et al., 2010, Kimoto et al., 2006b, Ventura et al., 

2002). The amount of tracer introduced is critical – if too much material is 

deployed to the environment sediment transport processes may be unduly 

affected (Foster, 2000). Yet, if too little is deployed recovery of tracer is 

compromised (Ciavola et al., 1998, Courtois and Monaco, 1968). This may 

result in insufficient amounts of tracer being recovered, limiting the 

conclusions that can be drawn from the data set. A further consideration is the 

environmental impacts of the tracer following the study as the majority of 

tracer will remain within the system. Concern has been raised regarding the 

toxicity of fluorescent dyes (Smart and Laidlaw, 1977) and the use of entirely 

synthetic (plastic) tracing materials (Thompson et al., 2004). 

Pragmatically, for many studies the quantity of tracer that can be used 

is dictated primarily by the project budget. Due to large uncertainties many 

studies do not attempt to define a sediment budget. Consideration of 

environment and project restrictions, choice of tracer, the sampling and 

analysis methodology, and desired precision is required. In general, the more 

dynamic the environment and the less controlled the study, the greater tracer 

mass is required, as the resolution of the data obtained is dependent upon the 

measuring technique employed (Guymer et al., 2010, Liu et al., 2004). At this 

stage, the extent of the source area (e.g. where the tracer is introduced to the 

field), and a site boundary (sample limit) should be clearly defined. The 

quantity of tracer required is then determined by multiplying the bulk density of 

the native sediment within the source area by the spatial extent of the study 

area (Kimoto et al., 2006b, Polyakov and Nearing, 2004, Liu et al., 2004, 

Ventura et al., 2002, Zhang et al., 2003). 

5.4.3. Step 3: Tracer Introduction  

 Tracer introduction methodologies are project and environment 

specific, but for all applications it is extremely important that the tracer 
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particles are introduced into, or onto the area, of interest with minimal loss and 

redistribution of tracer. To ensure representative data are obtained it is critical 

that the tracer is introduced to at least the base of the active transport layer 

(Inman and Chamberlain, 1959). There are two primary methods of tracer 

introduction; 1) The foregoing introduction method (FIM) where tracer is 

introduced to the environment at one point in time (Ferguson, 2002, Miller and 

Warrick, 2012, Ingle, 1966, Ciavola et al., 1997); and 2) the continuous 

introduction method (CIM) which involves continuously introducing tracer to a 

point at a steady rate and measuring downstream (Spencer et al., 2011a, 

Luhmann et al., 2012, Magal et al., 2008, Stern et al., 2001, Cromey et al., 

2002). Figure 35 presents a decision making flow diagram which summarises 

the options related to tracer introduction. The following sections details the 

methods specific to each environment and study type. 

5.4.3.1. Marine, Coastal and Fluvial Environments 

Traditional beach face studies require the tracer to be raked into the 

surface sediment layer (Inman and Chamberlain, 1959, Inman et al., 1980, 

Mahaut and Graf, 1987, Russell, 1960a), or introduced into a shallow trench  

(< 10 cm deep) (Silva et al., 2007, Corbau et al., 1994, Dolphin et al., 1995, 

Miller and Warrick, 2012, Bertin et al., 2007). It is recommended that where 

possible, tracer is introduced to the environment combined with native 

sediment in a 50:50 ratio (Figure 33), to aid incorporation (Crickmore and 

Lean, 1962, Krezoski, 1989), particularly for cohesive sediment projects 

(Cronin et al., 2011, Spencer et al., 2011). The tracer should be mixed with a 

small amount of seawater prior to introduction on the surface, or to a trench, to 

ensure that no redistribution of the tracer particles by aeolian transport occurs 

e.g. Ciavola et al. (1998). Adding a small amount of detergent (< 5 %) to the 

tracer / seawater admixture reduces the surface tension properties of the 

particles (Vila-Concejo et al., 2004), a factor which is generally helpful 

practically to stop tracer being transported on the water surface due to surface 

tension.   
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Introducing tracer into deeper water is more challenging. Novel and 

ambitious methods have been utilised to deploy tracer to the bed. These 

include: the use of water soluble bags that dissolve (Smith et al., 2007); and 

remotely operated chambers lowered from a ship (Courtois and Monaco, 

1968, Ingle, 1966, White, 1987). Other specially designed or purpose built 

devices have been utilised (Van den Eynde, 2004, Cheong  et al., 1993, 

Tudhorpe and Scoffin, 1987, Collins et al., 1995); e.g.- a weighted knife blade 

that rips open a bag of tracer upon contact with the sea bed (Vernon, 1963); 

or the use of a tube running from the ship to the sea floor (Joliffe, 1963a, 

Crickmore, 1967). Ideally, in deep water studies, the use of diver 

emplacement (SCUBA) is preferable due to the wealth of extra information 

provided by the divers (Mcomb and Black, 2005, Ingle, 1966, Ciavola et al., 

1998, Solan et al., 2004, Inman and Chamberlain, 1959). Where possible in 

situ underwater videography or photography should be utilised to monitor and 

assess the success of the deployment (Cromey et al., 2002). From the review 

of the literature, it is recommended, that a coarse sand tracer should be 

deployed through a subsurface pipe within shallow water studies (Joliffe, 

1963, Crickmore, 1967, Ferreira et al., 2002) and using dissolvable bags 

within deep water studies  (Smith et al., 2007). 

Figure 33: Green fluorescent tracer deployed on the beach face mixed 50:50 with native 

sand. Image provided by Partrac Ltd. 
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Silt tracers, applied to assess the entrainment and transport processes 

of deposited silts, presents specific issues. It is necessary to introduce the 

tracer onto the bed without loss of material to the water column. One way to 

introduce silt tracer to the sea bed is to encapsulate the tracer in ballasted ice, 

as this provides a secure, robust vehicle able to deliver tracer to the bed. This 

approach was pioneered by Krezoski (1989), who deployed a frozen pellet 

consisting of tracer and natural fine grained sediment to the bed. Recent 

adaptions of this technique have seen  frozen plates consisting of 50 % tracer 

mixed with 50 % natural sediment, deployed to the mouth of an estuary at low 

tide (Cronin et al., 2011), and pre-made deep frozen tracer blocks deployed 

from the side of a vessel (Black, 2012). The colder the blocks can be made 

generally the better they perform as this increases the timeframes for 

encapsulation, enabling tracer introduction to greater depths (Black et al., 

2007b).  

Where studies are solely investigating suspended sediment transport 

there is often no requirement for the tracer to be deployed to the bed. The 

tracer can be deployed to simulate a floc or plume of suspended sediment 

directly by flushing tracer down a tube in suspension, subsurface (Black et al., 

2013, Guymer et al., 2010, Cromey et al., 2002). It is recommended that the 

tracer is pre-mixed with salt or fresh water, to create a high concentration 

tracer slurry which can be manoeuvred easily with trowels or shovels (Black et 

al., 2013). High flow water pumps, able to create a turbulent field are required 

to ensure complete disaggregation of the tracer particles within the slurry, as 

the slurry is deployed to the receiving water (Black et al., 2013).  

5.4.3.2. Terrestrial  

Terrestrial deployments require careful thought to ensure preferential 

transport of tracer does not occur. Preferential transport of tracer may occur: if 

the tracer does not bind with soil particles; where the tracer is not integrated 

into the soil matrix; or where the hydraulic characteristics of the tracer do not 

match the native soil particles (Zhang et al., 2001). Again, it is critical to 

deploy the tracer in a manner so as not to disturb the natural system. The 

tracer can be deployed on the surface (Cabrera and Alonso, 2010, Stevens 

and Quinton, 2008, Liu et al., 2004, Zhang et al., 2001, Collins et al., 2013) 
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(Figure 34). This is preferable when deploying tracer to a large spatial area (> 

5 m2), and can be achieved simply and accurately using an adapted 

agricultural seed disperser (Stevens and Quinton, 2008, Collins et al., 2013, 

Polyakov and Nearing, 2004) or a knapsack sprayer (Deasy and Quinton, 

2010) - although again avoidance of aeolian transport at the time of 

deployment is essential. To avoid aeolian transport, the tracer can be lightly 

wetted and deployed on a calm day. Where tracer is deployed at smaller 

scales (< 5 m2) it is preferable to pre-mix the tracer and native soil in a 50:50 

ratio to aid incorporation e.g. Guzmán et al. (2010), Ventura et al. (2002), 

Michaelides et al. (2010). Introduce the tracer / soil admixture in the form of a 

shallow trench (1 – 3 cm deep), where the surface is flush with the 

surrounding soil surface (Armstrong et al., 2012, Liu et al., 2004, Ventura et 

al., 2002, Michaelides et al., 2010).   

 

Figure 34: Green fluorescent tracer deployed on the surface of an agricultural field. Image 

provided by Partrac Ltd. 
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5.4.3.3.  Step 4: Sampling  

Recovering tracer for enumeration, or determining the presence of 

tracer in situ, requires spatial and temporal sampling (Black et al., 2007). Due 

to the dynamic nature of sediment transport within all environments, dilution 

and dispersal of the tracer to beyond / below the detection limit can occur. 

Therefore an adaptive sampling regime which considers sampling in the entire 

near field, mid-field and far field-relative to the tracer injection locality, and 

incorporates a strategy for recurrent sampling (through time), is required. Poor 

sampling strategies can lead to flawed conclusions, the most common being 

the conclusion that tracer is not present, whereas it might simply be that it 

cannot be detected (Ferguson, 2002, Collins et al., 1995).  Sampling 

approach, as expected is referred to in the majority of literature sources 
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and deployed to a shallow 

trench 

Frozen ice blocks 
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bed 
Deployed through a sub-

surface pipe 
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Figure 35: A decision making diagram to determine the most appropriate method of tracer 

introduction. 
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(Figure 29) demonstrating the sampling step is an inherent and highly 

important part of the sediment tracing methodology.  

The two basic methods of sampling identified from the literature are the 

spatial integration method (SIM) (also referred to as Lagrangian sampling), 

where identified sample locations are sampled once (Ciavola et al., 1997, 

Ciavola et al., 1998, Bertin et al., 2007, Carrasco et al., 2013, Ferreira et al., 

2002), and the temporal integration method (TIM) where identified sample 

locations are sampled repeatedly over time, via recurrent surveys (White, 

1998, Crickmore, 1967). Predominately the SIM is used when sampling 

coarse sediments transported as bed load (often associated with beach face, 

longshore transport type studies), whereas TIM is used to sample sediments 

transported in suspension (Black et al., 2007).  

A combination of random and systematic  sampling techniques are 

recommended within tracing studies, which draw sampling units independently 

from each other with equal probability (Wang et al., 2012). In both systematic 

and random sampling it is assumed that the target population (tracer) is 

independent and identically distributed. Where no information is available 

regarding the direction of transport, practice dictates that a systematic 

sampling grid is used, and is usually arranged in two directions either side of 

the point of tracer injection (Black et al., 2007). The samples are collected in a 

given order relative to the first collection point, requiring the use of systematic 

sampling zones (Wang et al., 2012). However, where transport direction is 

known a priori, the use of systematic grids have the potential to introduce bias 

(Webster, 1999), and a more complex approach which uses both random and 

stratified sampling may be more appropriate. In practical terms sampling grid 

layout and size are often dictated by landscape features, man-made 

structures, morphology and budgetary and time constraints (Vila-Concejo et 

al., 2004). Due to this, and that within the majority of studies the dispersion 

rates of tracer are unknown prior to deployment, the collection of 

measurements at intermediate locations along the transport pathway, in 

addition to the target receptor is required (Ciavola et al., 1997, Komar, 1969, 

Ingle (1966), Vila-Concejo et al., 2004, Inman et al., 1980). To improve any 

tracing study, simply increasing the sample scope in terms of spatial and 
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temporal resolution, provides greater information regarding the distribution of 

tracer particles throughout the study area. This provides a greater evidence 

base from which conclusions can be drawn (Guzman et al., 2013, Kimoto et 

al., 2006b). As a simple rule, as much information as possible should be 

sought, within the resources of the study.  

5.4.3.4. Sampling Tools 

 Tools commonly used to sample sediment in the marine, coastal and 

fluvial environments include core and grab samplers (Cronin et al., 2011, 

Gibson et al., 2011, Horng and Huh, 2011, Silva et al., 2007, Spencer et al., 

2011), sediment traps (Peine et al., 2009, Solan et al., 2004), water samplers 

(Guymer et al., 2010, Martínez-Carreras et al., 2010), and in situ magnetic 

sampling (Guymer et al., 2010, Black et al., 2013, Collins et al., 2013). More 

recently, sensor based systems (e.g. fluorimeters) have found practical 

application of the in situ measurement of tracer e.g. Guymer et al. (2010).  

Within the terrestrial field, core samples and the collection of runoff samples 

are universally used (Ventura et al., 2002, Armstrong et al., 2012, Hu et al., 

2011, Zhang et al., 2001, Michaelides et al., 2010). The use of a collection 

pool (Liu et al., 2004),  and / or covered drains (Stevens and Quinton, 2008, 

Deasy and Quinton, 2010) to capture run-off samples enables time-integrated 

samples to be collected.  

By far the most popular sampling tool within tracing studies is the 

collection of sediment cores. When collecting a core sample it is critical to 

sample through to the base of the active sediment layer, to maximise the 

chance of tracer recovery (following mixing), and to determine the mass 

(volume) of sediment in transport, investigate burial trends and calculate 

sediment transport rates through the environment (Ciavola et al., 1998, Bertin 

et al., 2007).  If the thickness of the active layer is unknown, a visually 

identifiable tracer, can be used as a horizon marker to ensure the sample has 

been collected through the active layer (King, 1951, Inman and Chamberlain, 

1959a, Komar, 1969, Inman et al., 1980), alternatively,  where tracer content 

is known, the following equation can be used (White and Inman, 1989):  

K0 =
∑ N(z)∆z (z)

Nmax
            (7) 
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Where K0 is transport thickness,    ∆  z is the vertical thickness of the horizontal 

slice, N is the sediment volume concentration and Nmax is the maximum tracer 

concentration in the core. Due to the surface disturbance created during active 

sampling, cores should only be taken post transport event.  

Sampling strategies should strive to be flexible and adaptive to 

changes in environmental conditions that occur during the study, consequently 

a tracer that is able to be monitored effectively without using intrusive 

sampling techniques is advantageous (Guzman et al., 2013). Semi 

quantitative qualitative sampling techniques (such as submersible 

fluorescence imaging e.g. Solan et al. (2004), and  night time, blue light torch 

surveys e.g. Russell (1960), Ciavola et al. (1998), Silva et al. (2007), Carrasco 

et al. (2013), Vila-Concejo et al. (2004) are driving innovation within tracing 

studies. These techniques should be used to monitor the spatial distribution of 

tracer particles in a non-intrusive manner, prior to using intrusive sampling 

techniques to quantify tracer content within the sampling grid. Table 6 

summarises the passive sampling techniques available to monitor the most 

popular tracing materials, being fluorescent tracers, magnetic tracers and rare 

earth element tracers.  
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Table 6: The passive sampling techniques available to monitor tracer particles in the 

environment for the most popular tracing materials. 

Tracer 

Material 

Passive sampling 

techniques 

Information 

Fluorescent 

Tracers 

In situ fluorimeters 

 

 

 

 

 

 

Visual inspection 

under blue light or 

ultraviolet (UV) 

illumination   

 

 In situ fluorimeters monitor the fluorescent emission of 

particulates (or dyes) directly beneath the sensor, through 

time. This enables the  detection of fluorescent tracer as a 

cloud of suspended tracer particles passes the sensor 

(e.g. Guymer et al. (2010)). The sensor can be adapted to 

assess tracer on the sea bed or hill slope.  

The spectral characteristics of fluorescent tracer enable 

unequivocal identification of the tracer particles within the 

environment using a blue light or ultraviolet (UVA) lamps 

(emitting wavelength 395 nm – 400 nm). Using these 

torches or lamps allows the spatial distribution of tracer to 

be assessed. Further, there is the potential for in situ 

photography and image analysis e.g. Darvishan et al. 

(2014). 

Magnetic 

Tracers 

Magnetic 

susceptibility 

 

 

 

 

 

 

 

Mass-based magnetic susceptibility is a comparative 

measure of the relative ease with which a material can 

acquire a magnetic field when exposed to a low frequency 

alternating magnetic field. Ferrous or iron-rich particles 

acquire a magnetic field far more easily than non-ferrous 

particles. The magnetic susceptibility of a granular 

material is measured using a magnetic susceptibility 

sensor (e.g. Bartington Instruments Ltd). The technique is 

especially useful as it provides rapid determination of 

tracer concentration in sediments and soils e.g.Van Der 

Post et al. (1995), (Ventura et al., 2002). 

Rare Earth 

Element 

Tracers 

None available 
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5.4.4. Step 5: Tracer Enumeration 

The ultimate aim of any tracing study is to determine the tracer 

concentration (mass per unit volume), or dry mass of tracer from within each 

sampling location or time step. The preferred enumeration method should be 

able to accurately analyse a large number of samples within a short period of 

time. This allows for many more samples to be collected from the field and 

analysed within a given resource budget, a facet which substantially improves 

many tracing studies (Guzman et al., 2013). Tracer enumeration techniques 

are wholly dependent on the type of tracer utilised. The benefits and 

limitations of the analysis techniques associated with each tracer illustrate the 

importance of taking a holistic view of the entire methodology, at the study 

planning stage, to inform tracer material selection decisions. Table 7 

summarises the methodologies used to enumerate tracer mass or tracer 

content within environmental samples associated with the most popular 

tracing materials. 

Table 7: The tracer enumeration methodologies available for the most popular tracing materials, 

fluorescent tracers, magnetic tracers and rare earth element tracers. 

Tracer 

Material 

Enumeration techniques Information 

Fluorescent 

Tracers 

Counting by eye  

(Carrasco et al., 2013, Cabrera 

and Alonso, 2010, Ferreira et al., 

2002, Benevente et al., 2005, 

Cronin et al., 2011, Collins et al., 

1995) 

 

 

Filtration/sedimentation 

followed by digital image 

analysis  

(Solan et al., 2004, Tauro et al., 

2010, Silva et al., 2007, Yang et 

The spectral characteristics of 

fluorescent tracer enable unequivocal 

identification of the tracer particles within 

environmental samples using a blue light 

or ultraviolet lamps (UV) (emitting 

wavelength 395 nm). The sample is 

thinly spread and the tracer particles 

counted. This technique is not viable 

when using silt tracers. 

A similar methodology as described 

above except an image of the sample is 

captured under ultraviolet (UV) 

illumination and a digital image analysis 

system is used to count the fluorescent 

particles within the image. 
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Tracer 

Material 

Enumeration techniques Information 

al., 2011) 

 

Dissolution of the fluorescent 

coating, centrifugation and 

spectrofluorometric analysis  

(Carey, 1989, Farinato and 

Kraus, 1980)   

 

Flow cytometry  

(Forsyth, 2000 )  

 

  

 

 

Measuring the fluorescence intensity of 

an environmental sample via 

spectrofluorimetric analysis allows the 

tracer content within an environmental 

sample to be determined and enables 

the determination of tracer content when 

using both silt and sand sized tracers. 

At the interrogation point of a flow 

cytometer the fluorescence intensity is 

measured. This technique enables silt 

sized particles to be analysed yet is 

unable to analyse sand sized particles. 

In addition the sample size able to be 

analysed is restricted requiring sub- 

sampling. 

Magnetic 

Tracers 

Magnetic Separation 

(Pantin, 1961, Black et al., 2004, 

Black et al., 2013, Ventura et al., 

2002) 

Magnetic tracers mean that an entire 

sample can be flushed through a 

magnetic separator (Frantz Isodynamic 

Separator) to recover tracer by 

separating the non-magnetic and 

magnetic fractions from the sample. Use 

of all sample material obviates any 

necessity for sub-sampling, which avoids 

sub-sampling errors and means the 

probability of finding tracer is far greater. 

Rare Earth 

Element 

Tracers 

Neutron activation analysis 

(Orvini et al., 2000, Liu et al., 

2004) 

 

Inductively coupled plasma-

Rare Earth Elements can be extracted 

from environmental samples and 

detected at very low concentrations. The 

cost of this analytical procedure often 

restricts the number of samples that can 

be analysed. 
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Tracer 

Material 

Enumeration techniques Information 

mass spectrometry (ICP – MS)  

 (Zhang et al., 2001, Kimoto et 

al., 2006b, Stevens and Quinton, 

2008, Polyakov and Nearing, 

2004, Michaelides et al., 2010) 

5.4.5. Step 6: Analysis  

Tracer enumeration provides point specific tracer mass/concentration 

data at a single instant in time.  The data should be generated to provide an 

overview of the study as a time step (e.g. at each sampling stage), and across 

the extent of the spatial area. Computer software such as Geographical 

Information System (GIS) (Esri, 2015), Surfer (Golden Software, 2015) and 

MATLAB (Mathworks, 2015) are useful tools to do this (Polyakov and Nearing, 

2004).  

The direction of transport is determined via the quantity of tracer 

recovered from the sampling grid, best described as a percentage of the total 

tracer mass recovered, not the total tracer mass deployed (e.g. > 50 % of 

tracer recovered was found to the south of position X). As transport of 

sediment is often multidirectional, the dominant transport pathway, and 

receptor area, is determined by the presence of the greatest quantity of tracer. 

However care must be exercised, as these results only reflect the conditions 

observed within the study. Within terrestrial studies of erosion on hill slopes 

where direction of transport is known a priori (downslope), the objective is 

often to determine the quantity of tracer lost, rather than the transport direction 

of the soil. Thus, data are often presented as a cumulative soil loss, depletion 

or erosion rate (kg-1 m-2) e.g. Deasy and Quinton (2010), Stevens and Quinton 

(2008), Zhang et al. (2003). 

A precept of tracing studies is normalisation of the data to represent 

tracer concentration within the surrounding area (White, 1998, Black et al., 

2007, Vila-Concejo et al., 2004). This was first described by Inman and 

Chamberlain (1959) who concluded that the mass of tracer recovered from a 
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sample point (S x) is representative of the mass of tracer in a rectangular 

shape around the point of the sample, with the boundaries of the rectangle 

being midway between sample points. To compute the tracer content within 

each area of the sample grid, the volume (Vri) of the area (Ari) represented by 

each core sample can be calculated: 

Vri =  Arih            (8) 

Where h is the height of the tagged layer. 

A multiplying factor (Tmi) used to extrapolate the tracer concentration of the 

core (C) to the entire represented area can then be calculated by dividing C by 

the volume of the core (Cvol).  

Tmi =  
C

Cvol
              (9) 

The tracer concentration of the represented area (Mi) is then calculated by 

multiplying the Tmi by the representative volume.  

Mi =  Tmi Vri                             (10) 

Extrapolation must be used with caution and the sampling frequency (i.e. 

distance between  sample points) must be appropriate (Black et al., 2007b).  

The transport rate of tracer through the environment can be described 

through the advance of the tracer front (Madsen, 1987, Black et al., 2007) and 

determination and tracking of the mass centre of tracer distribution e.g. Vila-

Concejo et al. (2004), (Cabrera and Alonso, 2010, Silva et al., 2007, Lee et 

al., 2007, Ferreira et al., 2002). The average transport velocity is calculated 

from the distance moved by the mass centroid of tracer divided by the time 

between injection and sampling (White, 1998). Assuming that all samples 

collected have been sampled throughout the active transport layer, following 

the enumeration of tracer content from each sampling point, the location (Y) of 

the mass centre of the tracer distribution can be determined:  

y = ∑ 𝑀𝑖 𝐷𝑖/ ∑  𝑀𝑖                     (11) 
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Where Mi is the mass of tracer at each grid node and the average grain mass 

(usually obtained using mean grain size values from the area of interest), and 

Di is the distance from the introduction point.  

5.5. Discussion 

This review has identified 6 key steps formed into a methodological 

framework critical to successfully conducting a practical sediment tracing 

study. The methodological framework aids decision making and project 

planning and provides a guide as to how to conduct a tracing study, from 

inception to delivery. Critical to the success of a study is identifying the most 

suitable tracer type, as subsequent decisions regarding sampling strategy, 

sample numbers and analytical techniques are driven by tracer choice (Black 

et al., 2007, Guzman et al., 2013, Liu et al., 2004). Different tracers may also 

have differing basic costs and thus tracer choice may be dictated by project 

budgets. Sediment tracing requires an empirical evidence-based approach, 

subsequently a multistage sampling campaign is preferable and as such, 

tracers that allow this are considered advantageous (Zhang et al., 2001, 

Guzmán et al., 2010).  

Active sediment tracing is a useful tool able to provide information 

which aids in the protection of ecological habitats, supports the development 

of sediment management plans, and is able to provide baseline data to inform 

sediment transport models (Athanasios et al., 2008), important for long term 

planning and development at the catchment and coastal scale (Gibson et al., 

2011, Gallagher et al., 1991). Continued development of sediment tracing 

techniques, and the methodology, will increase application in traditional, 

original and novel or emerging fields. This combined with the availability of 

commercially available tracers (Black et al., 2007), is increasing the use of 

active sediment tracers to assess sediment transport pathways and sediment 

dynamics. Non-specialist users require a methodological framework to work 

within.  

5.6. Conclusion 

A methodological framework has been presented which applies to all 

studies which utilise an active sediment tracer, regardless of study context or 
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environment. The framework provides a clear and robust step by step guide to 

conducting a sediment tracing study. Further it has outlined a range of 

techniques useful to practitioners with a focus on the practical application of 

the technique to the field. As the application of the technique increases and is 

applied to increasingly varied sediment management problems, a broader 

range of scientists, researchers and practitioners are likely to use sediment 

tracing techniques. As such, the development of the methodological 

framework enables a broader range of practitioners to use tracers effectively, 

in a robust manner, with confidence. 
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6. The Evaluation and Application of a Dual Signature Tracer to Monitor 

Soil Erosion Events. 

6.1. Summary 

Erosion of soil on agricultural land is internationally recognised as a 

significant environmental issue. Erosion creates problems both on-and-off site; 

reducing agricultural production, and contributing to the degradation of 

receiving waters. Understanding soil transport processes is critical both to 

assess the risk of erosion, and develop and implement effective mitigation 

strategies. Soil tracing potentially comprises a field technique for monitoring 

the spatio-temporal distribution of soil, without the requirement of extensive 

infrastructure. Yet, despite significant research, the ‘perfect’ soil tracer does 

not currently exist. Here we evaluate and apply a commercially-available, 

dual-signature (fluorescent and ferrimagnetic) tracer for the study of soil 

erosion. The tracer’s properties and behaviour were rigorously assessed 

through soil box experiments in the laboratory, prior to application in the field 

to monitor soil loss at the plot scale. The tracer replicated soil transport 

processes at different size fractions, within different soil types. The magnetic 

signature enabled rapid determination of tracer content in the field through 

measurement of magnetic susceptibility; the mean magnetic susceptibility of 

the tracer particles, ̴ 600 x 10 -8 m3 kg-1 was found to be 50 x’s higher than that 

of the native soils. Soil loss in the field, due to rainfall, ranged from 0.02 to 

0.07 kg m2. The tracer appears to provide an effective tool to monitor soil 

movement both in the laboratory and at field/plot scale. Further, the methods 

described enabled rapid collection of a high-volume of robust data - a factor 

critical to the success of any tracing study. 

6.2. Introduction  

Traditional approaches of studying water erosion in the field utilise 

equipment such as Gerlach troughs (Koulouri and Giourga, 2007, Francis, 

1990, Gerlach, 1967, Novara et al., 2011), run-off tanks (Wendt et al., 1986, 

Bagarello and Ferro, 1998, Ghidey and Alberts, 1998), and water flow meters 

(Isensee and Sadeghi, 1993, Meyer et al., 2000). All require infrastructure that 

often is expensive to maintain and does not provide information on the spatial 

distribution of eroded soils (Lal, 1994). An alternative to the collection of 



102 
 

eroded sediment is the use of sediment tracers, able to trace the spatial 

distribution of soil within the landscape and/or determine net losses of soil 

without the requirement of infrastructure (Guzman et al., 2010).  

Soil erosion tracers have been used to identify sediment sources 

(Collins et al., 1997, Collins et al., 2012, Walling and Collins, 2005, Stevens 

and Quinton, 2008, Deasy and Quinton, 2010), elucidate sediment transport 

pathways (Wallbrink and Murray, 1996, Wallbrink  et al., 2002), and determine 

erosion rates (Walling and He, 1999, Blake and Walling, 1999, Hao et al., 

1998).  By far the most popular soil tracer has been the anthropogenically 

derived radioisotope, caesium-137 (137Cs) (Guzman et al., 2013), which has 

been used extensively within agricultural catchments  (Owens et al., 2000, 

Walling et al., 2006, Gruszowski et al., 2003, Quine et al., 1999, Walling and 

He, 1999). However, uncertainties surrounding variable deposition (Owens 

and Walling, 1996, Sutherland, 1996, Walling and Quine, 2006, Mabit et al., 

2008, Wallbrink et al., 1994), and the use of un-validated calibration models 

(Walling and He, 1999), have raised concerns over the findings of many 

studies (Porto et al., 2001, Smith and Blake, 2014).  

Thus, the need exists for a means of tracing soil with all the advantages 

of this methodology but with substantially reduced uncertainties. The use of 

active tracers reduce the uncertainties as the tracer is applied to the field in a 

known quantity, simplifying determination of a sediment budget (Kondolf and 

Piegay, 2003). Active tracing materials used historically within agricultural 

catchments have been diverse, and include rare earth elements (Deasy and 

Quinton, 2010, Polyakov and Nearing, 2004, Michaelides et al., 2010, Tian et 

al., 1994, Zhang et al., 2003), fluorescent glass particles (McDowell and 

Wilcock, 2004), DNA-labelled particles (Mahler et al., 1998) and steel nuts 

(Petticrew et al., 2006).  

Due to their ease of sampling, and relatively low cost, magnetic tracing 

materials have proved popular (Guzmán et al., 2010, Guzman et al., 2013). 

These have included magnetically-coated plastic (Ventura et al., 2002); and 

various magnetic iron oxides (Guzmán et al., 2010, Parsons et al., 1993), 

including fly ash (Olson et al., 2013), magnetic powder and fly ash mixed with 
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cement or bentonite (Hu et al., 2011, Dong et al., 2007, Dong et al., 2009), 

and magnetically-enhanced soil (Armstrong et al., 2012). 

  In order to assess and monitor the spatio-temporal dynamics of soil 

erosion, rigorous testing is required of any tracer (Zhang et al., 2001, Ventura 

et al., 2001, Spencer et al., 2007, Guzman et al., 2010). The ‘perfect’ soil 

tracer should be able to bind strongly with soil particles and/or be easily 

incorporated into soil aggregates; possess a high analytical sensitivity; afford 

easy, inexpensive measurements; have low background concentrations in 

soil; not interfere with sediment transport; be able to trace different particle 

size fractions; have a low biological uptake; be environmentally benign; and 

have availability of multiple tracer signals (Zhang et al., 2001, Guzmán et al., 

2010). No tracer used so far meets all of these criteria (Guzman et al., 2010).  

Here, this problem has been approached by using a tracer comprising 

particles with two signatures, fluorescent colour and ferrimagnetism. This 

chapter evaluates the effectiveness of this dual-signature tracer as a tracer of 

soil, both at the laboratory scale, and at field-plot scale, in order to quantify 

soil loss due to rainfall. The main objectives were to:  

1. Assess tracer behaviour through soil box experiments in the 

laboratory. 

2. Evaluate the dual-signature tracer as a soil erosion tracer within 

a range of soil types. 

3. Develop a robust methodology to monitor the spatio-temporal 

distribution of tracer within an agricultural field. 

4. Apply the tracer in the field to quantify soil loss from erosion 

plots.  

6.3. Methods  

6.3.1. Laboratory set-up 

The studied tracer consists of a chartreuse-coloured, dual-signature 

tracer (Partrac Ltd, UK) derived of natural mineral kernels coated with two 

applied tracer signals, fluorescence and ferrimagnetism. The Gaussian size 
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distribution of the original tracer (as supplied) allowed the tracer to be dry-

sieved into five discrete size fractions (1-63, 63 - 125, 125 – 250, 250 – 500, 

and 500-950 microns), and a composite tracer made with equal amounts of 

each size fraction, forming six tracers in total. Bulk soil samples were collected 

from three sites: a clay loam soil of the Wick 1 association  from Lancaster, 

Lancashire (54.0082° N. 2.7805° W); a sandy loam soil of the Oak 2 

association  from Calthwaite, Cumbria (54.7544° N, 2.8281° W); and a silt 

loam soil of the Brickfield 2 association collected from Preston, Lancashire 

(53.8531° N, 2.7631° W). All three soil samples were air-dried and screened 

to < 4 millimetres.  

Triplicate soil box experiments were conducted for each of the tracer 

particle size fractions applied to each of the bulk soil samples, resulting in 54 

experiments. Soil box design and preparation were based upon the 

methodology of Armstrong et al. (2012). The sieved, air-dried bulk soil sample 

was carefully packed onto a sand base in the soil box in 1 cm layers to a 

density of 1.5 g cm-3. Five centimetres from the top of the soil box, a trough of 

soil (- 3 cm deep and 5 cm wide) was removed, thoroughly mixed with 7 g of 

the separated tracer size fraction or composite tracer and then carefully re-

packed into the trough (hereafter referred to as the tagged zone). The tagged 

zone made up 20 % of the soil surface area, with 0.5 % of the bulk soil sample 

consisting of tracer particles. The soil box was positioned at a slope of 10 % 

under rainfall generated using a gravity-fed rainfall simulator with an intensity 

of 31mm h–1 for one hour. To ensure consistent water quality, de-ionized water 

was used throughout (Figure 36).  

Prior to and after the simulated rainfall, the magnetic susceptibility of 

the soil surface was mapped using a MS2K high resolution surface sensor. 

The operating frequency was 0.58 KhZ, the area of response was 25.4 mm 

full-width, half maximum, depth of response was 50 % at 3 mm, and 10 % at 8 

mm, (Bartington Instruments Ltd, UK). Measurements were made using a grid 

with 4 cm spacing with the second grid row centred on the tagged zone. 

Shallow surface core samples were collected post rainfall at a depth of 1 cm 

using a plastic soil coring tool (radius – 1.4 cm), on the same grid spacing as 

the magnetic susceptibility measurements. Following each run the soil box 
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and surrounding area was inspected under blue light illumination (395 nm) in 

the dark to qualitatively assess the loss of tracer due to splash erosion. 

 

Figure 36: A schematic diagram showing the laboratory setup of the soil box and rainfall 

simulator. The diagram is not to scale. 
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The surface run-off during the one-hour period was collected and all 

samples were analysed for tracer content (tracer dry mass) by separating the 

magnetic fraction from the non-magnetic fraction. Briefly, the sample was 

oven dried (1050C) for 24 h, then transferred to a pestle and mortar and gently 

disaggregated. The sample was then smoothed to an approximately granular 

monolayer on a large piece of white cardboard and a permanent, 11,000 

Gauss magnet was scanned across the sample at a distance of 2-3 mm, 

facilitating separation of magnetic particles. This procedure was repeated, with 

intermittent cleaning and recovery of the particles from the surface of the 

magnet, until no further magnetic particles were extracted and the magnetic 

particles weighed. The extraction efficiency of the methodology was 106 % 

(determined through testing of spiked samples and a comparison of the known 

tracer mass and extracted tracer mass). To determine tracer content values 

(C) the mass of magnetic material (M) is divided by the extraction efficiency 

(E).  

C =  (
M

E
) 100                    (12) 

6.3.2. Field set-up 

The field experiments were conducted on a fallow agricultural field at 

Winton Hill Farmstead, Cumbria (54.743851° N -2.816782° W). The soil is a 

silt loam. A topographic survey was undertaken and three, 1 m2 plots 

(hereafter referred to as the deployment zones), were constructed on slopes 

of 4.6 %, 6.3 % and 7.6 %. 10 m upslope from the plots, 2 m-long, 30 cm-high 

barriers were installed to minimise the difference in run-on between plots. A 

standard tipping bucket rain gauge with a CR800S measurement and control 

data logger (Campbell Scientific Ltd, UK) was deployed to monitor rainfall 

(mm) at the site. 

A bulk soil sample (for mixing with tracer to create a tracer/soil 

admixture) and 10 shallow cores were collected from the field. From the 

deployment zones 5 cores were collected using a stratified random sampling 

technique. Away from the deployment zones 5 cores were collected using a 

random sampling technique.  For each of the cores the bulk density, specific 

gravity and particle size were determined The specific gravity was determined 
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using an adapted pycnometer technique (Germaine and Germaine, 2009), 

and the particle size distribution with a Mastersizer 2000 laser diffraction 

particle sizer (Malvern Instruments Ltd, UK), following acid digestion, as 

described in Laubel et al. (2003). The tracer (Partrac Ltd, UK), which 

replicated the specific gravity of the native soil, was dry sieved to develop a 

composite tracer that mimicked the particle size distribution of the native soil 

(Table 8, Figure 37) and mixed 1:1 with native soil before application to the 

site.  

 

Table 8: A summary of the physical characteristics of the tracer and native soil deployed as a 

tracer/soil admixture to the field. 

Material Colour Quantity 

(Kg) 

Size 

(microns) 

D50 

Specific 

gravity 

Kg/ 

m
3
@20

0
C 

Particles  

ferrimagnetic 

(%) 

Particles 

fluorescent 

(%) 

Tracer Chartreuse 40.5 12-15 2343 100 

 

100 

 

 

Native 

soil 

none 40.5 7-10 2482 0 0 
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The tracer/soil admixture (50:50) was deployed by hand using a trowel. The 

admixture was deployed to each grid spacing within the plot in turn, at a 

density of 0.9 g per cm-3 to a depth of 1 cm, resulting in an assumed tracer 

concentration of 0.45 g per cm-3. A total of 9 kg of tracer/soil admixture was 

deployed at each plot. To facilitate application prior to deployment the 

admixture was mixed with 200 ml of distilled water and thoroughly mixed 

(Figure 38 and 39).  

 

 

 

 

 

Figure 37: The mean particle size distribution of the tracer – soil admixture and the native soil. 
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Figure 38: The plots within the field at a slope of 4.6 %. Note the barriers positioned behind 

the plots. 

Figure 39: The tracer deployed to the soil surface. 
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Sampling was conducted following rainfall events > 1 mm over 8 hours. 

The rainfall events occurred over a 33-day period and amounted to 4, 3.2, 2.9, 

27.1, and 18.9 mm, respectively. Within each 1 m2 plot, magnetic susceptibility 

measurements were taken using a grid with 25 cm spacing, resulting in the 

collection of 1440 surface susceptibility readings. At each grid node within 

each plot, one 4 cm-deep core sample was collected using a plastic coring 

tool (diameter 5.5 cm). A sampling frame (25 cm2) was used to standardise 

the collection of core samples within the grid and ensure that repeat sampling 

did not occur. So as to not affect subsequent transport processes, the hole left 

by the removal of a core sample was backfilled using native soil. A 

measurement of low frequency magnetic susceptibility  was made before a 

soil core was collected (and after the hole was backfilled) using an MS2 

magnetic susceptibility meter with an MS2D surface scanning probe 

(operating frequency 0.958 kHz, depth of response 50% at 15mm, 10% at 

60mm) used with a MS2 probe handle (Bartington Instruments Ltd, UK). In 

addition to the in situ magnetic measurements, the tracer content in all 

collected cores was measured using the magnetic separation method 

described above (Black et al., 2013, Pantin, 1961b, Ventura et al., 2002). Run- 

off from the plots was qualitatively assessed during night time inspections 

using blue light torches (395 nm) 

6.3.3. Soil loss calculations 

Total soil loss from each plot was determined in two ways in order to 

assess the optimum field methodology. First, the measured changes in 

magnetic susceptibility, pre and post-rainfall, were used, via an adapted 

version of a conversion model described in Guzman et al. (2013);  

L =  
m

a   
 ∆x                    (13) 

Where L is soil loss, m is the mass of tracer deployed, a is the tagged area 

and 𝒙 is the difference in magnetic susceptibility pre - and post – rainfall. 

  Second,  to calculate total soil loss from each plot, the tracer dry mass 

values are extrapolated to each grid section, based on the assumption that 

tracer mass within a sample is representative of tracer concentration within 
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the surrounding area (White, 1998, Black et al., 2007b). To compute the tracer 

content within each area of the sample grid, the volume (Vri) of the area (Ari) 

represented by each core sample can be calculated.  

Vri =  Arih                     (14) 

Where h is the height of the tagged layer. 

A multiplying factor (Tmi) used to extrapolate the tracer content of the core (C) 

to the entire represented area can then be calculated by dividing C by the 

volume of the core (Cvol).  

Tmi =  
C

Cvol
                       (15) 

The tracer content of the represented area (Mi) is then calculated by 

multiplying Tmi by the representative volume.  

Mi =  Tmi Vri                     (16) 

The mass of tracer remaining in each plot (MTOT) is then calculated by 

summing of all the Mi obtained for each plot at the end of the sampling 

campaign.  

MTOT =  ∑ Mi                   (17) 

Assuming loss of tracer represents soil loss from the plot, total soil loss (TSL) is 

then calculated by subtracting MTOT   from the mass of tracer deployed (m) to 

each plot. 

Tsl = m −  MTOT                   (18) 

6.3.4. Statistical analyses  

SPSS Statistics 20 (IBM, 2014) was used for all analysis. For the soil 

box experiments, a paired t test was used to assess for: significant differences 

between the magnetic susceptibility of the tracer and native soil; estimated 

and measured soil loss within the soil box; and mass of soil and tracer 

captured in the run-off sediment. In the field experiment, a paired t test was 

used to assess the difference between soil losses calculated from magnetic 

susceptibility values and tracer mass. 
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6.4. Results  

6.4.1. Soil box experiments  

The tagged zone had a mean magnetic susceptibility ̴ 50 times that of 

the native soil (n= 161, p = < 0.05), resulting in the tracer being unequivocally 

identifiable within the native sediment load. Further, the tracer was reactive 

under exposure to blue light (395 nm) resulting in the tracer being identifiable 

due to the fluorescent signature. This enabled the movement of fine (< 125 

um) and coarse size fractions (> 125 um) to be traced. Across all three soil 

types, the greatest initial difference in magnetic susceptibility between the 

tagged zone and non-tagged zone was observed during the deployment of the 

fine fraction (1-63 microns) (Figure 40). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zone 

Figure 40: A comparison of the magnetic susceptibility (KLF) of the tagged zone and non-tagged 

zone and the different tracer size fractions post deployment, pre rainfall, when tracer was used 

with a sandy loam, clay loam and silt loam soil. The box plot and whiskers represents the 5
th

 and 

95
th

 percentile. 
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After the simulated rainfall, the mean magnetic susceptibility of the 

tagged zone had decreased in all soils, and across all tracer size fractions, by 

between 8 and 45 %. The observed increase in magnetic susceptibility 

downslope from the tagged zone was between 6 and 2121 %, with the 

exception of the top box section in the sandy loam soil which recorded a mean 

decrease of 4 %. The fine tracer fractions appear more erodible than the 

coarse tracer fractions (Figure 41).  

The contribution of the tagged zone to the run-off was determined by 

separating the tracer particles from the collected sediment. When the tracer 

was used with the sandy loam and silt loam soil, the contribution of the tagged 

zone increased as the particle size reduced. This was not observed when the 

tracer was used with the clay loam soil (Figure 41). When the tracer was used 

with the clay loam soil the contribution of the tagged zone to the run-off was 

low (< 0.1 g). Further, the contribution of the tracer to the run-off sediment 

slightly increased as particle size increased. The mean contribution of the 

tagged zone to the sediment was 0.8 ± 0.4 %, 0.1 ± 0.2 % and 3.2 ± 2.3 % for 

the sandy loam, clay loam and silt loam soils respectively. The percentage of 

the material within the soil box which is tracer is 0.5 %.  
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The use of magnetic susceptibility to estimate soil loss was evaluated 

(equation 13). The estimated soil loss was compared with the measured soil 

loss captured in the run-off at the bottom of the soil box (Figure 42, 43 and 

44). It was anticipated that variance between the estimated soil loss, and 

measured soil loss, would be observed. This was hypothesised due to the 

logarithmic scale of the response to depth and the variance of the magnetic 

susceptibility of different tracer size fractions and the different soil types. The 

mean soil loss observed during rainfall simulations was 14.1 ± 9.1 g, 6.2 ± 3.5 

g and 7.7 ± 4.6 g   for the sandy loam, clay loam and silt loam soil 

respectively. This compared with the mean estimated soil loss was 4.7 ± 5.0 

g, 12.3 ± 4.8 g and 11.0 ± 8.7 g for the sandy loam, clay loam and silt loam 

soil respectively. Figure 42, 43 and 44 illustrate the relationship between soil 

losses derived from changes in magnetic susceptibility and measured soil 

loss.  These data indicate changes in magnetic susceptibility can be used to 

Figure 41: The mass of tracer (g) recovered from the captured sediment during soil box 

experiments. The box plot and whiskers represents the 5
th

 and 95
th

 percentile. 



115 
 

provide an estimation of soil loss, but tracer content data are required to 

quantify soil loss. 

 

Figure 42: The measured soil loss vs soil loss estimated from the change in magnetic 

susceptibility values within the tagged zone converted to soil loss from equation 2 when tracer was 

used with the sandy loam soil. The markers indicate the mean of three replicates; the whiskers 

indicate the standard error. 

 

(g
) 
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Figure 43: The measured soil loss vs soil loss estimated from the change in magnetic 

susceptibility values within the tagged zone converted to soil loss from equation 2 when tracer 

was used with the clay loam soil. The markers indicate the mean of three replicates; the whiskers 

indicate the standard error. 
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Figure 44: The measured soil loss vs soil loss estimated from the change in magnetic 

susceptibility values within the tagged zone converted to soil loss from equation 2 when tracer 

was used with the silt loam soil. The markers indicate the mean of three replicates; the whiskers 

indicate the standard error. 

6.4.2. Field experiments 

The total rainfall recorded at Winton Hill Farmstead, Cumbria, during 

deployment of tracer was 56.1 mm with a peak rainfall intensity of 6.8 mm hr, 

occurring between the third and fourth sampling campaign. Determination of 

soil loss derived from the tracer mass data (equation14-17) (Figure 45) and 

magnetic susceptibility data (equation 13) (Figure 46) showed depletion 

through time via erosion at each deployment zone. No significant difference in 

soil loss was observed between values derived from magnetic susceptibility 

data and tracer mass data (n 8, p > 0.05). The regression plot indicates 

approximately > 10,000 mm of rainfall would be required to erode all tracer 

deployed at the tracer plots from the hillslope (Figure 47). 
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Figure 45: The mean soil loss for each deployment zone derived from tracer content values 

derived from equations 14-17. The markers indicate the mean of three replicates; the whiskers 

indicate the standard error. 
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Figure 46: The mean soil loss for each deployment zone derived from changes in magnetic 

susceptibility pre and post rainfall event derived from equation 13. The markers indicate the 

mean of three replicates; the whiskers indicate the standard error.  
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The mean soil loss derived from changes in magnetic susceptibility was  

3.3 ± 0.5 kg, 2.5 ± 1.3 kg and 2.3 ± 0.5 kg1. The mean soil loss derived from 

tracer mass was 3.5 ± 0.6 kg, 3.3 ± 0.2 kg and 3.2 ± 0.2 kg, from deployment 

zone 1, 2 and 3 respectively (Table 9). The mean soil loss from each plot 

ranged from 27 – 42 %, resulting in a mean erosion rate of 0.05 ± 0.01 kg m2. 

 

 

 

Figure 47: The mean soil depletion of each deployment zone derived from changes in magnetic 

susceptibility and tracer mass. A regression line for each deployment zone is added. 
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Table 9: Total soil loss and erosion rate per plot derived from the magnetic susceptibility values 

(equation 13) and tracer content values (equation 14-18). 

 

Soil loss (Kg) 

Plot (n) 
Plot 

1 

Plot 

2 

Plot 

3 

Plot 

4 

Plot 

5 

Plot 

6 

Plot 

7 

Plot 

8 

Plot 

9 

Slope angle ( % ) 

 

4.6 4.6 4.6 6.3 6.3 6.3 7.6 7.6 7.6 

Derived from 

magnetic 

susceptibility 

2.7 3.7 3.3 1.2 2.5 3.8 2.7 2.5 1.8 

Derived from 

tracer content 
3.3 3.0 4.1 3.4 3.2 3.4 3.5 3.2 3.0 

Difference 0.6 0.7 0.8 2.2 0.7 0.4 0.8 0.7 1.2 

Erosion rate (Kg m2 per mm of rainfall) 

Derived from 

magnetic 

susceptibility 

0.05 0.07 0.06 0.02 0.05 0.07 0.05 0.04 0.03 

Derived from 

tracer content 
0.06 0.05 0.07 0.06 0.06 0.06 0.06 0.06 0.05 

Difference 0.01 0.02 0.01 0.04 0.01 0.01 0.01 0.02 0.02 

 

6.5. Discussion  

The data generated from the laboratory experiments indicated that the 

dual-signature tracer is able to replicate the hydraulic properties of different 

particle size fractions. This enabled a range of particle size fractions to be 

traced within a range of soil types. The field study demonstrated that the dual 
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signature tracer can be monitored, within the field, across a time series of 

rainfall/erosion events. Therefore, dual-signature tracer shows potential in 

quantifying short-term, event-driven, soil loss within the field. The described 

methodology utilised multiple sampling techniques to provide a large-volume 

of robust empirical data which can improve our understanding of erosion rates 

and processes. 

The tracer: afforded easy, inexpensive measurements; was distinct 

within soil; did not interfere with sediment transport; was able to trace different 

particle size fractions; and provided two tracer signals; meeting the criteria 

proposed by Zhang et al. (2001). The magnetic signature enabled rapid 

determination of tracer content data using magnetic susceptibility (Guzman et 

al., 2013), as the mean magnetic susceptibility of the tracer particles,  ̴ 600 x 

10 -8 m3 kg-1 was found to be  ̴  50 times higher than that of the native soils. 

The closely matched hydraulic properties of the tracer and native soil 

combined with the results of the paired laboratory and field testing of the 

tracer, provided confidence that tracer movement replicated size specific 

transport processes within a range of soil types, thus tracer loss can be 

considered to represent soil loss. Fine and coarse tracer size fractions were 

successfully deployed, monitored and recovered from the soil. This is 

important as transport regimes are linked strongly to particle size, reflecting 

size-specific erosion processes (Armstrong et al., 2012). Size-selective tracers 

for a given particle or aggregate size, and size-selective transport by erosion, 

are two recurrent issues in sediment tracing studies (Guzman et al., 2010), 

and non–selective transport is often assumed, rather than tested (Zhang et al., 

1998). Within the soil box, a decrease in tracer content within the run-off 

sediment was observed for two soils as particle size increased. This  

replicated known transport processes where different tracer size fractions are 

preferentially eroded (Rickson, 2014). When the tracer was used with the clay 

loam soil, the tracer was transported from the tagged zone, yet only small 

quantities reached the end of the box (< 0.1 g). The tracer content in the run-

off sediment slightly increased, as particle size increased, indicating that 

erosion and transport occurred primarily by splash and creep/rolling (Kinnell, 
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2009). These data demonstrated the requirement for effective clay sized 

tracers to be developed (Armstrong et al., 2012, Spencer et al., 2010).  

Further, the data gathered from the soil box experiments suggests that 

when tracer is used with different soil types the tracer particles are more or 

less erodible. The erodibility of tracer when deployed to different soil types 

replicated the erodibility of the host soil i.e. the greatest tracer loss was 

recorded when tracer was used with the highly erodible silt loam soil; tracer 

loss reduced when used with the sandy loam, and reduced further in the clay 

loam soil. This is indicative of the tracer mimicking the behaviour of the host 

soil.  The contribution of the tagged zone to the run-off sediment, ranged from 

0.1 - 3.2 %, where the tagged zone made up 0.5 % of the total soil content 

within the box. This suggests the different tracer size fractions were 

incorporated within each soil type. 

Within the field, a multi-stage sampling campaign enabled monitoring of 

erosion plots both spatially and temporally, critical given the highly variable 

nature of soil erosion (Armstrong et al., 2012, Bryan, 2000, Wood and 

Armitage, 1997). Also, the field sampling and analytical process was non-

resource intensive enabling a large volume of data to be collected, a factor 

important to the success of any tracing study (Guzman et al., 2013, Black et 

al., 2007b). No significant difference was observed between soil loss in the 

field determined from magnetic susceptibility, and tracer content data. Tracer 

depletion values determined from magnetic susceptibility appear to 

underestimate soil loss per event. The depletion curves also indicated a soil 

erosion pattern, where depletion (mean rate of 0.05 ± 0.01 kg m2) peaked 

after the initial event and then decreased in subsequent events of greater 

rainfall intensity. This is attributed to changes in surface soil cohesion 

(potentially a consequence of the tracer deployment methodology) resulting in 

the loose and fine particles being flushed from the soil surface  (Fox and 

Bryan, 1999). This phenomenon  was also observed by Haiyan et al. (2015) 

and could indicate a transport–limited sediment regime (Kinnell, 2005). The 

estimated erosion rate of between 0.042 kg -1 m2 and 0.062 kg-1 m2 when 

extrapolated to the hectare scale appear relatively high in comparison to 

average annual UK erosion rates reported in the literature (600 kg ha−1 for 
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clay soils, 1500 kg ha−1 for silt soils, and 2500 kg ha−1 for sandy soils (Evans, 

1996). However, the regression plot indicates, from the data captured at site   ̴

10000 mm of rainfall would be required to erode all tracer deployed within a 

single plot. The evidence suggests that increased erosion observed post 

deployment is likely due to the limited period of consolidation time afforded to 

each plot prior to rainfall. This led to increased erosion during the first event. 

This should be considered in future studies. In addition, it is highly likely that 

differences in erosion rate would be observed due to the spatial and temporal 

resolution of the two datasets. The study would have been improved by the 

addition of a Gerlach trough to compare measured and actual soil loss.  

To better understand soil loss, and thus erosion rates, within an 

agricultural setting, data at greater spatial resolution, accounting for changes 

in land use, topography and soil characteristics are required (Renschler and 

Harbor, 2002, Renschler et al., 1999). It is recommended that, when using 

dual-signature tracer, detailed sampling is performed over both spatial and 

temporal scales (e.g. spatial scales of 1 to 1000 m, temporal scales of 1 to 

365 days) dependant on study objectives. Monitoring should be undertaken 

using a magnetic susceptibility sensor, prior to intrusive samples being 

collected at the penultimate stage of the sampling campaign. This would 

reduce interference with the system, and related sample analysis costs, 

further improving the methodology. This methodology has the potential to be 

adapted in future studies to delineate sediment transport pathways, assess 

mitigation measures and determine source-sink areas. 

6.6. Conclusion  

This study has tested a dual signature tracer within controlled 

laboratory experiments and applied it within the field. The soil box experiments 

showed that a range of particle sizes can be traced within a variety of soil 

types, and that the erodibility of the tracer simulated that of the host soil.  The 

soil box data demonstrated the requirement for effective clay sized tracers to 

be developed. During the soil box experiments variance between the 

measured soil loss, and estimated soil loss, derived from changes in magnetic 

susceptibility, was observed. However, at the field scale no significant 

difference between the soil loss derived from changes in magnetic 
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susceptibility and tracer content data was observed. This suggests that from 

changes in magnetic susceptibility, soil loss can be estimated. However, 

further work is required to understand the effect of multimodal particle size 

distributions on magnetic susceptibility in the field, to enable the quantification 

of an erosion rate, solely from magnetic susceptibility data. The methodology 

outlined enabled a large-volume of data to be collected. This potentially could 

enable future studies to work at a greater spatial and temporal resolution, a 

factor important to improving our understanding of soil erosion rates across 

the landscape. Overall, the results suggest that dual signature tracer shows 

great potential as a tracer of soil. This study provides baseline data for future 

academic or industry-based soil tracing studies.  
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7. Monitoring Wave-Driven Sediment Transport During High-Energy 

Events Using a Dual Signature Tracer – A Case Study from 

Scarborough, North Yorkshire UK. 

7.1. Summary 

Shoreline management decisions relating to the transport of sediment 

are often based solely upon physical and empirical modelling, yet there is a 

dearth of calibration data. Without effective model calibration, through field 

data collection, uncertainties remain surrounding these transport models. 

Here, the transport pathway of wave-driven sediment in a complex shoreline 

setting (affected both by natural and anthropogenic influences) is investigated 

using a dual-signature tracer. The tracer comprises coated natural mineral 

kernels with two tracer signals – fluorescence and ferrimagnetism. The mass 

of sediment mobilised during the first wave event was substantial mobilising 

and dispersing an estimated 21 – 108 kg of sediment from the three 

deployment zones (each of 10 m2). Further, sediment transport at the site was 

found to be extensive spatially, with multidirectional transport both in the 

alongshore and cross-shore directions observed, highlighting the 

unpredictable nature of sediment transport. The results demonstrated the 

effectiveness of active sediment tracing to provide field data that could be 

used for sediment transport model calibration. Further, this study identified a 

robust field methodology associated with the dual-signature tracer, which 

enabled the geospatial movement of sediment to be monitored.   

7.2. Introduction 

Within the United Kingdom (UK), a strategic planning framework for 

coastal management has been developed to progress solutions (Pontee and 

Parsons, 2009) to manage beaches in a sustainable fashion (Jennings, 2004). 

Shoreline management is critical to this (Leafe et al., 1998), and must be 

based on an understanding of coastal processes, including sediment transport 

(Mason and Coates, 2001).  

Numerous methods are used to monitor sediment transport on the 

beach face, and within the coastal zone, including point measurement 

sampling, using sediment traps (Komar, 1969, Mahaut and Graf, 1987, Maher 
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et al., 2009., Bianchi, 2007, Bertrand-Krajewski et al., 1998); micro scale 

remote sensing techniques, using optical back scatter (OBS) sensors 

(Downing et al., 1981), and/or acoustical back scatter (ABS) sensors (Vincent 

et al., 1991); and x scale remote sensing techniques such as bathymetric, 

topographic and LIDAR surveys (Hesham M. El-Asmar 2002, Montgomery, 

2007). In general these techniques struggle to define sediment transport 

trends, as sediment transport is highly variable, both spatially  (Anderson et 

al., 2014), and temporally (White, 1998). 

In the absence of measurements, sediment management decisions are 

based on empirical formulae, analytical theories and engineering judgement 

(Nearing et al., 1989, Wang et al., 1995, Nino and Garcia, 1996, Ogawa and 

Shuto, 1981) which can be unreliable (Nearing et al., 1989, Wang et al., 1995, 

Nino and Garcia, 1996, Ogawa and Shuto, 1981).  Computational, physical 

and empirical modelling of sediment transport  has been conducted 

extensively  (Booth and Jackson, 1997, Carr et al., 2000, Chen and Adams, 

2007, Crabill et al., 1999, Kozerski and Leuschner, 1999), and is considered 

the most effective tool to inform long term management plans (Winn et al., 

2003). However, to ensure that the models provide an accurate representation 

of sediment transport processes, they must be evaluated against field data 

(Ciavola et al., 1998, Szmytkiewicz et al., 2000, Davies et al., 2002).  Given 

the poor spatio-temporal resolution of point measurement and remote sensing 

techniques, sediment tracing can provide a field tool for monitoring of the 

spatio-temporal  distribution of sediment on the beach face e.g. Ciavola et al. 

(1997), Ciavola et al. (1998), Carrasco et al. (2013), Ingle (1966), Russell 

(1960a). 

Sand tracers delineate sediment transport pathways effectively (Black 

et al., 2007b). A range of sand tracers primarily derived of natural sand or 

synthetic tracers with identifiable signals added, has been used (Black et al., 

2007b). Fluorescent sand tracers are most commonly used to evaluate littoral 

drift (White, 1998, Cochran, 1977, Teleki, 1966, Carrasco et al., 2013, Vila-

Concejo et al., 2004). Magnetic (Van Der Post et al., 1995), and irradiated 

tracers have also been successfully used (Drapeau et al., 1991, Cheong  et 

al., 1993).  
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Sand tracing studies often suffer from excessive dilution, resulting in 

insufficient tracer being recovered for analysis (Black, 2012). Excessive 

dilution is especially a problem in studies examining sediment transport over 

greater spatial and temporal scales and during high-energy transport events 

e.g. Ciavola et al. (1998), Courtois and Monaco (1968), Collins et al. (1995). 

Also,  when working within complex industrialised settings the presence of 

pollutant particulate material within the system (Sharma and Sharma, 1994, 

Eisma, 1993) is, considered ‘noise’ when conducting  a sediment tracing study 

(Black et al., 2013). This has limited the application of active tracers within 

industrialised settings. Yet, data collected from these environments are crucial 

to developing robust sediment transport models (Schoones and Theron, 

1995). Thus, there is a need for a tracing methodology that is able to monitor 

tracer particles over extended spatial and temporal scales, in order to resolve 

beach sediment transport in high-energy, complex environments. Such 

resolution of sediment movement will also enable validation of existing 

transport models.  

This study aims to test the use of a dual-signature sediment tracer. The 

objectives are: 1) evaluate the utility of a dual-signature tracer to investigate 

the sediment transport pathways on the beach face, during real wave 

conditions; 2) validate the numerical and physical models of sediment 

transport at the site. 

7.3. Site Description and Oceanographic Setting  

 This study was undertaken in Scarborough South Bay, Yorkshire, UK. 

South Bay is a 1.8 km bay, with a wide sandy foreshore (  ̴150 m at the widest 

point at mean low water) in the north which progressively lowers and narrows, 

ending in a rock shore platform in the south (Figure 48). In general, the wind in 

the North Sea is restricted by the land masses of Western Europe and the 

east coast of the UK. Storm tracks are predominantly from west to east (Lamb 

and Frydendahl, 1991), generating fetch-limited waves of short (< 9 s) and 

long period (> 9 s), from a dominant wave approach from the north and north 

east, with significant but reduced frequency of exposure from directions south 

of east (Haskoning, 2007). A natural headland, commercial harbour and local 

bathymetry (through diffraction) all tend to re-align wave approach to a shore-
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parallel orientation. Additionally, the headland and harbour provide shelter 

from the dominant north easterly wave direction, reducing inter-tidal longshore 

transport (Haskoning, 2007). However, through both diffraction of the 

incoming waves and wave approach from a southerly aspect, net transport of 

sediment is observed contrary to the general sediment drift within the region. 

Within the study area, numerical (Wallingford, 2001) and physical modelling 

(Wallingford, 2002) have identified that sediment transport is bi-directional 

(Haskoning, 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.4. Methodology 

Three bulk sediment samples were collected from the upper, mid and 

lower beach face at low water using a random sampling technique. For each 

N 

Figure 48: Study area and location. The location of each tracer deployment zones (DZ 1-3) is marked. 

The locations of the core samples collected is also marked, the tracer content values determined at 

each of these locations were interpolated in figure  5 to provide a time step of tracer distribution 

across the beach face. 
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of the samples collected a subsample was analysed to determine the specific 

gravity using an adapted pycnometer technique (Germaine and Germaine, 

2009), and the particle size distribution determined using a Mastersizer 2000 

laser diffraction particle sizer (Malvern Instruments Ltd, UK). The samples 

were also tested to determine the mass fraction of naturally occurring 

magnetic particles and for the proportion (%) of fluorescent particles. In total, 

750 kg of chartreuse coloured (visually green-yellow); dual signature tracer 

comprising a coated natural mineral (sand) kernel with two applied tracer 

signals (fluorescence and ferrimagnetism) was manufactured (Partrac Ltd, 

UK) that strongly matched the properties of the native sediment (Table 11). 

Tracer was deployed in three batches of 250 kg at three locations on the 

beach face, hereafter referred to as deployment zones, DZ1, DZ2 and, DZ3, 

over three consecutive days during a period of low wave action (mean wave 

height: 0.9 m, wave period: 4 s, wave direction 210 degrees re true north), in 

order to assess wave driven sand transport across the beach face. DZ1 was 

positioned at 540 27.906 N, 000 39.753 W; DZ2 at 540 27.926 N, 000 39.741 

W, and; DZ3 at 540 28.070 N, 000 39.665 W. At each location a trench, 0.04 m 

deep, 1 m wide and 10 m long was dug in the upper beach face  ̴5 m below 

the neap high water mark. Approximately, 50 % of the native sand removed 

during the excavation of the trench was admixed with tracer in a cement mixer 

on site (50/50 ratio), and 3 - 5 L of seawater added. The tracer/native sand 

admixture was then carefully introduced to the trench using a shovel. The 

admixture was then raked flush with the sediment surface (Figure 49 and 50). 

The tracer was deployed at a density of   ̴ 1.46 g cm3 determined through the 

collection of random cores post - deployment.  
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Figure 50: Tracer deployed in a strip cross-shore on the beach face. 

Figure 49: Tracer deployed on the beach face. 
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Measurements and sampling were conducted over a 54-day period, 1, 

2, 3, 7, 14 and 54 days following the first wave event, using surface magnetic 

susceptibility measurements, qualitative assessment for tracer presence using 

blue light lamp inspections, and direct retrieval of sediment samples, to 

provide independent and complementary data and optimise tracer recovery 

and enumeration.  

To assess the mass of sediment mobilised from each deployment zone 

during the first event, surface measurements of magnetic susceptibility were 

made. Magnetic susceptibility is defined as the degree of magnetisation of a 

material in response to an applied magnetic field (Oldfield et al., 1999). 

Measurements were taken across the deployment zones using a grid with 

spacing of 1 m2. A measurement was taken at the centre of each grid node, 

positioned using a Differential Global Positioning System (Trimble Ltd, UK). All 

measurements were taken using a MS2 magnetic susceptibility meter with a 

MS2D surface scanning probe (operating frequency 0.958 kHz, depth of 

response 50% at 15mm, 10% at 60mm) and a MS2 probe handle (Bartington 

Instruments Ltd, UK). One measurement was made at each grid node, across 

each deployment zone, prior to, and following tracer introduction. Following 

the first wave event measurements were re-measured at the same location 

and the difference in magnetic susceptibility determined (Figure 49).  To 

calculate sediment loss (L) from the change in magnetic susceptibility an 

adapted version of a conversion model described in Guzman et al. (2013) was 

used:  

L =  
m

a   
 ∆x                            (19) 

Where m is the mass of tracer deployed, a is the tagged area and 𝑥 is the 

difference in magnetic susceptibility. 

Blue light (395 nm) torch inspections were used to qualitatively assess 

the spatial distribution of tracer on the beach face. Night-time, shore-normal 

transects were conducted at low tide, following one tidal inundation, after 

tracer introduction to each deployment zone.  This technique was employed to 

monitor sediment transport during a period of low wave action and to assess 
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the spatial distribution of tracer particles following the spring – neap tidal cycle 

(Figure 51). 

Figure 51: Blue light torch surveys conducted at night to qualitatively assess the spatial 

distribution of tracer on the beach face. 
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Sand was sampled from the upper, mid and lower beach face along 

shore-normal transects, at 30-50 m spacing, resulting in the collection of 526 

shallow core samples. Sand samples were collected by placing a survey 

quadrat (10 cm2) on the sediment surface and manually excavating to the 

mixing depth determined from an exploratory trench cut into each deployment 

zone, following the first wave event. The tracer acts as a horizon marker  

(King, 1951, Inman and Chamberlain, 1959a, Komar, 1969). The mixing depth 

was identified at 5 cm; all samples were excavated to a depth of 6 cm.  

Positions were determined using a Differential Global Positioning 

System (Trimble Ltd, UK and Garmin Ltd, UK). Wave height (m), period (s), 

and direction (degrees re true North), were derived from 30 minute interval 

spectral data from a wave buoy Directional WaveRider Mk III buoy (Datawell, 

BV, Netherlands) located at 54° 17.598' N, 00° 9.077' W managed by the 

North East Coastal Observatory.  

The tracer content of each sand sample was determined using an 

adapted spectrofluorimetric technique (Carey, 1989). Four ‘dose response’, 

calibration curves of fluorescence intensity versus assumed dye concentration 

were developed (Figure 52). These calibration curves enable measurements 

of fluorescence (probe reading in volts) to be empirically related first, to tracer 

dye concentration and then to tracer dry mass (g) It is important, to account 

for the ‘quenching effects of any native material which acts to reduce the 

fluorescent intensity of the sample (Lakowicz, 2006). Due to the significant 

non-fluorescent magnetic background (from naturally - occurring magnetic 

minerals present at the site). Dose response curves were thus prepared with 

tracer and native material, collectively (Table 10). The magnitude of any 

quenching effect is related to the dry mass of the native material. Thus three 

individually tailored dose response curves were prepared in order to 

enumerate the tracer mass from the samples collected. One dose response 

curve represented samples of ‘high’ native material load: one of ‘intermediate’; 

and one of ‘low’ native material load (Table 10). During analysis, the 

appropriate calibration curve was selected dependant on the mass of 

background/native material present. Least-squares regression analysis 
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(Fowler et al., 1998) was performed on the data to generate calibration 

functions (Figure 52). 

Table 10: Summary of the calibration (dose response) curves produced. 

Description 
Spiked dry 

tracer mass (g) 

Native material 

mass (g) 

Peak (assumed) dye 

concentration (ug l
-1

) 

Low material load 0.01 1.5 16.66 

Intermediate material 

load 
0.1 3.0 166.66 

High material load 1.5 15 2500 

The analyses were carried out using a Fluorosens fluorometer (Gilden 

Photonics Ltd, UK). An emission scan was conducted at the tracer’s peak 

excitation wavelength (485 nm) and the response recorded at the peak 

Figure 52: Calibration (dose response) curves prepared for low, intermediate, and high material 

loads for samples collected from the beach face. 

 

(ug L
-1

) 
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emission wavelength (530 nm). Each sample was run in triplicate and the 

mean value determined. To enumerate the dry mass (M, g) of tracer the 

respective regression equation is used to determine dye concentration (DC) 

from probe response.  Tracer dry mass (TDM) is then calculated using the 

following equation: 

𝑇𝐷𝑀 = (
𝐷𝑐

𝐶𝑚𝑎𝑥
) 𝑇𝐷𝑀𝑚𝑎𝑥                          (20) 

Where Cmax is the maximum assumed dye concentration (ug L) and TDMmax is 

the equivalent tracer dry mass value. Tracer dry mass (TDMmax) values were  

normalised to relate to a unit area and hence reported as g m2 based on the 

assumption that tracer content from a shallow core sample is representative of 

tracer concentration within the surrounding area (White, 1998, Black et al., 

2007b). 

Prior to analysis, the ferromagnetic tracer was recovered from its host 

sand using a simple magnetic extraction technique (Pantin, 1961b, Ventura et 

al., 2002), thereby reducing sample volume, a factor helpful practically. Briefly, 

the sample was oven dried at 105 0C for 24 h, then transferred to a pestle and 

mortar and gently disaggregated. The sample was then smoothed to an 

approximately granular monolayer on a large piece of white cardboard and a 

permanent, 11,000 Gauss magnet was scanned across the sample at a 

distance of 2-3 mm, facilitating separation of magnetic particles. This 

procedure was repeated, with intermittent cleaning and recovery of the 

particles from the magnet surface, until no further magnetic particles were 

extracted.  

7.4.1. Statistical analyses  

SPSS Statistics 20 (IBM, 2014) was used for all analysis. A paired t test 

was used to assess for significant differences between the hydraulic 

properties of the tracer, and native sediment, and the magnetic susceptibility 

of the deployment zones following tracer deployment.  

7.5. Results  

The tracer’s hydraulic characteristics were not significantly different 

from those of the native sediment (n = 3, p = > 0.05) (Table 11, Figure 53). 
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The tests for the magnetic and fluorescent attributes of the native sediment 

indicated the presence of background magnetic material, but no naturally 

occurring fluorescent particles. These data demonstrated that the tracer 

strongly matched the native sediment and the tracer was identifiable within the 

environment, due to the tracer signals, fluorescence and ferrimagnetism. 

 

Table 11: Summary of the physical – hydraulic characteristics of the tracer particles and the 

native sediment. 

 

  

Material 

D10 

micron 

D50 

micron 

D90 

micron 

Specific 

gravity 

(kg m
3
) 

Significant 

difference 

 

Particles 

magnetic 

( % ) 

Particles 

fluorescent 

( % ) 

Tracer 163 244 379 2436 

No  

100 100 

Native 

material 
165 260 431 2709 1.2 0 
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During the study period the tidal range was 4.5 m, increasing to 6 m. 

High energy wave conditions were observed throughout, with a mean wave 

height during the study period of 1.1 ± 0.5 m, with wave heights reaching 3.1 

m and not dropping below 0.3 m. The mean wave period observed was 5 ± 1 

s (Figure 55). A mean wave direction of 103 ± 129 degrees re true north, was 

observed, with 79 % of frequency data showing waves from the N or NE 

quadrant (Figure 57). A yearlong summation of Metocean data captured from 

the directional WaveRider Mk III buoy located off the coast at Scarborough 

was sourced to provide comparative values from which it is possible to assess 

whether the wave climate observed during the observation period could be 

considered typical (Figure 54 and 56). The data shows that the wave climate 

observed during the study period could be considered ‘typical’ of significant 

Figure 53: A comparison of the mean particle size distribution of the native sand and tracer 

particles. The markers show the mean and the whiskers represent the standard error. 
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wave height, wave period and direction.  No significant storm events occurred 

during the study period.  

 

  

  

Figure 54: Significant wave height and wave period captured at the Whitby wavenet site   between 

4th November 2010 to the 4th November 2011 across the study duration combined with the data 

derived from 30 minute interval spectral data from a wave buoy Directional WaveRider Mk III buoy 

(Datawell, BV, Netherlands) located at 54° 17.598' N, 00° 9.077' W managed by the North East 

Coastal Observatory during the study period. The data collected during the study period runs from 

day 33 – to day 87. This data is combined to apply context to the observed metocean data collected 

during the study period. 
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Figure 55: Significant wave height and period  derived from 30 minute interval spectral data from 

a wave buoy Directional WaveRider Mk III buoy (Datawell, BV, Netherlands) located at 54° 17.598' 

N, 00° 9.077' W managed by the North East Coastal Observatory during the study period. 
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Figure 56: Wave direction (degrees re true north) frequency captured at the Whitby wavenet site 

from 4th November 2010 to the 4th November 2011. 
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Following deployment of tracer in each deployment zone, the mean 

magnetic susceptibility of the DZ’s were seven times greater than that of the 

native sand, increasing from a mean value of 144 ± 92 KLF to 1004 ± 290 KLF 

(n= 29, p = < 0.05) (Figure 58).  
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Figure 57: Wave direction (degrees re true north) frequency captured across the study 

duration derived from 30 minute interval spectral data from a wave buoy Directional 

WaveRider Mk III buoy (Datawell, BV, Netherlands) located at 54° 17.598' N, 00° 9.077' W 

managed by the North East Coastal Observatory during the study period. 

. 
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Figure 58: A comparison of the magnetic susceptibility (KLF) of each deployment zone prior to 

tracer injection, post tracer injection and following the first wave event. The markers represent 

the mean and the whiskers represent the standard error. 

Night - time transects with blue light torches, conducted following the 

first tidal inundation after, deployment of the tracer, indicated that during a 

period of low wave action (prior to the first wave event), net longshore 

transport over ̴  100m was observed in the direction of the general sediment 

drift found within the region (Table 12). In general, transport was localised to 

the source (i.e. each deployment zone). A qualitative assessment indicated 

that a substantial load of tracer remained in situ at each DZ prior to the first 

wave event. 
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Table 12: Surveyors diary notes following shore normal, night-time transects with blue light 

torches (395 nm) to assess the spatial distribution of tracer particles on the surface, utilising the 

spectral characteristics of the tracer. 

Survey 

Description 

Diary notes (approximate distance values) 

Post deployment 

of tracer at DZ1   

 

Tracer visible on beach face, 100 m to the south, 30 m to 

the north and to the water’s edge (70 m). A reduction in 

tracer concentration is observed as distance away from 

source increased. 

An exploratory trench within DZ1 indicated sediment 

reworking to a depth of 1 cm. A significant tracer 

concentration was visible within the exploratory core 

indicating tracer remained in situ following the initial tidal 

inundation. 

Post deployment 

of tracer at DZ2   

 

Tracer observed south of deployment zone 1 and 2 

through 100 m. Rapid drop in tracer concentration north 

of deployment zone 2. Exploratory trench in deployment 

zone 2 showed significant reworking to a depth of 4 cm. 

Post deployment 

of tracer at DZ3   

 

Tracer observed south of DZ1 and DZ2 through 100 m. 

Rapid drop in tracer concentration north of deployment 

zone 2. Tracer visible on beach surface in the vicinity of 

DZ3 with transport occurring both north and south over 

short distances (< 20 m).  

Following the 

neap- spring tidal 

cycle  

Tracer particles visible in low concentrations on beach 

surface across the majority of the beach face with 

increase in concentration in the upper foreshore. 

 

The first wave event resulted in a mean wave height of 1.2 ± 0.5 m with 

a mean wave period of 4.4 ± 0.9 s, reaching a peak wave height of 2.4 m and 
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a peak wave period of 6 s, observed from a northerly direction (340 – 20 

degrees re true north).  

Both the magnetic susceptibility survey, and tracer mass derived from 

sediment samples, indicated that a significant load of tracer was mobilised by 

the first wave event. From the change in magnetic susceptibility (Equation 19), 

the quantity of sediment mobilised was estimated at 108, 21 and 101 kg from 

DZ1, DZ2 and DZ3 respectively. These data were reflected in the tracer 

content sampled from the deployment zones. Where the quantity of sediment 

mobilised from the deployment zone was estimated to be greatest, the 

quantity of tracer recovered from the respective sampling grid was least. The 

total tracer recovered from DZ1, DZ2 and DZ3 was 0.9, 3.1 and 0.4 g 

respectively. 

Initial sampling of the sediment surface revealed that the first wave 

event mobilised and transported the tracer from the deployment zones bi-

directionally (Figure 59). 48 hours after the first wave event, waves continued 

to be observed from a northerly direction at a mean wave height of 1.1 ± 0.5 m 

and mean wave period of 4.4 ± 0.8 s. The sediment samples collected from 

the beach face revealed continued, bi-directional transport, extending over 1 

km (Figure 60). 

Evaluation of the transport pathway over the remainder of the study 

indicated continued bi-directional transport away from the deployment zones 

(Figure 61, 62 and 63), with tracer sampled over the whole extent of the sandy 

foreshore (Figure 64). In total, 72 % of tracer was sampled from the upper 

beach, compared with 27 % from the mid beach, and 0.5 % from the lower 

beach. This demonstrates that the rate of cross - shore (i.e. offshore-directed) 

transport is much lower than the rate of alongshore transport (Figure 65).  

As anticipated sampling of the beach face demonstrated a reduction in 

tracer content as distance from source (deployment zones) increased (Figure 

66). Accumulation of sediment was observed in the upper foreshore and 

northern end of the beach (Figure 66). This demonstrated that once sediment 

was mobilised and transported to the north, it accumulated rapidly due to the 

protection of the harbour infrastructure. Comparatively, sediment transported 
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in the direction of the general sediment drift showed low residency times. The 

night time transects with blue light torches indicated sediment transport was 

observed to the south of the deployment zones (Table 12), yet tracer content 

data indicated rapidly depleting tracer concentration  over time to the south of 

the deployment zones (Figure 60, 61, 63). Sediment transported south 

appears to not accumulate on the beach face with accumulation observed 

solely within the lea of sea wall infrastructure (Figure 60). These data have 

significant implications for shoreline and sediment management practices. 

The system continued to be ‘seeded’ by each deployment zone 

throughout the neap-spring tidal cycle. Following 336 hours of exposure, the 

tracer signal decreased to the point where it was no longer possible to discern 

transport pathways, and the system was no longer being ‘seeded’ by the 

original deployment zones (Figure 64). Any remaining tracer had become 

admixed with the native beach sediment. The tracer remained identifiable 

within the environment up to 54 days following the initial wave event, 

demonstrating the potential to monitor dual-signature tracer over extended 

spatio-temporal scales, with subsequent re-seeding (i.e. the introduction of 

more tracer) to the deployment zones. 
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Figure 59: Geospatial distribution of tracer dry mass (g m
2
) 24 h after injection. 

Figure 60: Geospatial distribution of tracer dry mass (g m
2
) 48 h after injection. 
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Figure 62: Geospatial distribution of tracer dry mass (g m
2
) 168 h days after injection.  

Figure 61: Geospatial distribution of tracer dry mass (g m
2
) 72 h after injection.  
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Figure 63: Geospatial distribution of tracer dry mass (g m
2
) 336 h  after injection  

 

Figure 64: Geospatial distribution of tracer dry mass (g m
2
) 54 days after injection. 
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Figure 65: Tracer mass recovered (normalised to a unit area g m
2
) from the upper and mid 

foreshore on the days following tracer deployment. The data graphically represented only 

reports the sampling campaigns where both the mid and upper foreshore were sampled at the 

same time, these being 2, 3, 7, 14 and 54 days following the first wave event. 
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7.6. Discussion  

Through the use of a sediment tracing technique, the sediment 

transport pathways on the Scarborough South Bay beach face were identified. 

The data generated, demonstrated the potential benefits of the sediment 

tracing approach for validating both numerical and physical models of 

sediment transport. The study demonstrated the utility of the sediment tracing 

technique to shoreline management. The dual-signature tracer was 

successfully monitored across extensive spatial and temporal scales within a 

complex anthropogenically altered setting. In addition, a fluorescent–magnetic 

Figure 66: Total tracer mass recovered from the beach face during the sampling campaign. 
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tracing methodology to trace the movement of beach sediments was 

developed. 

The tracing data highlighted the bi-directional transport of sediment in 

response to the dominant prevailing direction of waves that impact upon the 

shore, at any particular time. Transport of sediment contrary to the general 

sediment drift was driven by northerly directed waves being refracted to a 

southerly aspect as they enter the bay due to the location and morphology of 

the headland, and sub tidal bathymetry (Brown et al., 1999, Collins, 1972, 

Short and Wright, 2007). The data confirmed sediment accumulation in the 

northern end of the beach, due to trapping of the sediment in the lee of 

harbour infrastructure, as described by Royal Haskoning (2007). That 

southerly sand transport is also observed suggests that the middle sector of 

the foreshore may be a zone of sediment transport divergence, i.e. supplying 

sand (until depleted) in both directions (Bray et al., 1995, Cowell et al., 2001). 

If this is the case, this zone may move (north or south) in response to differing 

wave approach (Brown et al., 1999). These data have the potential to provide 

information useful to the calibration of established  physical and numerical 

sediment transport models of the site  (Wallingford, 2001, Wallingford, 2002), 

critical when sediment management decisions are based solely on modelling 

evidence (Schoones and Theron, 1995, Cromey et al., 2002).  

Multiple tracer deployment zones enabled the transport pathways to be 

assessed over the entire beach face. This provided greater opportunity to 

assess wave driven transport where wave approach is variable. However, 

multiple deployment zones restricted the determination of the sediment 

transport rate e.g. Vila-Concejo et al. (2004), Ciavola et al. (1998), Ingle 

(1966), Carrasco et al. (2013),  as the tracer source could not be determined. 

Fewer budgetary constraints would enable the use of two tracer colours to 

assess different source areas on the beach face. The use of two tracer 

colours would have improved the study enabling greater information regarding 

longshore sediment transport rates, to be garnered. Thus, the costs 

associated with the use of dual signature tracer must be considered a limiting 

factor (Pedocchi et al., 2008).   
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The dual-signature tracer proved to be an effective sediment tracer, 

which was easily deployed (logistically), and effectively monitored within and 

recovered from the environment. The tracer strongly matched the hydraulic 

properties (particle size distribution and specific gravity) of the native 

sediment, thus tracer movement could be considered representative of sand 

movement (Black et al., 2007, Dyer, 1986). Having two tracer signals proved 

beneficial and enabled a multifaceted sampling campaign focused on both the 

magnetic and fluorescent signals of the tracer to be conducted. This increased 

the volume of data garnered from the study, crucial as sediment tracing is 

fundamentally an empirical evidence-based approach. 

A significant concern, when conducting tracing studies in high energy 

environments, is that the study is not defeated by the occurrence of a 

transport event sufficient to disperse the tracer to beyond/below the analytical 

limit (Ciavola et al., 1998, Crickmore and Lean, 1962). As it is not possible to 

know a priori, when the tracer will be mobilised nor where the tracer will be 

transported to, an adaptive sampling strategy must be devised  (Black, 2012). 

The tracer was monitored over 54 days, indicating that the deployment, 

monitoring and recovery techniques were appropriate for the study area and 

environment.  

The use of passive sampling techniques enabled the study to be 

adaptive rather than reactive. Night-time transects with blue light torches were 

particularly useful to evaluate the distribution of tracer on the sediment 

surface, and provided an insight into the dominant transport direction e.g. 

Russell (1960a), Ciavola et al. (1998), Silva et al. (2007), Carrasco et al. 

(2013), Vila-Concejo et al. (2004). Measuring the magnetic susceptibility of the 

deployment zones enabled rapid determination of tracer concentration in the 

surface sediments (Guzman et al., 2013, Van Der Post et al., 1995). These 

data used with the adapted conversion model (Equation 19), enabled 

estimation of the quantity of sediment mobilised prior to and during the first 

wave event. The use of magnetic susceptibility was limited to a single event 

as the susceptibility of the native sand was highly variable (mean value of 144 

± 92 KLF). This is attributed to the industrial legacy of the surrounding area 

(Council, 2014, Schmidt et al., 2005). However, if this technique was applied 
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to an environment where the native sediment was closer in character to pure 

quartz sand (which display weak and negative susceptibilities of – 0. 58 x 10 -8 

m3 kg-1 (Mullins, 1977)), susceptibility could potentially be used to assess the 

spato-temporal distribution of the tracer, over multiple events (Van Der Post et 

al., 1995).  

The spectrofluorimetric tracer enumeration methodology was able to 

process quickly, a large number of samples (Guzman et al., 2013). The 

methodology was less resource intensive than previous methods utilised 

within fluorescent tracing studies e.g. Carrasco et al. (2013), Ciavola et al. 

(1998), enabling high sampling frequency, critical to conducting tracing studies 

over large spatial and temporal scales (Guzman et al., 2013, Black et al., 

2007). Further, the technique offered a means with which to obviate the 

additional mass due to the presence of magnetic but non-fluorescent 

particulates, simply and directly, and provided a high analytical resolution 

facilitating detection of low tracer mass. A conservative methodological bias of 

± 20 % was calculated from previous testing.   

7.7. Conclusion 

This study demonstrated the utility of sediment tracing within the 

sediment and coastal management arena.  Tracing studies have the potential 

to improve upon the conceptual understanding of sediment transport regimes. 

They can be conducted to identify potential sediment source areas, transport 

pathways and specific areas of sediment deposition and accumulation. These 

data are critical to developing a robust shoreline management plan, and 

implementing informed, remedial strategies. This large-scale field study 

demonstrated the benefits of using a tracer with two signals. The large data 

base acquired, from a highly dynamic environment, provided a robust platform 

from which to draw evidence-based conclusions regarding sediment transport 

on the beach face. The potential of magnetic susceptibility as a sampling tool 

was highlighted, yet had limited use within this study. Further work regarding 

the relationship between the background material, particle size distribution 

and homogeneity of the tracer signal is required to quantify tracer content 

using susceptibility. The use of two tracer colours would have proved 

beneficial to this study, providing greater clarity of the source-sink relationship 
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and potentially enabling determination of two (bi-directional) sediment 

transport rates. Despite this, the study has demonstrated sediment tracers are 

a valuable tool. While sediment tracing is not a panacea for the management 

of sediment transport related problems, it should be considered, a useful tool 

in the box. 
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8. An Assessment of the Transport and Deposition of Sediments, 

Following a Simulated Disposal of Silt Sized Dredge Material Within a 

Near Shore Harbour Setting. 

8.1. Summary  

Dredge disposal at sea detrimentally impacts the marine environment, 

effecting fish species, benthic communities and marine and coastal 

ecosystems.  Determining the transport pathway and sedimentation pattern of 

disposal of sediment, and particulates, from dredge vessels is critical to 

improve forecast models, assess risk, and implement mitigation strategies. 

Until now, the dispersion of fine sediment following the disposal of dredge 

material has primarily been investigated using numerical modelling 

techniques, yet there is a dearth of field - scale calibration data. This study 

utilised active sediment tracers to identify sediment transport pathways and 

capture deposition patterns following a simulated, silt-rich, dredge disposal 

event. A fluorescent–magnetic tracing method to monitor suspended sediment 

transport was developed. The simulated disposal event enabled the transport 

pathways and sedimentation pattern of dredged sediments to be monitored. 

Extensive sediment deposition in the area surrounding the dredge disposal 

site was observed. The timing of disposal events is critical. These results 

demonstrated the fundamental role of tide and current in the transport and 

subsequent deposition of discharged sediment. Assessment of the transport 

and dispersal of sediments following disposal of dredge materials has 

generated field data from which risk assessment and informed management 

practices can be developed. This study provides baseline data for future 

tracing studies, and modelling approaches.  

8.2. Introduction  

The contamination of the coastal zone, impacts upon marine habitats 

and coastal ecosystems (Islam and Tanaka, 2004 , Lotze et al., 2006, Gray, 

1997). One source of nearshore contamination is the disposal of dredge 

material (Rees et al., 2003). The majority of disposed dredged material 

contains a significant load of fine (< 63 microns) sediment (Anon, 1996, 

CEFAS, 2003, Bolam et al., 2003). Due to the requirement for dredging 

operations to seek a beneficial use for  dredge material disposal of material in 
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the nearshore coastal zone occurs more regularly to support habitat creation 

and enhancement (Bolam et al., 2003, Bolam and Whomersley, 2003, Bolam 

and Whomersley, 2005). The disposal of dredge material in the near shore 

zone effects both the water column and sea bed condition (Okado et al., 2009) 

detrimentally impacting the nearshore marine environment  (USACE, 1983, 

Research, 1999 ) due to increased turbidity, nutrient loading and a reduction 

in water clarity potentially leading to anaerobic conditions within water bodies 

(Johnston, no date). These detrimental impacts are compounded in when 

material is deposited in the vicinity  of sensitive receptors such as sea grass 

beds (Duarte, 2002), reef habitats (Zimmerman et al., 2003) or coral reefs 

(Erftemeijer et al., 2012) . Of particular concern, is the distribution of solids 

following a discharge event, as this contributes to the degradation of benthic 

habitats due to sediment accumulation (Birch and Taylor, 1999, Carr et al., 

2000, Petrenko et al., 1997); and can result in sediments being enriched with 

heavy metals and anthropogenic contaminants (Hatch and Burton, 1999, Pitt 

et al., 1995, Marsalek et al., 1999, Schiff, 2000) or buried (Lindeman and 

Synder, 1999). Therefore, understanding the near shore transport of sediment 

disposed from a dredging vessel is important to develop effective mitigation 

strategies and assess risk (Okado et al., 2009). 

Factors which affect the dispersion and deposition of sediment 

disposed from a vessel include: the receiving water flow characteristics; depth; 

current direction; and current velocity (Huang et al., 1994, Ludwig, 1988, 

Fischer, 1979). Critical entrainment thresholds depend on the disposal site 

characteristics and the sediment characteristics, including: water depth; 

particle size; material density; and material load (Guymer et al., 2010, Ludwig, 

1988). Grains <  63 microns in size, travel as a suspended load (Droppo, 

2001) within the water column, at the same velocity, supported by turbulence 

(Masselink and Hughes, 2003), and are deposited only once the flow velocity 

diminishes (Dyer, 1986). A dredge disposal characterised by a large (silt-rich) 

material load (Figure 57) will create a sediment-laden plume (Cardoso and 

Zarrebini, 2002)  Theoretical modelling has been applied to investigate the 

particle fallout mechanisms of a sediment laden plume: investigating the 

fallout at the margins of plumes (Ernst et al., 1996); the effect of a radial 
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spreading surface gravity current (Sparks et al., 1991, Zarrebini and Cardoso, 

2000, Cardoso and Zarrebini, 2001); and sediment depositional patterns in 

varying flow conditions (Cuthbertson and Davies, 2008, Cuthbertson et al., 

2008a, Neves and Fernando, 1995).  Particles are primarily deposited close to 

the source with a steady decrease in accumulation as distance from the 

source increases (Neves and Fernando, 1995, Kim et al., 2000). Currently 

though, insufficient field data exist for validation of these models (Akar and 

Jirka, 1994, Cuthbertson et al., 2008).  

Previous studies utilised numerical modelling (Clarke et al., 1982, 

Gallacher and Hogan, 1998, Van den Eynde, 2004), grain size trend analysis 

(Friend et al., 2006, Mclaren, 1981, Mclaren and Bowles, 1985, Gao and 

Collins, 1992, Gao, 1996)and metal concentrations in sediments (Matthai and 

Brirch, 2001, Rowlatt et al., 1991, Kress et al., 2004) to investigate the spatial 

distribution of the disposed material. It is difficult to monitor the transport 

dynamics of disposed sediment using native sediment as it is difficult to 

distinguish between the disposed sediment and the native sediment load. 

Therefore, in order to monitor the near shore transport and assess the 

deposition pattern of a sediment-laden plume, following a dredge disposal 

event, a material load that can be deployed, monitored and recovered from 

the environment is required; the optimal tool being a sediment tracer e.g. 

Guymer et al. (2010). Tracing is a field technique which uses sediment tracers 

to assess sediment transport pathways in fluvial, marine and aeolian systems 

(Kondolf and Piegay, 2005, Black et al., 2007, Black, 2012). Tracers are often 

particles that possess similar hydraulic properties to natural mineral sediments 

(silts; sands; gravels) but which are labelled or tagged to enable unequivocal 

identification in the ocean (Ciavola et al., 1997, Ciavola et al., 1998, Carrasco 

et al., 2013, Vila-Concejo et al., 2004), or other environmental settings. As it is 

a field method, the technique has potential to further the understanding of the 

transport of discharged sediments following a dredge disposal event  (Black et 

al., 2013).  

The majority of tracing studies conducted to date (aside from those 

which used radioactive signatures, which are now banned for safety reasons) 

have used fluorescent only, or mono-signature, tracers (see Black et al. 
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(2007)., op. cit., for a synthesis on the subject). This study aims to assess the 

near shore transport, and deposition of a particle-laden plume, disposed from 

a dredging vessel, focusing on the distribution and deposition of fine (silt 

sized) sediment (10-63 microns). To do this a high concentration discharge of 

lithogenic solids was simulated using a dual signature particulate tracer. The 

objectives of the study were to:  

1. Simulate a dredge disposal event. 

2. Assess the behaviour and transport pathway of the discharged 

particles.   

3. Evaluate the depositional footprint of the discharged particles. 

8.3. Method 

The study area was located within Naval Base San Diego, California, 

USA. The coastal zone had been significantly altered through the years via 

extensive dredging of channels and in the area of deployment the dredged 

depth was fairly uniform ( ̴ 10 m).  The deployment site was positioned within a 

highly industrialised setting characterised by a permanent quay wall and two 

large floating piers (Figure 59). 

8.3.1. Tracer characterisation 

A chartreuse-coloured dual-signature tracer was used comprised of 

natural mineral kernels coated with two applied tracer signals, fluorescence 

and ferrimagnetism (Partrac Ltd, UK). The tracer was designed to replicate a 

silt-rich sediment population. Pre-deployment, the hydraulic characteristics of 

the tracer were determined. The specific gravity (particle density) was 

determined using an adapted pycnometer technique (Germaine and 

Germaine, 2009); the particle size distribution using a Mastersizer 2000 laser 

diffraction device (Malvern Instruments Ltd, UK); and the settling (fall) velocity 

of the particles determined using an adapted settling column procedure (Wong 

and Piedrahita, 2000). 

8.3.2. Tracer deployment  

The tracer was deployed from the aft of a vessel, secured on an anchor 

line to the quay wall (Figure 67). On board the vessel a device was specially 
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designed to deploy tracer in suspension as a high concentration tracer / 

seawater slurry. Tracer was continually introduced to two drums where high 

powered water pumps, continually pumped seawater into the drums, creating 

an overflow system. The tracer / seawater slurry overflowed into two tubes. In 

total, 800 kg of tracer was deployed in suspension, subsurface (1 m) over a 

period of five hours beginning at high water. Two distinct deployment systems 

and the high flow rate of the pumped seawater ensured, sufficient turbulent 

mixing ensure disaggregation of any aggregated particles occurred.  

 

 

8.3.3. Sampling  

Following the introduction of the tracer to the environment, a multistage 

sampling campaign was conducted to sample the water column and the sea 

bed. In situ magnetic moorings were secured on the sea bed and sampled 24 

h following tracer deployment. Each comprised a high – field, permanent 

magnet (11,000 Gauss, 0.3 m in length, sampling an area of 225 cm2), a 

ballast block, lines and a sub-surface float rig to locate the magnet 1 m above 

Figure 67: A schematic diagram to illustrate the deployment methodology and the transport processes 

of disposed sediment from a discharge vessel in the coastal zone. The boat is secured to the quay wall 

while tracer is being deployed subsurface from a pipe from the aft of the vessel. The diagram is not to 

scale. 
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the bed (Figure 68 and 69).  Additional magnets were hung from floating piers, 

resulting in 44 magnet sampling stations in total (Figure 71). The quantity of 

background – non fluorescent, magnetic material was assessed by sampling 

the water column with a high – field, permanent magnet, 1 m and 5 m above 

the sea bed over a period of 24 hours. These magnets captured 0.105 and 

.159 g of iron or Fe-bearing material from 1m and 5m above the bed. 

Figure 68: Schematic diagram showing how the magnets were deployed to sample tracer 

travelling in suspension. 
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A laboratory calibrated (Figure 58) UniLuxTM fluorescein fluorometer 

probe (Chelsea Technologies Ltd, UK), spectrally targeted to detect 

chartreuse tracer particles via a configuration to excite fluorescence at 470 nm 

and collect emission at 530 nm, was used in situ to monitor fluorescent 

material (tracer particles) in suspension.  The probe was attached to an 

aluminium pole and secured to the starboard side of the vessel – mid ship, at 

a depth of 5 m. The fluorometer captured continuous data at a 1 Hz per 

second sampling rate during the deployment of tracer, and subsequent 

transects (Figure 70) of the discharge and sampling area conducted 24 and 

48 h following tracer deployment.  

Figure 69: The magnets deployed in situ and recovered with tracer captured. 
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The sea bed was sampled 48 hours following tracer deployment using 

a Van Veen sea bed grab, deployed from a davit and winch, from the bow of 

the vessel at 33 locations (Figure 71). Outlying sampling locations were 

positioned at   ̴ 600 m offshore: however, the majority of sampling resources 

were focused within the vicinity of the discharge zone up to  ̴ 300 m offshore, 

where six sampling transects (TX) were conducted from the quay wall - 

offshore. T1 and T2 were positioned to the north of the discharge zone, T3 was 

positioned directly in line with the discharge zone, and T4, T5 and T6 

positioned to the south of the discharge zone (Figure 71). All samples were 

stored and labelled on the vessel and transported securely to the laboratory to 

determine the mass of tracer within each sample.  

Figure 70: The laboratory calibration of the field fluorometer. The calibration shows the fluorometer 

response to increasing tracer concentration (ug l
-1

). 

 

(ug L) 
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Figure 71: A schematic diagram showing the approximate near-shore and far-field sampling 

locations. The markers indicate the location of sample points where both the water column (1 m 

above the bed) and the sea bed were sampled. Each nearshore transect is marked (i.e. T1). The 

dashed red box indicates the discharge area and the red line indicate the approximate location of 

the fluorometer transects. The diagram is not to scale. 
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8.3.4. Tracer enumeration 

To enumerate tracer content within each sample collected a. 

spectrofluorimetric technique was used (Carey, 1989). Four ‘dose response’ 

curves (otherwise known as ‘calibration curves’), consisting of a plot of 

fluorescence intensity vs. dye concentration, were developed to empirically 

relate fluorimetric measurements (probe reading in volts) to tracer dye 

concentration (Figure 72, 73). Eluted dye solutions for the chartreuse tracer 

are prepared by adding a known dry mass of tracer particles to a known 

volume of analytical grade acetone in an Eppendorf tube, mixing and then 

allowing the solution to equilibrate for 168 hours (7 days). This time period has 

been established as optimal for maximal extraction of the pigment into the 

solvent. Dose response curves were obtained by filling the calibration cell with 

3 ml of analytical grade acetone, recording a baseline reading and then 

adding sequential 20 l aliquots of the dye solution, mixing and recording 

further readings. Due to the (significant) non-fluorescent magnetic background 

material present at the site, dose response curves were prepared with tracer 

and native material to account for the ‘quenching’ effects of the native 

material, which acts to reduce the fluorescent intensity of the sample 

(Lakowicz, 2006). The distinct difference between samples containing ‘high’ 

and ‘low’ magnetic material load resulted in four individually tailored dose 

response curves being prepared to enumerate the tracer mass from the 

samples collected, two dose response curves representing samples of ‘high’ 

material load (Figure 73) and two representing samples of ‘low’ material load 

(Figure 72) for both material collected using in situ magnets and sea bed 

grabs respectively (Table 13). The mass of background material added was 

derived from the mean background material concentration for samples with 

‘high’ and ‘low’ material load. Least-squares regression analysis (Fowler et al., 

1998) was performed on the data to generate calibration functions. 
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Table 13: Summary of the calibration (dose response) curves produced. 

Sample type Description Dry tracer 

mass (g) 

Native material 

mass (g) 

Peak 

(assumed) dye 

concentration 

(ug L
-1

) 

In situ 

magnet 

‘Low material 

load’ 

0.1 1 166.6 

In situ 

magnet 

‘High material 

load’ 

1 10 1666.6 

Sea bed grab ‘Low material 

load’ 

0.1 10 166.6 

Sea bed grab ‘High material 

load’ 

5 25 8333.3 
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Figure 72: Calibration (dose response) curves prepared for low material loads for samples 

collected using the magnet rigs (e.g. magnet – low) and low material loads collected using a sea 

bed grab sampler (e.g. grab – low). 

(ug L-1) 
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Figure 73: Calibration (dose response) curves prepared for high material loads for samples 

collected using the magnet rigs (i.e. magnet – high) and high material loads collected using a sea 

bed grab sampler (i.e.. grab – high). 

 

  

Assumed dye concentration (ug L-1) 
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The analyses were carried out using a FluorosensTM fluorometer 

(Gilden Photonics Ltd, UK). An emission scan was conducted at the tracer’s 

peak excitation wavelength (485 nm) and the response recorded at the peak 

emission wavelength (530 nm). Each sample was run in triplicate and the 

mean value determined. To enumerate the dry mass of tracer the respective 

regression equation is used to determine dye concentration (DC) from probe 

response.  Tracer dry mass (TDM) is then calculated using the following 

equation; 

𝑇𝐷𝑀 = (
𝐷𝑐

𝐶𝑚𝑎𝑥
) 𝑇𝐷𝑀𝑚𝑎𝑥                    (23) 

Prior to analysis a magnetic separation method was used to reduce 

sample volume.  Briefly, the sample was oven dried at 105 0C for 24 h, then 

transferred to a pestle and mortar and gently disaggregated. The sample was 

then smoothed to an approximately granular monolayer on a large white board 

and a permanent, 11,000 Gauss magnet was scanned across the sample at a 

distance of 2-3 mm, facilitating separation of magnetic particles. This 

procedure was repeated, with intermittent cleaning and recovery of the 

particles from the surface of the magnet, until no further magnetic particles 

were extracted. During sample preparation a tracer extraction efficiency of 70 

% was calculated (determined through testing of spiked samples). 

Where, Cmax is the maximum assumed dye concentration (ug L-1) and 

TDMmax is the equivalent tracer dry mass value. Tracer content values (TC) are 

derived from the tracer dry mass (TDM) divided by the extraction efficiency (E). 

𝑇𝐶 =  (
𝑇𝐷𝑀

𝐸
) 100                     (24) 

A conservative methodological bias of ± 20 % was calculated from 

previous testing. Tracer content values derived from sea bed (grab) samples 

were normalised to relate to a unit area and hence reported as g m2; tracer 

mass values derived from samples of the water column are reported as g l3, 

based on the assumption that tracer content from a sample is representative 

of tracer concentration within the surrounding area (White, 1998, Black et al., 

2007b, Inman and Chamberlain, 1959a). 
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8.3.5. Oceanographic monitoring 

Local current velocity data were collected during the study. An Acoustic 

Doppler Current Profiler (ADCP) (Teledyne RD instruments Ltd) was deployed 

70 m offshore from the quay wall collecting one measurement every 5 

minutes.  

8.3.6. Theoretical assessment of the threshold of motion of deposited 

sediments  

Following deposition to assess whether the sediments deposited would 

remain in situ a theoretical evaluation of the threshold of motion driven by tidal 

currents was conducted. The following equation derived from Soulsby (1997) 

was used the threshold depth-averaged current speed 𝑈̅𝐶𝑅 required to 

mobilise sediments deposited on the bed.  

𝑈̅𝐶𝑅 = 7 (
ℎ

𝐷50
) 1 7 [𝑔 (𝑠 − 1)𝐷50𝑓(𝐷∗)] 1 2⁄  ⁄                                                     (24) 

With 

𝑓 (𝐷) =  (
0.30

1+1.2 𝐷∗
)  

+ 0.055 [1 − exp(−0.020 𝐷∗)]  

𝐷∗ [
𝑔(𝑠−1)

𝑈2 ] 1 3⁄  𝐷50                                                                                         (25) 

Where s is the ratio of densities of grains and water, U is the kinematic 

viscosity of water, D* is the dimensionless grain size, f is the Coriolis 

parameter, g is the acceleration due to gravity 9.81 ms-2, h is water depth, and 

d is the sieve diameter of grains.  

8.3.7. Statistical analyses  

SPSS Statistics 20 software (IBM, 2015) was used for all analysis. 

Statistically significant values are reported at p < 0.05. A paired t test was 

used to assess for significant differences between the background fluorescent 

signal and the fluorescent signal following tracer deployment. In addition, a 

one-way analysis of variance (ANOVA) test was used to determine significant 

differences between tracer content values on different sampling transects.  
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8.4. Results  

8.4.1. Tracer characterisation, tide and current data  

The tracer was characterised as a silt-rich material load (Figure 74). 

The median grain size (D50) of the tracer was observed at 30 microns with a 

specific gravity of 2182 kg / m3 ± 115 kg / m3. The settling velocity of the tracer 

particles < 100 microns in size was 0.009 cm s. There was no attempt to 

mimic local sediment properties as the principal aim of the study was to 

simulate a silt-rich, sediment-laden, plume (Figure 75).  

  

Figure 74: The particle size distribution of the tracer. The markers show the mean and the whiskers 

represent the standard error. 
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Figure 75: Tracer being deployed subsurface as a high concentration slurry. The plume of tracer 

dispersing is visible in the background. 
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During tracer deployment the tidal range was 4.4 m, increasing to 5.2 m by the 

end of the study period. Data collected using the ADCP indicated a mean 

current velocity of 33.8 mm s (Figure 76) which strongly correlated with 

modelled predictions of tidal current velocities at the site (Figure 77), and a 

mean current direction of 174 degrees re true north (Figure 78) showing a 

dominant tidal current in a southerly direction. Ebb current velocities were 

generally lower than flood current velocities and the net current was flood 

directed. 

 

 

Figure 76: Observations of current magnitude derived from the data collected using the ADCP. 
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Figure 77: Current velocities at flood tide derived from a hydrodynamic model of San Diego 

Harbour (Elawany, 2012). The location of the site is marked. 

  

Study site location  
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8.4.2. Sediment transport pathway  

The transport pathway was determined from analysis of the data 

collected from sampling of the water column and the sea bed. Sampling of the 

water column through the use of in situ  magnetic rigs resulted in the recovery 

of 189 g of tracer, 75 % from directly in line, 23 %  from south, and 2 % from 

north of the discharge (Figure 66). Sampling transects conducted to the north 

of the discharge (T1 and T2) showed higher tracer concentrations nearer the 

shore. Comparatively, transects positioned to the south of the discharge (T5 

and T6) showed higher tracer concentration offshore, with near shore locations 

recording no or low concentrations of tracer (Figure 79). On T3 as the distance 

from source increased (offshore), tracer concentration within the water column 

decreased by ̴ 0.4 g / l3 per metre offshore. Sampling of the sea bed resulted 

in the recovery of 238 g of tracer, 92 % was recovered from directly in line, 7 % 
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Figure 78: Observations of current direction degrees (re true north) derived from the data 

collected using the ADCP (the various colours indicate different depth intervals). 
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recovered from south and 1 % recovered from north of the discharge. These 

data indicate net transport of discharged particles in the dominant current 

direction (southerly direction). 

Further evidence of the transport pathway was garnered from the data 

collected using the in situ fluorimeter. The fluorimeter position remained 

constant throughout, relative to the disposal, providing an indication of 

transport direction. Further, the fluorimeter provided a time series of data, 

critical to understanding the role of tide and current in the redistribution of 

discharged sediments. Transport was directly linked with tide state. Initial 

transport was observed in the direction of the net current flow, where tracer 

concentration values were observed at 934 ug l (Figure 80). With the 

commencement of slack high water, the observed tracer concentration, 

decreased to 15 ± 34 ug l, for a period of 79 minutes. This is indicative of 

transport in the direction contrary to the net current flow, driven by the 

discharge jet flow. Following the commencement of the flood tide, high tracer 

concentrations were observed for 50 minutes (Figure 80), attributed to the 

transport of a sediment-laden plume in the net current direction.  

The plume, which developed during slack high water, was estimated to 

be 108 m in length, (assumed to be along the plume axis based on dominant 

current conditions). Within the plume, tracer concentrations ranged from 33 to 

533 ug L, characterised by a high concentration front which decreased 

exponentially with time and thus length along the plume axis (Figure 80).  

For the remainder of the discharge, tracer concentration levels 

observed by the fluorimeter remained higher than background levels. This 

indicated sustained transport of discharged particles in the net current 

direction (southerly direction) (Figure 80).  
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Figure 79: An interpolated map of the spatial distribution and relative tracer mass 1m above the 

bed post simulated discharge event. Data collected using in situ magnetic sampling. The 

discharge zone and North is marked. 
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Figure 80: The fluorometer response during tracer deployment. The transport pathway is determined 

from the position of the fluorometer in relation to the discharge. The dashed red circle indicates initial 

transport to the south and the black circle indicates detection of significant tracer particles moving 

south, inferred to be a sediment laden plume. 
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8.4.3. Sedimentation pattern 

The sedimentation pattern of the discharged particles shows an 

elongated, high-concentration area of sediment deposition, extending from 

within the discharge zone to 150 m offshore (Figure 81). On T3 as the distance 

offshore increased, tracer concentration on the sea bed reduced at a rate of   ̴

0.98 g  m2 per metre offshore. On T3, the tracer concentration reduced from a 

peak of 158 g m2 at 64 m to 0.3 g m2 at 224 m, offshore. Similarly, on T4, the 

tracer concentration reduced from a peak of 13 g m2 at 64 m to 0.3 g m2 at 224 

m, offshore. Across T1, T2, T5 and T6, no significant difference is observed 

between the tracer concentration on the sea bed, ranging from 0.28 - 0.48 g 

m2 (n = 9, p = > 0.05). This is indicative of consistent particle fallout at the 

bottom boundary layer (Figure 82).  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

150 200 250 300 350 400 450 500

Distance ( m )

50

100

150

200

250

D
is

ta
n
c
e

 (
 m

 )

0

0.1

0.5

1

5

10

20

30Tracer mass (g) 

150 200 250 300 350 400 450 500

Distance ( m )

50

100

150

200

250

D
is

ta
n
c
e

 (
 m

 )

0

0.1

0.5

1

5

10

20

30

N 

Discharge zone  

Figure 81: An interpolated map of the spatial distribution and relative tracer mass on the sea bed post 

simulated discharge event. Samples collected using a van veen sea bed grab sampler. The discharge 

zone and North is marked. 
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In total 94 and 98 % of the tracer sampled was recovered from within 

100 m of the discharge zone from the water column and sea bed respectively. 

As expected, the data demonstrated as the distance offshore increased, the 

tracer concentration decreased (Figure 82). A mass balance calculation 

indicated that 450 kg of tracer remained within 100 m2 of the discharge zone, 

with 150 kg remaining within the 600 m2 area within the sampling boundary, 

accounting for approximately 75 % of the tracer deployed.  
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Figure 82: The tracer concentration on the sea bed (g m
2
) and in the water column (g  l

3
) Vs distance 

offshore from the quay wall. T1 and T2 are located to the north of the discharge zone, T3 is directly 

offshore from the centre of the discharge zone and T 4, T5 and T6 are located to the south of the 

discharge zone. Note: the offshore edge of the discharge zone is located at 60 m offshore from the 

quay wall. 
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As the current velocities observed at the site occasionally exceed the 

threshold of incipient motion of particles at rest on the sea bed (Figure 83) the 

theoretical data indicates where fine material is deposited on the seabed 

medium silt sized sediments (< 0.04 mm) are likely to be mobilised by the tidal 

currents at the site. Consequently, the evidence suggests deposits at the site 

can be considered highly mobile. 

 

 

Figure 83: The threshold of incipient motion of deposited fine sediment at the site derived from 

the equation outlined by (Soulsby, 1997). 

8.5. Discussion  

This study simulated a field-scale, dredge disposal event from a small 

dredging vessel. This enabled the assessment of the spatio-temporal 

distribution of a silt-rich, sediment-laden discharge. Significant tracer 

deposition was observed within 100 m of the disposal zone. As the distance 

from source increased (offshore), tracer concentration both within the water 

column and on the sea bed decreased by ̴ 0.4 g / l3 and  ̴0.98 g / m2 per metre 

offshore, respectively (derived from the data collected from sampling transect 

3). Sediment transport was driven by the discharge jet flow and the receiving 

current. The mean current velocity was 33.8 mm s travelling in a mean current 

direction of 174 degrees, re true north, indicating a dominant tidal current in a 
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southerly direction. Sampling of the water column and sea bed indicated net 

transport of discharged particles in the dominant current direction. These data 

demonstrated that the pattern of sediment transport, and the subsequent 

sedimentation pattern, of discharged sediment will be controlled by the stage 

of the tide, and is therefore directly linked to the timing of discharge events 

(Akar and Jirka, 1995).  

On a tidal scale, consistent current speed and direction were measured 

throughout the water column, resulting in tracer being transported in the 

direction of the net current flow (Brown et al., 1999b, van Rijn, 1993, Barua et 

al., 1994, Akar and Jirka, 1994, Akar and Jirka, 1995). During the high water 

slack, near field transport in a contrary direction to the net current flow was 

observed, driven by the jet flow (Akar and Jirka, 1994, Akar and Jirka, 1995). 

In total, 21% and 6% greater tracer mass was recovered from samples 

collected to the south of the discharge zone from the water column and sea 

bed, respectively, indicating net transport to the south. The observed 

sedimentation patterns show a high-concentration waste field region (Roberts 

et al., 1989, Kim et al., 2000), elongated significantly in the mean flow 

direction (Cuthbertson and Davies, 2008). Extensive deposition of tracer 

within 100 m of the discharge zone is attributed to reduced current velocity at 

high water slack (Brown et al., 1999), and the general low ambient current 

velocities observed at the site (Soulsby, 1997).  

Monitoring of the discharged sediment utilising an in situ fluorimeter 

and in situ magnetic sampling rigs provided estimation of the length and in-

plume tracer concentrations. Estimated in-plume concentrations reduced 

exponentially along the assumed plume axis, attributed to continuous particle 

fallout at the bottom boundary layer (Cardoso and Zarrebini, 2001), and the 

transition to a passive diffusion process (Akar and Jirka, 1994).  Plume tracer 

concentrations peaked at 934 ug l. Examination of the magnetic rigs indicated 

a cumulative, peak concentration, at the bottom boundary layer of the plume 

of 49 g l3 at the edge of the discharge zone, reducing to 0.04 g l3 at the edge 

of the sampling boundary. The magnetic rigs act as suspended time 

integrated samplers but with the benefit of only sampling iron rich or Fe-

bearing material. The limitation of the magnetic rigs is that there is an upper 
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limit to the amount of sediment that can be retained on the magnet (Guymer et 

al., 2010). This was evident at the sampling station located directly in front of 

the discharge zone, where tracer concentrations on the sea bed, exceeded 

those observed in the water column. This limitation prevented the reliable 

determination of tracer concentration values.   

The measured current velocity data captured using the ADCP deployed 

at the site corresponded well with modelled hydrodynamic data at the site. 

These data enabled a theoretical assessment of the stability of the deposited 

silt sized sediment following deposition. The measured data showed that 

current velocities at the site occasionally exceed (i.e. during the spring tidal 

regime) the threshold of motion i.e. the shear stress applied on the sea bed 

due to the tidal currents is great enough to mobilise the deposited sediment. 

This theoretical assessment provides a greater understanding of the sediment 

transport dynamics at the site despite field data not being available. That silt 

sized sediment deposited is highly likely to be re-mobilised and distributed 

around the site during spring tidal currents will result in increased water 

turbidity and decreased water quality. These data show the importance of 

appropriate management strategies to control the volume of sediment 

(particularly fine (< 63 micron) sized sediment) discharged within the 

nearshore marine environment because of the potentially significant 

environmental implications of increasing volumes of fine sediment in the water 

column. This study demonstrates the importance of sediment tracing to 

understand and inform upon the sediment transport pathway of silt sized 

sediments.  

The dual-signature tracer provided a tool to simulate a discharge event 

from a storm water outfall. A tracer with multiple tracer signals was beneficial 

as it enabled a variety of sampling techniques to be employed to monitor the 

tracer once deployed to the environment. This is particularly beneficial when 

deploying silt sized tracer particles in a highly industrialised setting due to the 

likely presence of significant anthropogenic contamination - which can be 

considered background noise.  The silt tracer  was successfully deployed to 

create a sediment-laden plume, identifiable within the environment, enabling 

the transport and deposition patterns of the discharged sediments to be 
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assessed (Black et al., 2007b). The sampling campaign, which utilised, both 

the magnetic and fluorescent signatures of the tracer, incorporated active and 

passive sampling techniques, to determine the immediate transport pathway 

and depositional footprint of the discharged sediments. These pathways can 

be considered reflective of sediment transport processes in the environmental 

setting studied. Further, the spectrofluorimetric tracer enumeration technique 

provided an effective method of determining tracer content within samples 

where non-fluorescent, magnetic, background material was present. The 

strongly linear calibration lines, small variance of experimental points and 

consistently high coefficients of determination (R2) indicated the potential for 

high accuracy of tracer enumeration.  

8.6. Conclusion 

This study demonstrated the critical role of tide and current in the near 

and far field transport of disposed dredged sediment. The use of a particulate, 

dual-signature tracer enabled monitoring of a simulated field-scale, fine 

sediment disposal event. Once deployed, the spatio-temporal distribution and 

sedimentation pattern of the discharged particles was assessed over a tidal 

scale. Due to study resources, data was only collected over 48 hours limiting 

the information provided by the study. Significant deposition was observed 

within 100 m of the discharge zone. These results highlight the requirement 

for informed mitigation strategies and risk assessment approaches to be 

developed, to reduce the detrimental impacts of environmentally irresponsible 

dredge disposal. This study provides baseline data useful for future field 

studies and validation of modelling approaches. Finally, the study outlined a 

sediment tracing methodology that can be used at the field-scale, within a 

complex, highly industrialised setting, to monitor the transport and deposition 

of silt sized sediments transported in suspension. The theoretical assessment 

of the stability of the deposited sediments under the native tidal current regime 

indicated that deposited sediment would be mobilised by tidal current 

velocities observed during the spring tidal regime. This highlights the 

requirement for effective management strategies to be developed to ensure 

the disposal of fine sediment in the near shore environment will not adversely 

affect the area in the future. This is clear evidence which shows the 
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importance of understanding sediment transport pathways and sediment 

transport regimes within the environment and thus demonstrates the utility of 

the active sediment tracing approach to investigate and inform on potential 

environmental impacts in the marine and coastal environment. 
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9. Thesis summary  

Particle tracking, sometimes referred to as ‘sediment’ or ‘particle’ 

tracing is a direct field method that utilises ‘marked’ or ‘tagged’ particles to 

define the transport pathway, quantify the mass and rate of sediment / soil in 

transit and determine source-sink relationships within a broad range of 

environments. This novel technique has far-reaching applications and is able 

to provide information and quantitative data regarding sediment / soil 

dynamics over broad spatial and temporal scales. For these reasons interest 

in the use of particle tracking techniques has increased due to the additional 

information they provide. Recent technological developments have reignited 

interest in active sediment tracing techniques and approaches with 

government organisations, researchers and industry. These developments 

have led to innovative sampling strategies, refined analysis techniques and 

original application. Active sediment tracing does not provide a panacea for 

sediment investigations, but does provide a powerful tool for oceanographers, 

hydrologists, soil researchers and geologists. Effective, proven methodologies 

within the scope of active sediment tracing approaches, when utilised within 

the limitations of the technique can provide robust data and information of 

value to a multi-disciplined academic community, government organisations 

and industry. 

This thesis was positioned on the nexus between industry and 

academia and has highlighted the benefits of working with commercial 

organisations to deliver research programmes. The commercial product, dual 

signature tracer, proved to an effective tool to monitor and map sediment 

transport pathways useful to academic and research organisations alongside 

commercial clients. This thesis has demonstrated the utility of active sediment 

tracing as a practical field tool to investigate sediment transport dynamics. 

Further, it has demonstrated the significance of practical field tools able to 

further our understanding of earth surface processes to aid in the assessment 

and mitigation of environmental impacts. A practical fluorescent-magnetic 

tracing methodology and a standardised active sediment tracing 

methodological framework have been developed for robust active sediment 

tracing. The methodology is best utilised to: 1) improve our understanding of 
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sediment and soil transport processes; 2) provide field data to develop or 

validate existing sediment transport models; and 3) evaluate the effectiveness 

of sediment management techniques, preventive measures or management 

protocol to develop informed management or mitigation strategies. The 

development of a robust fluorescent-magnetic sediment tracing methodology, 

applied within the guidelines of the methodological framework, presents a 

versatile tool with which to investigate sediment transport dynamics. 

 The review of relevant literature revealed that there were two distinct 

trends within the field of active sediment tracing research; 1) the use of active 

sediment tracers as a methodological tool to investigate sediment transport 

processes; and, 2) studies striving to develop novel tracing materials, field 

methodologies and laboratory techniques. Further distinctions were apparent 

primarily driven by study context and environment and therefore 

methodological approach. Studies which utilised active sediment tracing 

approaches to monitor the movement of sediment in coastal and estuarine 

environments predominately still follow methodologies and tracing theory 

outlined by researchers in the 1960’s who undertook a series of experiments 

utilising fluorescent or radioactive tracers e.g. Ingle (1966), Inman and 

Chamberlain (1959), Russell (1960) whereas the application of active 

sediment tracing approaches in terrestrial and agricultural settings began 

more recently following the work of authors such as Parsons et al. (1993), 

Plante et al. (1999). The ban on the use of radioactive tracers and the desire / 

requirement  to design silt and clay sized tracers inspired a series of authors 

to seek new tracing materials (e.g. rare earth elements) and this wave of 

research inspired  methodological developments both in terms of field and 

laboratory techniques. Zhang et al. (2001) first noted the characteristics 

required for the optimal active tracing material within this description it was 

noted that a tracer with multiple signals would be considered beneficial. The 

development of a dual signature sediment tracer therefore can be considered 

advancement within the field of active sediment tracing. This thesis explored 

the suitability and efficacy of the tracer material as a tracer of soils, mineral 

sands and silts and assessed the methodological benefits that the tracer 

provided through the application of the tracer to a series of real world 
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sediment management problems. This enabled a fluorescent-magnetic 

sediment tracing methodology to be developed applicable to a range of 

environments and study contexts, to inform applied sediment management 

research in both academic and commercial fields.  

  The review of relevant literature outlined the techniques currently 

available to monitor and evaluate sediment transport within the environment. 

The sediment tracing technique proved to be the only technique that is able to 

directly evaluate the geospatial distribution of sediment transport in the field. 

This is important as field data regarding sediment transport is often studied 

using point measurement sampling techniques. A geospatial sediment 

transport data set is beneficial and potentially could improve modelling 

approaches by providing checks and balances for model development. 

Further, as a tool to confirm the existence of sediment transport pathways and 

source – sink relationships, the active sediment tracing approach is able to 

unequivocally confirm the existence / presence of sediment transport 

pathway(s). Current active sediment tracing approaches based on the 

principles established by the pioneering studies conducted in the 1960’s by 

authors such as Ingle (1966) and Inman and Chamberlain (1959) still utilise a 

mono-signature tracer. Having a single signature by which to differentiate the 

sediment tracer from the native sediment restricts the sampling techniques 

available to monitor the sediment tracer. This often increases the resource 

intensive nature of active sediment tracing approaches by increasing the 

volume of samples collected in the field as the use of non-intrusive sampling 

approaches is finite. Dual signature tracers increase the variety of sampling 

techniques and non-intrusive in situ monitoring techniques that can be utilised. 

Dual-signature tracer can replicate multiple tracer size fractions, from silts to 

cobbles, and marries the individual fields of fluorescent and magnetic 

sediment tracing. This improves the cost benefit ratio of sediment tracing 

studies. Thus, when deploying the same quantity (mass input) of tracer, 

studies which use the dual signature tracer are more likely to reap greater 

information.  This is important as the cost of the tracing material often 

constitutes the principal cost within an active tracing study. Further, the 

presence of two tracer signals increases the flexibility of the technique and 
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enables studies to be conducted within complex, industrialised or 

anthropogenically altered settings. The passive and active sampling 

techniques described, detail a range of techniques available to monitor and 

recover silt and coarse sized tracer particles once deployed to the 

environment. In light of this research and analysis it is reasonable to conclude 

that the dual signature sediment tracer can be considered an advance over 

previously used mono-signature tracers.  

 The active sediment tracing approach does have inherent limitations 

that must be considered within each application of the active sediment tracing 

technique. It is critical to remember that sediment tracing studies only provide 

information regarding the forcing mechanisms observed during the study 

period and these conditions must be considered when interpreting the results. 

To improve any sediment tracing the availability or collection of longer term 

data regarding the forcing mechanisms at the site are beneficial (i.e. the 

collection of weather, metocean and hydrodynamic data). This improves the 

framing of any study and provides study context (i.e. framing a study provides 

greater understanding as to whether the conditions experienced during the 

study were ‘typical’ of the forcing experienced throughout the year / decade / 

century). Regardless of whether this data is collected active sediment tracing 

studies are best applied to monitor sediment transport from instantaneous and 

event based scales through to year scales. The data from this thesis indicates 

that the dual signature tracer will remain identifiable within the environment for 

> 1 year, yet without repeat nourishment of the tracer source (dependant on 

the initial tracer mass deployed and hydrodynamic conditions experienced at 

the site or during the observation period) it is highly unlikely that sediment 

transport pathways will continue to be able to be elucidated at this point as the 

likelihood is that the tracer concentration within the system will be significantly 

reduced. These findings indicate that as a tool to evaluate geomorphological 

change over decadal time scales active sediment tracers are not the 

appropriate tool to use. However, the technique does have a potentially key 

role to play within geoscience research and commercial studies within the 

future. The technique is particularly useful in answering direct sediment 

transport questions. As sampling resources are never finite specific objectives 
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need to be set and the limitation of the technique thoroughly understood at the 

study planning stage. Phrasing of appropriate research questions is key, 

questions phrased where does the sediment go? are far less likely to achieve 

successful results compared with a hypothesis; does the sediment deposit 

within this area? This provides a far greater opportunity for the technique to 

provide useful study results. In addition, when using active sediment tracer 

there is always the chance that a transport event of significance could occur 

that is able to transport the tracer beyond the study limits, destroying a tracing 

study. This is a recurrent problem in any tracing study and must be considered 

and where possible mitigated against. These limitations remain despite the 

technological advancements described in this thesis and should be 

considered a methodological limitation. 

A tracer which strongly matches the native sediment will behave in a 

similar fashion (Black et al., 2007, Dyer, 1986). Here, the hydraulic properties 

(i.e. particle size distribution, specific gravity and settling velocity) of each 

tracer deployed closely matched those of the target sediment. Thus, it is 

reasonable to conclude that the movement of tracer reasonably simulated the 

movement of each native sediment traced (soils, silts and marine sands). 

Further, the Gaussian-type particle size distribution of each tracer batch 

facilitated the creation of composite tracers, characterised by a multimodal 

size distribution. A significant limitation of dual signature tracer is the inability 

to coat clay and fine silt sized particles. Understanding the transport behaviour 

of clay sized sediment is fundamental to the sustainable management of 

aquatic environments (Droppo and Ongley, 1992), yet the collection of field 

data relating to cohesive sediments presents a range of theoretical and 

practical difficulties, and significant challenges in terms of tracer design 

(Spencer et al., 2007, Spencer et al., 2010). There is a great need for field 

data relating to sediment transport trends of fine and cohesive sediments 

(Spanhoff and Suijlen, 1990).  As effective clay tracers are not currently 

commercially available a pragmatic approach towards tracking the fine silts 

and clay fractions has been outlined. This practical field method is termed floc 

tagging yet further research is required to fully characterise the effectiveness 

of this technique. During the investigation of suspended sediment transport in 
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the near-shore coastal zone deployment, sampling and recovery techniques 

needed to be adapted in terms of practical approach and technology  (Black et 

al., 2007).  Silt - sized sediment (10 - 63 micron in size) transported in 

suspension can be distributed over great distances before being deposited 

(Dyer, 1986, Dyer, 1995, Droppo and Ongley, 1994). This has significant 

practical implications for the comparative success of silt tracing studies  (Black 

et al., 2007). The field study to monitor the disposal of dredged sediments in 

the nearshore coastal zone demonstrated the critical role of tide and current in 

the near and far field transport of disposed dredged which creates a high 

density tracer plume. The study investigated the initial near field and far field 

dispersion of the sediment in an area where low current velocities were 

observed. Monitoring of sediment in suspension was required. The approach 

here utilised two approaches: 1) an in situ fluorimeter to monitor the cloud of 

tracer as it moved through the water column. The methodology described 

within this thesis highlights the potential of sensor based technologies to 

monitor tracer travelling in suspension, yet further development would be 

valuable (e.g. multi-sensor arrays); and, 2) in situ magnets which act as a time 

integrated sampler which samples only Fe or Fe bearing materials. This 

significantly reduces the volume of sediment collected, which is useful 

practically. These tracer sampling tools enabled silt sized sediments to be 

monitored and sampled whilst in suspension. Further research is required to 

evaluate the use of these techniques in more dynamic environments with 

greater current velocities and turbulence. 

The other two field trials focused upon soil erosion within a fallow 

agricultural field and sediment transport on a beach face. The soil erosion 

study tested a dual signature tracer within controlled laboratory experiments 

and applied it in a fallow agricultural field.  The laboratory studies suggested 

that the tracer showed strong potential in tracing a variety of soil types and 

particle sizes. The laboratory results indicated that the tracer performed 

optimally when deployed within coarser, sandier sediments in comparison to 

clay rich soils, highlighting the requirement for effective clay sized tracers to 

be developed. The study focused on developing a method to trace soil utilising 

the dual signature tracer and the effectiveness of the tracer as a tracer of 
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different soil types. A primary challenge was to develop a composite tracer 

that matched the multimodal size distributions of soils. The composite tracer 

developed performed well and the results indicated the composite tracer 

replicated the sediment transport processes of the native soil. The developed 

methodology enabled the quantification of a soil erosion rate and in future 

studies would enable soil loss to be monitored, evaluated and transport 

pathways elucidated. However, the results suggested that further work is 

required to improve the understanding of the behaviour of the tracer once 

deployed to the soil in terms of aggregation and disaggregation through time, 

and the effect of a multimodal tracer size distribution on the response to the 

magnetic parameter magnetic susceptibility which proved to be a simple, 

quick passive sampling methodology. The field trial based on the beach face 

demonstrated the utility of active sediment tracing approaches to monitor 

beach face sediment transport to provide useful information for shoreline 

management. This large-scale field study elucidated sediment transport 

pathways in a complex anthropogenically influenced shoreline environment. 

Again, the use of magnetic susceptibility proved a valuable tool, yet requires 

further work to fully understand the relationship between the background 

signal and the tracer, especially in areas of low tracer concentration. This 

study though it did provide valuable insight into the sediment transport 

pathways at the site, would have benefited from the use of two tracer colours 

as bidirectional transport was observed and therefore understanding the 

source area was compromised.  

Given the high spatio-temporal variability of particle movement, 

sediment tracing studies involve the collection of a substantial number (up to 

1000) of environmental samples (Guzman et al., 2013). This requires 

significant time and effort in the field and the laboratory (Badr and Lofty, 

1998), and often involves expensive, resource intensive methods of sample 

analysis (White, 1998). These factors act to reduce both the number of 

samples able to be collected in the field, and the number that can reasonably 

be analysed in the laboratory. These limitations have formed a significant 

constraint on the tracing technique. Consequently, authors have placed strong 

emphasis on developing simple, rapid and reliable analytical methods for 
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enumeration of tracer (Black, 2012, Guzman et al., 2013). The analytical 

method developed within this thesis can be considered an advance  on 

previously used fluorescent (and magnetic) enumeration methodologies e.g. 

Ciavola et al. (1997), Ciavola et al. (1998), Carrasco et al. (2013), Solan et al. 

(2004), Forsyth (2000 ) as it reduces analytical timescales and associated 

costs. This increases the number of samples that can be reasonably analysed 

within a tracing project. Simply, this increases the spatial and temporal 

resolution of active sediment tracing studies. 

Having two signatures (fluorescence and ferrimagnetism) proved 

particularly beneficial during the analytical process. Magnetic separation 

provides a quick and simple technique to determine the tracer dry mass 

content (mass per unit mass) within environmental samples.  However, in the 

majority of study contexts naturally occurring magnetic material is present 

(Pearce et al., 2014). This undesired additional mass is considered ‘noise’ 

within magnetic sediment tracing studies and in these cases magnetic 

separation cannot to be used to determine tracer dry mass or tracer content 

within an environmental sample. Regardless however, magnetic separation 

remains useful practically, as it reduces sample volume eliminating the need 

for subsampling. If the tracer was solely magnetic this would be a significant 

constraint of the technique, but as the tracer has two signatures, fluorescence 

and ferrimagnetism a spectrofluorometric technique has been developed to 

obviate the problems associated with additional mass in samples following 

magnetic separation. 

Spectrofluorometric detection of fluorescent tracer particles is a method 

of broad applicability in the study of particle dynamics within coastal, aquatic 

and terrestrial environments. The described analytical method provided a 

practical solution that was used to analyse a significant number of samples in 

a short period of time, at low cost. This is helpful within any tracing study 

(Guzman et al., 2013). The spectrofluorometric analytical procedure was 

adapted and developed to exploit the fluorescent attribute of the tracer 

particles, to provide directly, the dry tracer mass (M, g). The technique has 

sufficient spectral resolution to distinguish low concentrations (< 0.01 g) of two 

spectrally unique tracer colours. The fluorescent excitation and emission 
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wavelengths of fluorescent derivative are not common to materials commonly 

found in water (Stern et al., 2001, Wilson et al., 1986). This is strong evidence 

to suggest that this sample analysis technique will be applicable to analyse 

samples collected from a variety of environments and or study contexts. The 

dye concentration was proportioned to dry mass (M, g) of fluorescent tracer 

particles through the use of colour specific reference standards. A 

methodological bias of ± 20% for single colour sample analysis, and ± 30% for 

two tracer colour sample analysis, was quantified. A range of factors affect the 

specific coefficient of fluorescence intensity vs. tracer dry mass and potential 

sources of error include: 1) human error, which can be obviated by using an 

experienced technician with a practical and theoretical understanding of 

spectrofluorimetry (Gunn, 1963); and, 2) the empirical relationship between 

the assumed concentrations of a sample to tracer dry mass; the homogenous 

mixing of the particles and the native sediment; particle size distribution and 

surface area of the particles; the dye loading on the surface of the individual 

tracer particles; and the properties of the solvent and dye pigment. These 

potential sources of error can be significantly reduced  if  the coefficient is 

determined empirically for each combination of conditions (Carey, 1989, 

Gunn, 1963). The observed increased error associated with the analysis of 

two colour spiked samples in comparison to single coloured spiked samples, 

indicated where high precision is required, the use of a single tracer colour is 

preferable. However, the methodological bias is considered tolerable within 

the sediment tracing methodology, due to the error associated with other 

enumeration techniques (e.g. an error of  5 - 10 % attributed by Carrasco et al. 

(2013) to counting fluorescent tracer grains by eye) and the error related to 

models of sediment transport which are judged to be of the order of a factor of 

10  (Eidsvik, 2004), reduced to a factor of 5 or better once validated (Soulsby, 

1997) and due to the benefits it provides (e.g. reduction of analytical 

timescales and thus the resource intensive nature of sample analysis). This 

methodology provided a relatively simple, fast and non-resource intensive 

approach to tracer enumeration within fluorescent tracing studies, which will 

potentially contribute to improvement of the general utility of the technique.  

The three field deployments demonstrated the flexibility of the technique to 

monitor different sediment types. This is important as sediment tracers that 
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are applicable universally would be considered highly beneficial in the field of 

active sediment tracing.  Soils and sediments differ greatly and tracing studies 

conducted within marine and coastal environments and terrestrial and fluvial 

environments present environment and site specific challenges.  

This thesis provides baseline data for future studies that utilise the dual 

signature tracer within both academic research and industry based studies. 

Each field application highlighted the utility of sediment tracing studies to the 

wider scientific community providing information and data regarding real 

world, sediment management problems and the impact of sediment transport 

on the environment. Further, the field deployments of the tracer have 

demonstrated the effectiveness of the technique as the only direct field tool 

able to confirm the existence of sediment transport pathways and define 

source-sink relationships which provides important information to inform 

environmental management strategies. From this research three limitations of 

dual signature tracer have been identified: 1) clay sized tracers are not 

available; 2) the creation of a dust fraction with varied properties to the tracer 

batch; and, 3) the manufacturing cost. Limitations, 1 and 3 are unfortunately, 

not specific to dual signature tracers and at this moment the ‘ideal’ active 

tracer (i.e. a low cost tracer which can be designed / manufactured to mimic 

the properties of the entire sediment class range from clays to gravels) 

remains elusive. Limitation 2 can be addressed through methodological best 

practice (i.e. wet sieving of the tracer prior to deployment), and this should be 

considered by the manufacturer.  

From the extensive theoretical and experimental work undertaken a 

number of areas where further research is required have been identified. The 

areas identified fall into three categories: 1) the development of new field 

methodologies; 2) specific experimental work to further our understanding of 

the behaviour of tracers once flocculated with native clays and silt size 

sediment; and 3) the theoretical challenge of interpreting high resolution, 

event scale field data. Future research should strive to develop passive 

sampling techniques that reduce the resource intensive nature of monitoring 

and sampling tracer in the field. Potentially fruitful fields of exploration include 

in situ, quantitative, image analysis e.g. Darvishan et al. (2014), the use of 
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sensor based techniques e.g. Guymer et al. (2010); and, the use of drone 

technology and Unmanned Aerial Vehicles (UAV’s) with fluorescent detection 

capabilities. Developments of new passive monitoring techniques have the 

potential to increase the spatial and temporal resolution of tracing studies 

enabling successful tracer monitoring in increasingly dynamic environments. 

As clay and fine silt sized tracers are still primarily in the developmental stage 

this thesis has proposed a practical field methodology that provides 

information on the sediment transport pathways of fine silt and clay sized 

sediments. This technique tags a component (target size fraction) of the floc 

rather than the entire floc. Further research is required to better understand 

the sediment transport dynamics and behaviour of the tracer once flocculated 

to further our understanding of the efficacy of the proposed methodology. 

Finally, research should be conducted regarding the most appropriate 

methodology for interpreting and extrapolating event scale, high resolution 

field data to further the impact and utility of a sediment tracing study as a 

geomorphological tool. A multi-tool approach should be considered where 

long term field monitoring, active sediment tracing studies and a numerical 

modelling approach is utilised for applied sediment management research. 

The optimal tool to inform long term sediment transport assessments  is a 

numerical modelling approach, yet these models need to be validated and 

calibrated using field data. The data generated through active sediment 

tracing studies can provide useful information to underpin model checks and 

balances yet future research should consider the most appropriate way to 

integrate this ‘snapshot’ data into a sediment transport model to optimise the 

use of the quantitative qualitative data garnered during an active sediment 

tracing study.   
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10. Thesis conclusion  

Tracing studies have the potential to improve upon the conceptual 

understanding of sediment transport regimes.  They can be conducted to 

identify potential sediment source areas, transport pathways and specific 

areas of sediment deposition, accumulation and erosion and when applied 

correctly can be used to determine the sediment transport rate. These data 

are critical to developing robust sediment management plans, and 

implementing informed, remedial strategies to maintain and improve the 

environment we reside within. The environment specific methodologies 

outlined, enabled a large volume of data to be collected during each study. 

This suggests that future studies could work at a greater spatial and temporal 

resolution, a factor important to improving our understanding of soil erosion 

and sediment transport across the earth’s surface. Overall, the results suggest 

that dual signature tracer appears to be an effective tracer of soils and 

sediments. While active sediment tracing does not provide a panacea for the 

management of sediment transport related problems, it should be considered, 

a useful tool in the box. 

This thesis has developed a fluorescent magnetic tracing methodology 

that has been successfully applied to investigate a range of real world, 

sediment problems. The method has demonstrated value and applicability 

across a range of contexts, encompassing soil erosion, and beach and near 

shore sediment transport in the coastal zone. The developed universal 

methodological framework provides an aid for future practitioners. The 

framework might act to provide consistency across academic fields and 

industry, within which each stage of the methodology can continue to be 

developed.  

The findings of this thesis indicate dual signature tracer is an advance 

within the field of active sediment tracing. Having two signatures proved 

beneficial. This enabled unique monitoring, recovery and enumeration 

methodologies to be developed. The field methodology was adaptive and 

could be specifically tailored to suit both the receiving environment, and study 

context. The use of a multistage sampling campaign enabled a greater wealth 

of information to be garnered from each field application. Further, the 
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developed tracer enumeration methodology reduced analytical timescales, 

and associated costs, improving the benefit cost ratio of the technique. Dual 

signature tracing studies are now able to: employ two tracer colours in the 

same area concurrently; utilise in situ tracer monitoring techniques; increase 

sampling frequency in the field; and analyse a greater quantity of samples in 

the laboratory.  These developments act to increase the scope of active 

sediment tracing studies and improve the validity of the technique as an 

environmental monitoring tool. Through the research conducted the limitations 

of dual signature tracer have been outlined and areas where further study is 

required, identified.  
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