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Abstract 

The transport of sediment across the Earth shapes both the human and physical world. Sediment 

transport is both a driver of and responder to landscape evolution over geological time scales, 

inextricably linked to climate processes and tectonic activity. It is a regulator of biogeochemical 

cycling, water quality and supply, soil quality and ecosystem health. A quantitative understanding of 

sediment transport processes is a key to sustainable development, yet current methods for doing so are 

highly inefficient and often lack the spatial-temporal resolution to account for localised effects. This 

thesis develops single grain feldspar multiple elevated temperature infrared stimulated luminescence 

(MET-IRSL) as a tool to address some of these challenges to quantifying the movement of sediment in 

river systems. It is demonstrated that single grain MET-IRSL is both highly efficient and able to 

determine localised variability of sediment transport rates and pathways. 

This thesis first investigates the process of luminescence signal reduction, known as bleaching, to 

determine an ideal function with which to model bleaching for grains in a fluvial sediment transport 

scenario. Optimal methods for measuring MET-IRSL signal and analysing output are developed and 

tailored to extract transport information. These techniques are applied to three fluvial systems 

including the Solimões River, the name given to the main strand of the Amazon system. A burial-

bleach model is constructed to apply to downstream datasets of MET-IRSL combined signals. Using 

this model, it is demonstrated that the application of single grain MET-IRSL can produce credible 

storage times and transport rates for sediments in fluvial systems. Furthermore, this model is adapted 

to reconstruct the histories of individual grains using parameters derived directly from MET-IRSL 

measurement. It is shown that single grains can independently contribute bleaching and storage 

histories to a transport rate that is coherent with the information provided by the combined MET-IRSL 

signals. 
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1.0. Chapter 1 Introduction 

This chapter first provides a brief overview of the physical basis of luminescence, the broad term for 

the technique, most commonly used for dating sediments, that this thesis applies and develops to 

elucidate information on fluvial sediment transport (Section 1.1). The following section discusses the 

process known as ‘bleaching’, which is the reduction of luminescence during exposure to light, and its 

significance for sediment transport applications of luminescence (Section 1.2). The existing literature 

on using luminescence for sediment transport, specifically luminescence-based sediment transport 

models is reviewed (Section 1.3). The importance of accurate sediment transport determination and 

modelling is outlined and briefly discussed to illustrate the wider significance of this work (Section 

1.4). The theoretical approach to using multiple-elevated temperature infrared stimulated luminescence 

(MET-IRSL) to determine sediment transport rates that underpins the work in this thesis is presented 

(Section 1.5). Finally, this chapter presents the specific aim and objectives of this thesis (Section 1.6).    

1.1. The physical basis of luminescence 

Luminescence is a phenomenon observed in many minerals including quartz and feldspar. 

Luminescence signals arise when grains are buried and subject to ionising radiation produced by the 

decay of common radioactive isotopes within the Earth’s crust. Interaction with ionising radiation 

excites electrons within the crystal, causing a transfer of charge from the valence band to an excited 

state (Figure 1.1). Following this, some electrons become trapped in states between the valence band 

and the conduction band which occur at the sites of lattice defects (Rhodes, 2011). 

Trapped charge accumulates over time, either until the material is saturated whereby additional trapped 

charge can no longer accumulate, or it is subject to light or heat, which provides sufficient energy for 

trapped electrons to become mobile, escape, and transfer to a lower energy level. In the case of 

stimulation by light, as it escapes, a trapped electron loses its energy through changing state, resulting 

in photon emission with energy equal or lower to that of the state of the trap. The emission of this 

photon gives rise to the property termed luminescence. Luminescence techniques are highly 

sophisticated for the dating of sediments in a wide range of geomorphic and archaeological contexts 

(e.g. Aitken, 1985; Armitage et al. 2019; Bateman et al. 2021; Duller, 1995; Huntley et al. 1985; 

Murray and Roberts, 1997; Preusser et al. 2008; Rhodes, 2011; Stone et al. 2015). The idea behind the 

use of luminescence as a tool to determine sediment transport dynamics, is that that as grains are 

transported, this produces a pattern of signal growth and decay (Gray, 2018). This thesis aims to 

demonstrate that it is the intricacies of this pattern that MET-IRSL specifically has the potential to 

unlock. 
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The size of the trapped charge population, that gives rise to a luminescence signal, is proportional to 

burial time, and the rate at which trapped charge accumulates is proportional to the concentration of 

radioactive isotopes present in the mineral and its sedimentary environment. Growth of luminescence 

signal during the burial period is described by the following exponential function (Murray & Wintle 

2003): 

𝐿 = 𝐼𝑚𝑎𝑥 [1 − 𝑒𝑥𝑝 (
−𝑡

𝐷0
)] (1.1) 

where L is intensity of the luminescence signal, t is time, Imax is the intensity of the signal at saturation 

when t = ∞, and D0 is the characteristic saturation dose. The value of D0 is characteristic of individual 

aliquots or grains and is subsequently referred to as ‘characteristic saturation dose’. The typical form 

of exponential growth in luminescence signal is shown in Figure 1.1. 

 

Figure 1.1. The typical form of exponential growth in luminescence signal with increased dose (Gy). 

Reduction of luminescence signal, a process known as bleaching, is described by the following general 

order of kinetics equation (Bailiff & Barnet, 1994): 

𝐼 =
𝐼0

(1 + 𝑎𝑡)𝑏
(1.2) 

where t is time (s), 𝐼0 is intensity when t = 0, I is luminescence intensity as a fraction of 𝐼0, a is a 

bleachability parameter, which Poolton et al., (2009) state includes information on the initial 

population of trapped electrons; intensity of excitation source, capture cross-section, which can be 

thought of as the area of a trap and is used as a measure of how likely it is that a given defect will 

capture an incident electron (Schroder, 1998), whilst b contains information on the order of the kinetic 

reaction (Poolton et al., 2009). For clarity, first-order (b = 1) would be where the rate of bleaching is 



3 

 

proportional to the concentration of a just single reactant, which in this case is a trapped electron 

population. The typical form of feldspar IRSL decay is shown in Figure 1.4 in in Section 1.4. 

Several variations of the bleaching function applied to simulate the decay of luminescence signals in 

fluvial systems can be found in the literature (e.g. Gray et al., 2018, Guyez et al., 2023, McGuire & 

Rhodes 2015a). The various functions have rather different forms, which may impact the use of 

existing luminescence-based sediment transport models in certain fluvial systems, and potential 

transport rates derived from luminescence measurements. The significance of accurate reproduction of 

luminescence signal decay to determining sediment transfer times is discussed further in Section 

1.2.1). 
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1.2. The importance of feldspar IRSL bleaching 

1.2.1. What is bleaching? 

In luminescence, bleaching is the term given to the reduction of the trapped charge population by light 

exposure within a crystal (Aitken & Valladas, 1992). Electrons that have been trapped following 

excitation caused by ionising radiation, are stimulated by a different form of energy such as light. The 

energised electrons then try to transfer this energy, and in some cases do this by emission of a photon, 

returning to their ground state. After sufficient exposure to light, a considerable proportion of electron 

traps are vacated, and the signal is considered reset, or zeroed. However, electrons must travel to 

specific places to emit their photons, which are called luminescence centres. In feldspars, the distance 

between a trapped electron and a luminescence centre, and the energy possessed by the electron, can 

influence the probability of recombination (Huntley, 2006, Huntley & Lamothe, 2001). 

There are several ‘pathways’ an electron can take to travel to a luminescence centre, which require 

different energies to achieve. In high to low energy order, the possible pathways are as follows: 1) by 

moving up to the high mobility conduction band where electrons can move around the lattice until they 

find a luminescence centre, 2) by not quite making it to the conduction band but reaching the slightly 

lower energy, localised band-tail states just below the conduction band, 3) via multi-step hopping 

mechanisms from one site to another, 4) by quantum tunnelling, often simply termed ‘tunnelling’ 

across energy barriers between different energy levels (Poolton et al., 2002a, b). Poolton et al., (2002a, 

b) suggest that tunnelling and conduction band tail states are the dominant routes taken by charge that 

produces IRSL from feldspars. Further, Poolton et al., (2009) argue the existence of band tail states 

~0.4 eV below the conduction band in feldspars based on low temperature measurements. These data 

explain the characteristic spectrum at which feldspar luminescence is observed. However, feldspar 

IRSL measurements are typically made above room temperature, mechanisms of transport and 

partitioning of charge during blue, green and infrared stimulated feldspar luminescence is successfully 

modelled by Jain & Ankjærgaard (2011) based on measurements made at 50°C. Jain & Ankjærgaard 

(2011) conclude that there are two components to the recombination process: a fast component that 

characterised by excited-state or conduction band transport, and a slow component by band tail 

transport, during which there is thermal competition between tunnelling from deeper band tail states 

and the more efficient sub-conduction band tails. 

1.2.2. Why is bleaching important? 

Understanding the bleaching process is imperative for the development of effective IRSL-based 

sediment tracing tools. More specifically, to quantify how factors such as dose history, light exposure 

history, light source wavelength, thermal history, and mineral composition influence feldspar IRSL 
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decay form and rate will enable improved definition of bleaching parameter space for application of 

sediment transport models in various fluvial settings. This will enable accurate sediment transport 

history reconstructions and enhance forecasting potential.  

Bleaching in feldspars began to receive significant research attention in the 1980s (e.g. Hüt et al., 

1988, Godfrey-Smith et al. 1988) initially due the susceptibility of the IRSL signal to fall victim to 

anomalous fading. Anomalous fading is the term used to describe the movement of electrons out of 

thermally stable traps during storage and irradiation to less thermally stable states (Spooner, 1994). In 

other words, the loss of charge from thermally stable locations that would have contributed to a signal 

measured in laboratory conditions to locations where it is more likely to recombine with luminescence 

centres. As a result, without correction, fading of IRSL signals causes age underestimation. The term 

‘anomalous’ is the result of inconsistency with estimated rate of charge loss, based on 

thermoluminescence studies (Wintle, 1973). Methods to correct for anomalous fading exist and are 

used as standard procedure for dating feldspars by some protocols (e.g. Huntley & Lamothe, 2001; 

Auclair et al., 2003; Lamothe et al., 2003). However, causes of anomalous fading are not well 

understood. 

Thomsen et al., (2011) demonstrated successful reduction of laboratory fading rates by measuring 

IRSL at an elevated temperature, such as 225°C, after regular IRSL measurement at 50°C. This led to 

the development of post-IRIR measurement, pioneered by Buylaert et al., (2009), to circumvent some 

of challenges for IRSL dating that arise due to anomalous fading. Today, many variations of the 

original Risø-Aarhus post-IRIR protocol and the newer MET-IRSL protocol exist (e.g. Buylaert et al., 

2009; Thomsen et al., 2011; Li & Li, 2011, Rhodes, 2015; Fu et al., 2012), with the common goal of 

isolating an IRSL signal that is less prone to fading thus, optimising feldspar IRSL age estimation. 

Each post-IRIR and MET-IRSL protocol aims to remove charge from traps that are close to 

luminescence centres, and therefore considered likely to fade, by simulation at a low temperature, 

typically 50°C. Taking advantage of the kinetics of feldspar IRSL, the elevated temperature IRSL then 

stimulates charge in traps that are considered to have remained stable throughout the sample’s time in 

situ.  

Post-IRIR and MET-IRSL protocols present a new challenge: higher temperature signals are not so 

easily reset by light exposure (Buylaert et al., 2012; Murray et al., 2012). This poses as significant 

challenge for dating sediments in glacial, glacio-fluvial, fluvial, and some marine settings, where 

sunlight is limited. Effective resetting of a sample in nature is an essential assumption to meet. Issues 

of partial bleaching can lead to age overestimation (Kars et al., 2014). Robust constraints on the rate at 

which charge is removed from traps during optical stimulation for IRSL, post-IRIR IRSL, and MET-

IRSL are necessary to resolve the trade-off between age overestimation due to partial bleaching, and 
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age underestimation due to anomalous fading. With this, it is possible to unlock the full potential of 

feldspar luminescence, to optimise dating procedures, and expand the remit of IRSL as a tool to 

monitor geophysical processes beyond dating.  

Significant research attention has been directed towards anomalous fading of the feldspar IRSL signal. 

Thus, this study focuses on the determination of different bleaching rates and behaviours. The 

differential bleaching rates of MET-IRSL signals will be utilised to provide new information on the 

past and present state of fluvial systems and sediment transport dynamics. The more signals we 

measure, and bleaching rates we observe, the more accurately we can reconstruct target geomorphic 

processes and the more predictive power our numerical models will possess. But first, the nature of 

MET-IRSL bleaching must be properly defined with relevance to the conditions and treatment grains 

will experience in fluvial transport and storge. 
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1.3. Luminescence and sediment transport 

Many studies have applied luminescence techniques to fluvial sediments. The earliest can be 

categorised as simple measurements of signal reduction as a function of distance downstream: 

Gemmel (1985) and Gemmel (1999) document reduction of feldspar TL in a laboratory setting, and 

feldspar IRSL in the Dora di Ferret in Val d’Aosta in the Italian Alps; Rhodes & Bailey (1997) applied 

quartz OSL to glaciofluvial sediments in northern Greenland; Stokes et al., (2001) report the reduction 

of quartz OSL signal for a suite of samples taken over 900 km of the Loire in France. 

McGuire & Rhodes (2015a) applied luminescence to extract information on sediment transport using 

multiple grain MET-IRSL to determine a transit time of 200-800 years over a 65 km reach of the 

Mojave River, California, USA. They present a simple model using an adaptation of the Eq. 1.2 of 

Bailiff & Barnett (1994) to simulate the downstream evolution of MET-IRSL signals in the Mojave 

River.: 

𝐼 =
𝐼0

(1 + 𝑎𝑡)𝑏
+ 𝐶 (1.3) 

where the additional parameter C, represents an unbleachable residual signal. McGuire & Rhodes 

(2015a) present successful application of Eq. 1.3 to simulate MET-IRSL decay in sunlight conditions 

at all five measurement temperatures (Figure 1.2) however, they observe significant departure of the 

model from the data when this function was applied to the fluvial dataset from the Mojave River 

(Figure 1.3), suggesting Eq. 1.3 may not fully capture the nature of bleaching for grains in fluvial 

sediment transport. 

 

Figure 1.2. Sunlight bleaching measurements of five MET-IRSL signals fitted with Eq. 1.3 (McGuire & Rhodes, 

2015a). 
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Figure 1.3. MET-IRSL signals of samples collected from the active channel of the Mojave River by McGuire & 

Rhodes (2015a) with their model fitted to the data. 

Gray et al., (2017) built on the work of McGuire & Rhodes (2015a; 2015b) to produce a sophisticated 

sediment transport model based on conservation principles that successfully reproduces the results of 

McGuire & Rhodes (2015a) and of Stokes et al., (2001). Gray et al., (2018) combine field 

measurements, using a dual signal IRSL approach, with application of the model of Gray et al., (2017) 

to the South River and Difficult Run, Virginia, and Linganore Creek, Maryland, USA. These are more 

complex fluvial systems where sediment transport lengthscale, virtual velocity and exchange rate are 

independently known. The model of Gray et al., (2017) provides a good fit to field data and 

independent sediment transport parameters for the South River, but model predictions were not 

consistent with field data at the other two locations. It is suggested that the steady-state assumptions of 

the model are violated by the sensitivity of in-channel luminescence to changing landscape dynamics, 

particularly land use change and subsequent variations in relative source contributions to in-channel 

sediment flux (Gray et al., 2018).  

Rhodes & Leathard (2022) define a new parameter derived from MET-IRSL measurement, using a 

five-temperature protocol adapted from McGuire & Rhodes (2015a), the ‘burial-bleach ratio’. This 

represents the gradient of a linear fit to the apparent age estimates of each measurement temperature, 

over ‘characteristic bleach time’. The term characteristic bleach time describes a reference time that is 

typical of a given measurement temperature to bleach to 50%. For example, it could take 24s for the 

IR50 signal to get to 50% of its unbleached signal, whilst the IR95 signal may take 90s, and the IR140 

signal may take 2700s, and so on. It is possible to determine characteristic bleach time for each grain 

individually, using the bleaching response curve protocol and fitting procedure described in Section 

3.3.1, Chapter 3. The burial-bleach ratio can be visualised in Figure 1.4, taken from Rhodes & 

Leathard (2022). 
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Figure 1.4. From Rhodes & Leathard (2022). Apparent age of five MET-IRSL signals plotted against their 

characteristic bleach time for two different samples. Characteristic bleach time is defined as a reference time 

that is typical of a given measurement temperature to bleach to 50%. The slope of linear fit to these points is the 

burial-bleach ratio. 

This is a potentially powerful parameter for sediment transport determination that contains information 

on the extent of past light exposure, relative to time spent in storage. Rhodes & Leathard (2022) 

demonstrate the similarities between the distributions of burial-bleach ratios and particle size analysis 

(PSA) data for nine samples. PSA is routinely used for understanding sediment transport dynamics and 

the depositional environment of sediment, with high frequency of coarse grain sizes representing 

higher energy transport (Sun et al., 2002). The work of Rhodes & Leathard (2022) provides convincing 

evidence for a relationship between the availability of coarse grains, and degree of sorting, and higher, 

or steeper burial-bleach ratios. This indicates the burial-bleach ratio has strong potential to provide 

information on sediment transport conditions, with steeper burial-bleach ratios reflecting high energy 

conditions under which coarser material will be transported. This thesis will further explore the use 

and explanatory power of this parameter for determining sediment transport dynamics for the Allt 

Dubhaig. 

Guyez et al., (2023) use single grain post-IR IRSL (pIRIR50 and pIRIR175) field measurements from 

two braided rivers in New Zealand combined with a numerical model to derive virtual velocities and 

storage times. The model simulates the downstream evolution of the relative proportions of three 

subgroups of single grain luminescence response. Grains are considered to be either: 1) saturated, 2) 

partially bleached, 3) bleached. Under partial bleaching conditions, model simulations are able to 

successfully reproduce the downstream evolution of the three subgroups of luminescence responses in 

proportions very close to those observed in the field and produce credible virtual velocities and storage 

times. This work demonstrates that single grain measurements can contribute to an average sediment 
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transport rate. However, this model does not take account of the variability in bleaching and growth 

characteristics between grains or samples.  

1.4. The importance of accurate determination and modelling of 

fluvial sediment transport 

The rate at which the Earth System transfers sediment from source to sink, and back again, is an 

indicator of biogeochemical cycling (Respach et al.,2021), water quality and supply (Pizzuto et al., 

2014), land degradation (Guzman et al., 2013), and ecosystem health. It determines where, when, how 

much, and the quality of, soil from which we can grow food (Burbank & Anderson 2009, Pizzuto et 

al., 2014; Wynannts et al., 2021). It is also a primary driver of landscape development: how fast 

mountains are rising or falling, how our coastlines are changing, where our deserts are expanding and 

is highlight responsive to tectonic activity (Anderson & Anderson 2010). Fluvial sediment transport 

specifically is inextricably linked to the carbon capture, transport, export and storage (Hilton & West, 

2020), and also the transmission of waterborne diseases (Abia et al., 2017; Craig et al., 2004; Davies et 

al., 1995; Gardade & Khandeparker, 2007; Perkins et al., 2014). 

Yet, current methods for measuring transport rates over long time scales are time consuming and 

highly inefficient.  Fluvial sediment transport rates have been estimated using several techniques 

including radionuclides (e.g. Walling, 2013), magnetic properties (e.g. Milan & Large, 2014), use of 

painting and dye tracers (e.g. Hassan & Ergenzinger, 2003), uranium series dating (Dosseto et al., 

2006; 2008) and cosmogenic nuclide dating (Wittmann et al., 2015). Many of these techniques are 

limited. Many of these techniques yield rates that describe average sediment movement or are limited 

in application to the catchment scale. As a result, these techniques can fail to detect localised 

variability in transport conditions that could affect the catchment-wide rate. The use of single-grain 

MET-IRSL to achieve reconstruction of sediment transport and storage histories, potentially for 

individual grains, has the potential to address these challenges due to its relative efficiency and 

applicability at small spatial scales. 
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1.5. A theoretical approach to MET-IRSL based sediment transport 

tools 

This section first briefly outlines reasons for the suitability of feldspar IRSL, and specifically, MET-

IRSL as a tool for extracting sediment transport information as opposed to other luminescence 

techniques, such as quartz OSL or post-IR IRSL. Secondly, this section will outline how knowing 

about the bleaching and storage times of grains in fluvial systems can provide information on sediment 

transport times by describing four idealised scenarios. 

Feldspar IRSL signals are generally characterised by slower bleaching rates and a higher sensitivity 

(Sanderson, 1988). This means that whilst some quartz OSL signals are rapidly reset by sunlight 

exposure feldspar IRSL will contain information on transport and storage history over long timescales. 

Secondly, MET-IRSL holds such potential for this application owing to the advantages of measuring 

multiple signals. This allows access to multiple charge populations, which display a range of thermal 

stabilities and bleaching behaviours (Poolton et al. 2002; Buylaert et al. 2012). The differential 

bleaching rates of IRSL signals measured at different temperatures can be visualised in Figure 1.5. 

 

 

Figure 1.5. Blue light bleaching measurements and fits of the general order kinetics equation od McGuire & 

Rhodes (2015a), adapted from Bailiff & Barnett (1994), for IRSL measured at 50˚C, 95˚C, 140˚C, 185˚C and 

230˚C.  The sample shown here is feldspar standard sample MJ39. Circular points indicate normalised 

sensitivity corrected luminescence, smooth lines represent modelled signal decay using optimal parameters 

estimates of a, b, and C. 
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As shown in Figure 1.2.1, measurement of feldspar IRSL at higher temperatures allows efficient access 

to trapped charge that bleaches slowly, whilst lower measurement temperatures allow access to trapped 

charge that bleaches more quickly (Buylaert et al., 2009). Subsequently, the relative difference 

between multiple MET-IRSL signals is a function of light exposure history. The apparent age provides 

information on burial time. In addition, with more signals, it is possible to determine bleaching and 

burial times deeper into the history of an individual grain. This thesis demonstrates how this physical 

attribute of feldspar MET-IRSL can be utilised to provide information on transport and storage history 

in fluvial systems and propose methods for deriving sediment transfer times.  

The significance of bleaching and burial information for determining sediment transport rates can be 

understood by conceptualising the journey of a grain, or group of grains, through four simple idealised 

models that each represent a fluvial system with a distinct style of sediment transport: 

1) Exclusive bleaching. In this scenario, a grain enters the system and is in constant transport until 

it exits the system. In transit, this grain is exposed to light which causes the continuous 

reduction of its trapped charge population, at a rate proportional to Equation 1.2. This is 

analogous with ‘flume-like’ behaviour and could perhaps be observed as grains pass through a 

river channel that has undergone extensive modification such that its banks and bed are 

constructed of a highly erosion-resistant material. This produces a pattern of uninterrupted 

decay of the luminescence signal of a grain as it moves through this system (Figure 1.6). 

 

Figure 1.6. Conceptual model of an idealised channel whereby as grains are transported through the system 

(left to right), they are subject to light exposure. This causes the continuous reduction of the trapped charge 

population as it moves downstream. The red line represents the hypothesised IRSL signal of grains as they move 

through the channel in these conditions. This model assumes time-space equivalence, whereby the signal of 

grains at location marked ‘X’ is equivalent to the signal of grains at location ‘Y’ when they passed location ‘X’. 

To determine the transit time of a grain that has travelled through this system, it is necessary to adopt 

an assumption of time-space equivalence, whereby the signal of a grain at location X is equivalent to 

the signal of grains at location Y when they passed location X (Figure 1.2.2). Here, the transit time of 

grains is simply t in Equation 1.2.   
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2) Exclusive growth. On entering this system, a grain is not exposed to sufficient light for the 

bleaching process to occur. As the grain travels downstream, low light conditions continue to 

prevent signal reduction. For the signal to grow, the grain must enter storage, however when it 

is once again transported, it remains in low light conditions. In this scenario, the luminescence 

signal of a grain will increase with downstream distance (Figure 1.7).  

 

 

Figure 1.7. Conceptual model of an idealised channel whereby as grains are transported through the system 

(left to right), they enter storage at various times and are not subject to light exposure. This causes the 

continuous growth of the trapped charge population as it moves downstream. The red line represents the 

hypothesised IRSL signal of grains as they move through the channel in these conditions. The transit time of this 

grain between locations X and Z is related to the apparent ages of grains at location X subtracted from the 

apparent ages at location Z (Figure 1.7). The same approach could be used to estimate transit times between 

locations X and Y, and Y and Z. 

Applying the principle of time-space equivalency, the transit time of this grain between locations X 

and Z is related to the apparent ages of grains at location X subtracted from the apparent ages at 

location Z (Figure 1.7). The same approach could be used to estimate transit times between locations X 

and Y, and Y and Z. These conditions may be observed close to the bed of an extremely deep, sediment 

laden channel. 

3) Bleaching and burial, dominated by bleaching. This represents a combination of model 1) and 

2) whereby as a grain travels along the channel, it is exposed to light during transport. Grains in 

this system also spend time in storage before they exit. However, the amount of time spent in 

transport and exposed to light is sufficient to cause an overall decrease in IRSL signal with 

downstream distance (Figure 1.8). 
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Figure 1.8. Conceptual model of an idealised channel whereby as grains are transported through the system 

(left to right), they are subject to both storage and light exposure, but the amount of time exposed to light is 

sufficient, relative to the time spent in storage, to cause an overall decrease in IRSL signal with downstream 

distance. 

In this model, the transit time of grains relates to characteristic storage time and the number of 

transport-storage cycles grains are subject to during their time in this system, which can be constrained 

using the relative difference between MET-IRSL signals caused by light exposure. This is because, 

although bleaching during the time grains spend in transport dominates signal behaviour, it is 

negligible relative to the time grains spend in storage. 

4) Bleaching and burial, dominated by burial. This also represents a combination of model 1) and 

2), but here light exposure between periods of storage is insufficient to cause a decrease in 

luminescence signal with downstream distance. Overall, luminescence signal increases with 

downstream distance but periods of increase are interspersed with signal reduction (Figure 1.9). 

 

 

Figure 1.9. Conceptual model of an idealised channel whereby as grains are transported through the system 

(left to right), they are subject to both storage and light exposure, but the amount of time exposed to light is 

insufficient, relative to the time spent in storage, to cause an overall decrease in IRSL signal with downstream 

distance. 
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To estimate sediment transport rates for grains in systems such as this, it is possible to calculate total 

time spent in transit by estimating the average time spent in storage and degree of age reduction by 

light with multiple IRSL signals with different bleaching rates.  

In this thesis, the principles illustrated by conceptualising these four distinct styles of system 

functioning are applied to further the development of MET-IRSL as a tool for extracting detailed 

information on fluvial sediment transport, for both bulk signals and individual grains. It should be 

noted that these highly idealised models do not account for the influence of variables external to the 

active channel on the IRSL signal of the in-channel sediment flux and assumes that all bleaching 

occurs during transport. One such variable is lateral input of sediment (via bed and bank erosion, or 

extreme events such as landslides). This thesis uses the simple models depicted in depicted Figures 

1.6-1.9 as a jumping off point from which to design approaches to dealing this complexity.    
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1.6. Bleaching and growth parameters 

The table below lists and defines bleaching (Eq. 1.3) and growth (Eq. 1.1) parameters commonly 

referred to in this thesis for reference. 

Table 1.1. Bleaching and growth parameters and their definitions. 

Parameter Definition 

Growth 

Characteristic saturation dose, D0 The radiation dose necessary to raise the signal from 0 to 1‐1/e, 

which is ~ 63% of the fully saturated signal.  

Maximum intensity, Imax The intensity of the signal at saturation i.e. infinite time. 

Bleaching 

Bleachability, a  Includes information on the initial population of trapped 

electrons; intensity of excitation source, capture cross-section. 

Order, b contains information on the order of how the kinetic ‘reaction’ 

proceeds. 

Residual, C A non-bleachable component of the signal. 

Initial intensity, I0 The intensity of the signal at zero time – time being seconds of 

light exposure 
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1.7. Aim and objectives 

The aim of this thesis is to develop MET-IRSL as a tool for extracting fluvial sediment transport 

information including storage times and transport rates at spatial scales ranging from system-scale to 

localised reaches. 

Objective 1: Investigate feldspar MET-IRSL bleaching to determine an ideal function with which to 

model the bleaching process for grains in fluvial transport. 

Objective 1 is achieved through a series of laboratory experiments designed to produce knowledge that 

is of particular significance to the development of MET-IRSL as a tool for determining fluvial 

sediment transport dynamics. These experiments broadly aim to answer two questions: 1) How do 

factors that affect bleaching rate need to be accounted for in fluvial transport scenarios? 2) Can length 

of past light exposure be accurately recovered? 

A burial-bleach model is constructed using an improved bleaching function to simulate the MET-IRSL 

signal behaviour of grains when subject to cyclical bleaching and burial. 

Objective 2: Develop optimal methods for analysing MET-IRSL data to determine fluvial sediment 

transport dynamics and assess the success of the burial-bleach model. 

Samples are collected from the active channel of the Allt Dubhaig, a small gravel bed river in 

Perthshire, Scotland. This dataset is used as a training ground to fully explore the vast quantity of data 

produced by MET-IRSL measurements and devise analysis techniques that can be used to obtain an 

array of different information on sediment transport histories, styles, and rates, and storage duration. 

The degree to which the burial-bleach model is successful at reproducing downstream MET-IRSL 

signals observed in the Allt Dubhaig is assessed. 

Objective 3: Test and apply methods developed in achieving Objective 2 to elucidate sediment 

transport information for more complex systems with multiple potential lateral inputs.  

Techniques developed through achieving Objective 2 are applied to a dataset from the Solimões River, 

the main strand of the Amazon system, Brazil and a dataset from the Santa Clara River in southern 

California. The burial-bleach model is applied to assess its utility for characterising lateral input. 

Objective 4: Reconstruct transport histories using single grains to identify multiple pathways of 

transport within a single sample. 

The burial-bleach model is adapted for application to individual grains to assess the potential of single 

grains measured using MET-IRSL to provide independent storage and transport information.  
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2.0. Chapter 2 Methods 

This chapter details the standard methods and procedures used to produce the results presented in this 

thesis. Chapters 3, 4 and 5 each contain sections detailing the specific methods used to collect samples 

and produce the results presented that are not included here.  

2.1. Sample preparation 

The details of sample preparation described below is for samples from the Allt Dubhaig, this 

preparation was carried out by the author of this thesis. Samples from the Solimões River were 

prepared in São Paulo, as in Sawakuchi et al. (2017). Samples from the Santa Clara River were 

prepared in Los Angeles, as in McGuire & Rhodes (2015a). All presented in this thesis are listed in 

Table 2.4 in Section 2.6 of this chapter. 

Samples were prepared in red light at the University of Sheffield Luminescence Dating Laboratory. 

After tubes were opened ~ 1 cm was scraped off each end (more in the presence of a lot of coarse 

grains) to remove grains that may have been subject to light exposure during collection and transport 

of the sample. This part of each sample was weighed and then placed in the oven over night to remove 

any moisture. Once dry, the samples were weighed once more to calculate moisture content. 

Approximately two thirds of the remaining sample were put into glass beakers and stored in the oven 

over night to remove any moisture before dry sieving.  

Samples were passed through a 250 µm and 125 µm sieve to obtain the desired fraction for this stage 

of preparation of 125-250 µm. Hydrogen chloride (HCl) was added to the 125-250 µm fraction (just 

enough to cover the sample) to remove any carbonates. Samples were left until it was no longer 

possible to hear a reaction taking place. HCl was then poured off and samples were rinsed. Next, 

samples were treated with hydrogen peroxide (H2O2) in the same manner to remove organic material 

and left over night. After rinsing of H2O2, samples were stored in the oven to dry. Once dry, samples 

were passed through 212 µm, 180 µm and 125 µm sieves to isolate the 180-212 µm fraction for 

measurement. It was considered optimal to measure the 180-212 µm fraction because the feldspar 

grains were often elongate, this grain size is less likely to protrude out of the 300 µm holes in the disc 

(Section 2.2.4). Further, it is more straight forward to empty discs of grains of this size, and issues of 

multiple grains in a single hole were rare.  

The 180-212 µm fraction was put into test tubes to which 40 ml of sodium polytungstate (NaPT) with 

a density of 2.58 g cm-3 was added to separate the feldspar grains. NaPT is a low-viscosity heavy 

liquid, and at this density, allows feldspar grains float to the top on the liquid, and any quartz of other 

minerals sink. The floating feldspar grains were then carefully poured off into a Buchner funnel lined 
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with filter paper and the liquid drained using a vacuum filter. Once drained, samples were stored in an 

oven to remove moisture. 

2.2. Sample measurement 

2.2.1. Luminescence reader 

All of the IRSL measurements presented in this thesis were performed using the Risø TL-DA-20 

DASH luminescence reader shown in Figure 2.1 at the University of Sheffield Luminescence Dating 

Laboratory. Filters BG3 and BG39 (blue filter pack) were used for IRSL measurements, and 7.5mm of 

Hoya U340 when exposing samples to blue or green LEDs. Single grain IRSL measurements were 

made using a 150 mW 830 nm infrared laser filtered through an RG-780 filter to minimise resonance 

at 415 nm. This reader is fitted with an EMD-9107 PMT tube (photomultiplier) and clusters of LEDs 

for stimulation at different wavelengths: two clusters of Epitex SMBB470-1100-TINA-RS for blue 

light, two clusters of SMBB525-1100-TINA-RS for green light, and three clusters of SMBB870-1100- 

TINA-RS for infrared.  

 

Figure 2.1. The Risø TL/OSL Reader Model DA-20 used to make the IRSL measurements presented in this thesis 
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2.2.2. IRSL measurement 

Three types of IRSL measurement were used to produce the data in this thesis:  

1) multiple grain (MG) MET-IRSL at multiple elevated temperatures.  

2) short shine MG IRSL measured at 50°C.  

3) single grain (SG) MET-IRSL at multiple elevated temperatures.  

Measurements of type 1), 2) and 3) were made in a series of experiments presented in Chapter 3, 

whereas fluvial samples presented in Chapters 4 and 5 were measured using 3). A summary of all the 

samples measured for this thesis can be found in Section 2.6.  

2.2.3. MET-IRSL protocols 

METx 

The METx protocol builds upon the five temperature MET-IRSL protocol of McGuire & Rhodes 

(2015a) used to determine a virtual velocity for sediments of the Mojave River, southern California. 

The protocol of McGuire & Rhodes (2015a) is visualised in Table 2.1 below. The METx protocol 

differs from the MET-IRSL protocol of McGuire & Rhodes (2015a) in two key ways:  

1) a warm bleach at 250˚C for 100s is administered prior to the test dose  

2) a larger test dose of 20 grays (Gy), increased from 8 Gy, is used.  

These changes were made, following the recommendations of Colarossi et al. (2018) with the intention 

of producing exponential growth rather than the exponential plus linear growth that was commonly 

observed using the original protocol of McGuire & Rhodes (2015a). This is in part because it is 

challenging to convert intensity into fraction of saturation with a non-saturating exponential, and also 

because it was expected that a larger signal would yield more single grain results. Further, discussed by 

Colarossi et al. (2018), with exponential growth there is less likely to be carry over of charge between 

SAR cycles and a larger test dose is thought to reduce sensitivity change between cycles. 
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Table 2.1. The METx protocol. Key adaptations from the MET-IRSL protocol of McGuire & Rhodes (2015a) are 

highlighted in bold. Doses used for regenerations were 20 Gy, 5 Gy, 60 Gy, 200 Gy, 480 Gy and 0 Gy. The 20 

Gy dose was repeated for the recycling test. 

Natural or beta dose 

Preheat 60s 250°C 5°Cs-1 

IRSL 50°C 2.5s 90% power 

IRSL 95°C 2.5s 90% power 

IRSL 140°C 2.5s 90% power 

IRSL 185°C 2.5s 90% power 

IRSL 230°C 2.5s 90% power  

IRSL warm bleach 250°C 400s 

90% 

Beta test dose 20 Gy 

Preheat 60s 250°C 5°Cs-1 

IRSL 50°C 2.5s 90% power 

IRSL 95°C 2.5s 90% power 

IRSL 140°C 2.5s 90% power 

IRSL 185°C 2.5s 90% power 

IRSL 230°C 2.5s 90% power  

IRSL hot bleach 290°C 400s 90% 

 

The METx protocol was primarily used to measure single grains for samples from the Solimões River, 

Brazil and the Santa Clara River, southern California. This protocol was also used in several of the 

bleaching experiments outlined in Chapter 3.   

ILT-3ET 

A protocol that stimulates IRSL at three elevated temperatures (3ET) was developed, termed 

‘Improved Low Temperature’ 3ET (ILT-3ET). The details of the ILT-3ET protocol are displayed in 

Table 2.2. ILT-3ET builds upon the original 3ET approach of Ivester et al., (2022), and principles from 

the five-temperature protocol of McGuire & Rhodes (2015a). The ILT-3ET protocol is optimised for 

the measurement of burial periods on timescales much shorter than those targeted by conventional 

IRSL dating. For this reason, the ILT-3ET protocol stimulates IRSL using the first three measurement 

temperatures of the METx approach: 50°C, 95°C, and 140°C, which is permitted by a lower preheat of 

170°C. This protocol was also designed to minimise thermal transfer (Rhodes, 2000) and provide 

exponential signal growth (Colarossi et al., 2018). 
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Table 2.2. The ILT-3ET protocol. Key adaptations from the MET-IRSL protocol of McGuire & Rhodes (2015a) 

are highlighted in bold. Doses used for regeneration were 20 Gy, 5 Gy, 60 Gy, 130 Gy, 200 Gy and 0 Gy. The 20 

Gy dose was repeated for the recycling test. This is similar to the protocol of Ivester et al. (2022) but with a 

lower preheat and measurement temperatures, plus the addition of a warm bleach. 

Natural or beta dose 

Preheat 60s 170°C 5°Cs-1 

IRSL 50°C 2.5s 90% power 

IRSL 95°C 2.5s 90% power 

IRSL 140°C 2.5s 90% power 

IRSL Warm bleach 160°C 400s 

90% 

Beta test dose 20 Gy 

IRSL 50°C 2.5s 90% power 

IRSL 95°C 2.5s 90% power 

IRSL 140°C 2.5s 90% power 

IRSL hot bleach 290°C 100s 90% 

 

The ILT-3ET protocol was predominantly used to measure fluvial and glacial sediments from the 

alluvial section of Allt Dubhaig, Scotland. This protocol was also used in several of the bleaching 

experiments outlined in Chapter 3.   

2.2.4. Discs 

Grains are held by, or mounted on, discs to be placed into the luminescence reader for IRSL 

measurement. Three types of discs were used: 

• Single grain measurements: regular single grain discs manufactured by Risø (Bøtter-Jensen et 

al., 2000). These are composed of anodised aluminium and have 10 x 10 300 µm holes. Build 

up and backscatter effects gives these discs an internal beta dose rate 9% higher than standard 

aluminium discs.  

• Oxford aluminium multiple grain discs (0.997cm diameter). 

• Stainless steel multiple grain discs. These receive a dose rate 22% higher than aluminium discs, 

also due to build up and backscatter. 
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2.2.5. Equivalent dose measurement 

The goal of making luminescence measurements is to estimate the amount of radiation to which a 

sample is exposed in nature, this is referred to as equivalent dose (De). The rate at which the sample 

received radiation is also measured by either quantifying the concentrations of radioactive isotopes in 

the sample (laboratory analysis) or directly measuring the counts of emitted radiation (in the field). 

These measurements are used to calculate the amount of radiation to which a sample was exposed each 

year, which is referred to as the environmental dose rate (Duller, 2008). The apparent age of a sample 

is estimated using the equivalent dose and the environmental dose rate in the following equation 

(Duller et al., 2008): 

𝐴𝑔𝑒 (𝑦𝑒𝑎𝑟𝑠) =
𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑑𝑜𝑠𝑒 (𝐺𝑦)

𝑑𝑜𝑠𝑒 𝑟𝑎𝑡𝑒 (𝐺𝑦 𝑦𝑟−1)
(2.1) 

The luminescence reader records photon counts during IRSL stimulation, measured in counts per 

second (c/s), which is also referred to as luminescence intensity. Stimulation time is divided into a user 

defined number of intervals called channels. Counts per channel are recorded and the sum of these 

gives rise to the signal. A background subtraction is carried out to calculate the luminescence response 

to a given or natural dose. The single aliquot regenerative dose (SAR) procedure of Murray & Wintle, 

(2000) is used to estimate the amount of radiation grains were exposed to in situ since the event being 

dated, the equivalent dose. The ‘regenerative’ approach of SAR is such that initially, luminescence 

intensity as a product of the dose to which a sample was exposed in nature is measured. Following this, 

luminescence response is regenerated and measured by administering known doses of beta radiation 

over a series of cycles (Table 2.3). The regenerated responses are used to construct a dose response 

curve, also referred to as a growth curve (Figure 2.2). Dose response curves with fitted with the 

exponential function described by Eq. 1.1 (Murray & Wintle 2003). 

To estimate equivalent dose, the sensitivity corrected luminescence response to the natural dose is 

interpolated on to the dose response curve (indicated by the red lines in Figure 2.2), which is 230 Gy in 

Figure 2.2. Measurement of the luminescence response to one of the regenerative doses is repeated as a 

recycling test, in line with routine SAR protocol (20 Gy in the METx protocol detailed in Section 

2.2.3). In this thesis equivalent dose estimation was carried out using the Analyst software package 

(Duller, 2015). 

Table 2.2 also shows additional steps that comprise the typical SAR protocol used in this thesis, these 

are:  

1) preheat (ii) – the sample is heated prior to measurement of luminescence intensity in order to 

remove any unstable charge (Duller, 2008),  
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2) test dose (iv) – the number of photons emitted per unit radiation varies between samples and 

individual grains. Thus, the luminescence response to a fixed dose, the test dose, is measured in 

each SAR cycle. This is used to calibrate the luminescence responses in step iii) of Table 2.2), 

to account for variability in sensitivity,  

3) hot bleach (vii), this is to reset the signal and reduce the effect of charge trapped in response 

to the dose from the previous cycle carrying over to the next.   

Table 2.3 Basic elements of the single aliquot regenerative dose procedure of Murray & Wintle (2000). Note the 

luminescence responses to natural and regenerative doses is Lx, and the luminescence response to the test dose 

is Tx. 

 Cycle 1 Cycle 2 Cycle 3… 

i) Radiation exposure in nature Regenerative dose Regenerative dose 

ii) Preheat Preheat Preheat 

iii) 
Measurement of luminescence 

intensity (Ln) 

Measurement of luminescence 

intensity (L1) 

Measurement of 

luminescence intensity (L2) 

iv) Test dose Test dose Test dose 

v) Preheat Preheat Preheat 

vi) 
Measurement of luminescence 

intensity (Tn) 

Measurement of luminescence 

intensity (T1) 

Measurement of 

luminescence intensity (T2) 

vii) Hot bleach Hot bleach Hot bleach 
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Figure 2.2. Example of a fitted dose response curve using Eq.1.1 and equivalent dose estimation. Displayed 

here is the super synthetic aliquot IR140 response of sample 22181, from the active channel of the Allt Dubhaig, 

Scotland). Ln/Tn indicates sensitivity-corrected luminescence response to the natural dose, plotted at zero 

regenerative dose (x-axis), Lx/Tx is the sensitivity-corrected luminescence response to the laboratory 

administered regenerative doses. 
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2.3. Bleaching measurements 

Detailed descriptions of bleaching measurements and protocols can be found in Chapter 3, however 

here it is noted that most of the bleaching studies in this thesis were concerned with understanding the 

luminescence response of grains in subaqueous conditions. Blue light was selected as a proxy for the 

bleaching in these conditions based on the results of bleaching measurements made in a solar 

simulator. These showed that bleaching of METx signals in the solar simulator proceeds at a faster rate 

than our blue light measurements indicate (Section 3.3.1, Chapter 3). It is has been documented that 

light intensity decreases with increasing depth under water (Berger and Lauternauer 1987, Berger 

1990; Sanderson et al. 2007), and dominantly green to amber light is transmitted at depth (Berger, 

1990). Therefore, it appeared reasonable that blue light bleaching would approximate the bleaching of 

METx signals by sunlight in sub aqueous conditions. The results of bleaching measurements using a 

solar simulator are displayed in Figure 2.3. 

 

Figure 2.3. Bleaching of orthoclase feldspar standard sample MJ39 in a solar simulator. Exposure times were 

10, 100, 1000s. MET-IRSL responses to these exposure times are fitted by the bleaching function of Bailiff & 

Barnett (1994) 
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2.4. Data processing and analysis 

The following section describes the range of ways in which single grain METx signals are presented 

and analysed in this thesis, each of which are found in different contexts within Chapters 3, 4 and 5. 

These are summaried in Table 2.3. Where relavent, specific methods are described in the following 

chapters. 

Table 2.4. Summary of methods used to present MET-IRSL signal in different manners. 

Signal Method Software 

Sensitivity corrected 

luminescence (Lx/Tx) 

Dose response (Lx) divided by 

test dose response (Tx). Dose 

response is calculated by 

summing measured counts per 

channel during stimulation 

following regenerative dose. 

Test dose response is calculated 

in the same manner following 

the test dose.  

Analyst, Python 

Super synthetic alquot apparent 

age (Sum all grains) 

Sum of Lx and Tx of all grains 

of that sample (usually 200 

grain positions representing two 

discs). Calculate summed 

Lx/Tx. Equivalent dose is 

estimated using the method 

shown in Figure 2.2. Age 

calculated as shown in Eq. 2.1.  

Analyst, Excel 

Single grain apparent age Equivalent dose estimated  for 

each individual grain using the 

method shown in Section 2.2.3. 

Age calculated as shown in Eq 

2.1. 

Analyst, Python 

Mean apparent age An unweighted average of all 

relevant single grain apparent 

ages. 

Analyst, Python 

Minimum plateau age Method described by Ivester et 

al. (2022) and Rhodes & 

Analyst, Python (Python code 

from Ivester, pers comms, was 
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Leathard (2022). Grains with 

consistent equivalent dose 

estimate across two or more 

measurement temperature are 

identified. The discreet 

minimum dose model of 

Rhodes (2015) is applied for 

estimating final equivalent dose 

and subsequently age. 

adapted for five temperature 

MET-IRSL) 

Fraction of saturation Luminescence intensity 

divdided by Imax (Imax the 

maximum intensity parameter 

from the exponential growth 

function (Eq. 1.1), intensity at 

infinite dose) 

Analyst, Python 

Burial-bleach ratio Method of Rhodes & Leathard 

(2022), which is described in 

Section 1.3, Chapter 1. 

Analyst, Python 
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2.5. Samples 

A table of all samples presented in this thesis with lab code, geomorphic context, and location is shown 

below (Table 2.4). 

Table 2.5. The samples presented in their thesis, with lab codes, geomorphic contexts, and locations. 

Lab code Geomorphic context Location 

20164 Fluvial terrace Kekerengu, New Zealand 

19121 Fluvial sediment Los Angeles, California 

MJ39 Rock sample UCLA laboratory standard 

22094 Rock sample San Gabriel mountains, California 

18031 Fluvial channel Allt Dubhaig, Scotland 

18032 Fluvial channel Allt Dubhaig, Scotland 

18033 Fluvial channel Allt Dubhaig, Scotland 

18034 Fluvial channel Allt Dubhaig, Scotland 

22177 Scree apron Allt Dubhaig, Scotland 

22178 Moraine Allt Dubhaig, Scotland 

22179 Moraine Allt Dubhaig, Scotland 

22180 Fluvial channel Allt Dubhaig, Scotland 

22181 Fluvial channel Allt Dubhaig, Scotland 

22182 Fluvial channel Allt Dubhaig, Scotland 

22183 Fluvial channel Allt Dubhaig, Scotland 

22184 Fluvial channel Allt Dubhaig, Scotland 

22185 Fluvial channel Allt Dubhaig, Scotland 

22186 Fluvial channel Allt Dubhaig, Scotland 

22187 Fluvial channel Allt Dubhaig, Scotland 

22188 Fluvial channel Allt Dubhaig, Scotland 

22189 Fluvial channel Allt Dubhaig, Scotland 

22190 Fluvial channel Allt Dubhaig, Scotland 

22191 Fluvial channel Allt Dubhaig, Scotland 

L0609 Fluvial channel Solimões River, Brazil 

L0611 Fluvial channel Solimões River, Brazil 

L0612 Fluvial channel Solimões River, Brazil 

L0613 Fluvial channel Solimões River, Brazil 

L0614 Fluvial channel Solimões River, Brazil 

L0615 Fluvial channel Solimões River, Brazil 

L0616 Fluvial channel Solimões River, Brazil 

L0617 Fluvial channel Solimões River, Brazil 
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L0618 Fluvial channel Solimões River, Brazil 

L0619 Fluvial channel Solimões River, Brazil 

L0620 Fluvial channel Solimões River, Brazil 

L0621 Fluvial channel Solimões River, Brazil 

J0344 Fluvial channel Santa Clara River, California 

J0345 Fluvial channel Santa Clara River, California 

J0346 Fluvial channel Santa Clara River, California 

J0347 Fluvial channel Santa Clara River, California 

J0349 Fluvial channel Santa Clara River, California 

J0350 Fluvial channel Santa Clara River, California 

J0352 Fluvial channel Santa Clara River, California 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

3.0. Chapter 3 Understanding feldspar IRSL bleaching for 

MET-IRSL-based sediment transport models 

3.1. Introduction 

This Chapter presents a series of IRSL bleaching experiments tailored to produce knowledge that is of 

particular significance to the development of MET-IRSL as a tool for determining fluvial sediment 

transport dynamics. Experiments broadly aim to answer two questions: 1) How do factors that affect 

bleaching rate need to be accounted for in the development of luminescence-based sediment transport 

tools? 2) Can length of past light exposure be accurately recovered? By answering these questions 

there is potential for detailed reconstruction of sediment transport histories for fluvial systems and 

assessing likelihoods of different scenarios and constraint of IRSL-based sediment transport models. 

There is also significant potential benefits for other applications of IRSL to determine pre-depositional 

history, such as palaeophotometry, a proxy for variable transport conditions through time developed by 

Rhodes & Leathard (2022).      

This Chapter will first review the literature on bleaching (Section 3.2), then outline experiment design, 

results and interpretation (Section 3.3), discuss results and new frameworks for analysis of IRSL 

bleaching behaviour (3.4), and conclude the findings of this Chapter (Section 3.5). 
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3.2. Background 

This section provides an overview of the current research concerned with felspar IRSL bleaching 

dynamics, highlighting progress made to date and gaps in knowledge it may be beneficial to address in 

order to enhance the utility of MET-IRSL as a sediment tracing tool. 

3.2.1. State of the art 

It is known that the feldspar IRSL signal bleaching more slowly than the fast component of the quartz 

OSL signal in full sunlight (Buylaert et al., 2012; Murray et al., 2012), and much faster than the TL 

signal (Godfrey-Smith et al., 1988) (Figure 3.1).  

 

Figure 3.1. Response of thermoluminescence and OSL of quartz and feldspar to sun light exposure. Note the 

break in the x-axis. From Godfrey-Smith et al., (1988). 

It is also known that energy of the stimulation source significantly affects feldspar IRSL bleaching 

rate. Jain & Ankjærgaard (2011) state this dependency is likely related to the depth below the 

conduction band occupied by the trapped charge. Kars et al., (2014) tentatively report a depth of ~2.5 

eV for IR-sensitive traps of potassium-rich feldspar, and ~2.1 eV for sodium-rich feldspar. The 

efficiency with which charge in IR-sensitive traps is transferred to the excited state increases with 

decreasing wavelength Jain & Ankjærgaard (2011). For light in the visible range, the excited state is 

the conduction band. It is considered that stimulation at wavelengths much below the green range 

(~2.36 eV), very minimal excitation occurs. For infrared light (~1.4 eV), resonance between charge in 

IR-sensitive traps and photons travelling in the infrared range causes sub-conduction band excitation, 

resulting in recombination either via tunnelling or band tail states Jain & Ankjærgaard (2011). 
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Relevant to this study, is the effect of sunlight attenuation by water in fluvial settings. Several studies 

have measured what happens to the solar spectrum with increasing depth in turbid water (Berger and 

Lauternauer 1987, Berger 1990; Sanderson et al. 2007), and report two main effects: 1) light intensity 

decreases with increasing depth, causing a reduction in bleaching rate and 2) the preferential reduction 

of the high energy part of the spectrum means that dominantly green to amber light is transmitted at 

depth (Berger, 1990) – as mentioned at the start of this paragraph, what this means for bleaching rates 

is unclear.  

It is known that in post-IRIR and MET-IRSL higher temperature signals bleach more slowly than low 

temperature signals (Poolton et al. 2002; Buylaert et al. 2012). Fu et al., (2012) present a low-

temperature MET-IRSL protocol where IRSL is stimulated at five temperatures (50, 80, 110, 140, 170) 

and the bleachability of each signal is tested (Figure 3.2). Their findings are consistent with those of 

Poolton et al., (2002) and Buylaert et al., (2012) for this five elevated temperature protocol. 

Stimulation of IRSL signals at high temperatures can cause issues of thermal transfer to arise, whereby 

charge is transported from non-IR-sensitive traps to IR-sensitive traps due to thermal excitation. Here, 

preheat temperature is pivotal for minimising this effect. The effects preheat temperature on feldspar 

IRSL bleaching form and rate is discussed further in the following section. 

 

Figure 3.2. Response of five MET-IRSL signals solar bleaching. Note the break in the x-axis. From Fu et al., 

(2012). 

McGuire and Rhodes (2015a) measure bleaching rates of MET-IRSL signals using a protocol adapted 

from Li and Li (2011), stimulating IRSL at 50°C, 95°C, 140°C, 185°C, 230°C. Here, a general order 

kinetics equation (Eq. 1.1, Chapter 1) is fit to MET-IRSL response to increasing sunlight exposure. The 

fitted parameters are used to forward model cyclical bleaching and growth to MET-IRSL signals 
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observed in samples from a longitudinal profile of the Mojave River (Figure 3.3). The model provides 

a reasonable fit for the IR230 signal only, possibly due to the characteristic flow dynamics of an 

ephemeral river limiting the light exposure of grains, to which the lower temperature signals will be 

more sensitive (McGuire & Rhodes, 2015a). However, it should be considered that more robust 

simulation of the MET-IRSL bleaching process could also improve model accuracy.   

 

 

Figure 3.3. Downstream MET-IRSL data of McGuire & Rhodes (2015a) fitted with the model of Gray et al. 

(2018) Circular points are field data from the Mojave River, published by McGuire & Rhodes (2015a). Solid 

lines are fits to the data using a model constructed by Gray et al., (2017). A) IR50 equivalent dose plotted with 

downstream distance and model fit. B) IR50 equivalent dose plotted with downstream distance and model fit. C) 

IR50 equivalent dose plotted with downstream distance and model fit. D) IR50 equivalent plotted with 

downstream distance dose and model fit. E) IR50 equivalent dose plotted with downstream distance and model 

fit. F) Equivalent dose from all signals plotted with downstream distance. From Gray et al., (2017). 

A single grain bleaching study from Smedley et al., (2015) showed that bleaching rate does vary 

between grains of the same sample for post-IRIR. Smedley et al., (2015) demonstrate for three samples 

(two from aeolian settings and one from glaciofluvial) that despite intra-sample variability of 

bleachability, there is minimal impact on natural equivalent dose. Smedley et al., (2015) demonstrate 

clear variability in bleaching rate between grains from this sample. For this sample, they also report 

bleach rate does not exert dominant control on single grain equivalent dose distributions. 

Subsequently, Smedley et al., (2015) suggest instead that light exposure history characteristic of 
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contrasting geomorphic settings has a primary control on natural equivalent dose distributions, in their 

particular context.  

A study by Rhodes et al. (2024), of which the author of this thesis is a co-author, presents data to 

demonstrate the potential of single grain bleach recovery for constraining the exposure and burial 

history of individual grains. They show how a known light exposure time can be accurately recovered, 

using the general order kinetics equation of Bailiff & Barnett (1994), by weighting the recovered light 

exposure times of individual grains by their errors. The concept of an ‘equilibrium’ and ‘non-

equilibrium’ bleach is introduced, whereby it is demonstrated that MET-IRSL bleaching rate is a 

function of prior light exposure, providing the signal has not been saturated of zeroed. The form of 

MET-IRSL decay under different light sources is also explored. Finally, they present a burial-bleach 

model that accounts for changes in bleaching rate as a result of prior light exposure. This model uses 

parameter estimates from direct observations, and demonstrates the potential to simulate MET-IRSL 

signal bleaching and growth for successive cycles of transport and storage. The author of this thesis 

was involved in the design of the experiments presented in this study, and is responsible for 

constructing the burial-bleach model using Python. Thus, some of the experiments and the burial-

bleach model development of Rhodes et al. (2024) are presented in Section 3.4. 

3.2.2. Challenges remaining 

Key to the successful use of post-IRIR for sediment age estimation is understanding whether high 

temperature signals (pIRIR) indeed have an unbleachable component. Substantial effort has been made 

to determine whether there is a need to subtract a residual to account an unbleachable component for 

accurate equivalent dose determination, and how to quantify this value. 

Buylaert et al., (2012) suggest that ~ 4 ± 2 Gy should be subtracted from the pIRIR290 signal, 

regardless of natural dose. 

Zhang et al., (2015a) observe ‘no unbleachable residual dose’, which they describe as less than 10 Gy 

after 4 hours of bleaching for IR50 and pIR225. They estimate that natural doses of samples used in 

this study ranged from ~30 Gy to ~1200 Gy. They did observe a positive relationship between residual 

doses and natural doses measured. 

Kars et al., (2014) put samples in a solar simulator for a series of exposure times from 1 hour to 11 

days to record bleaching of IRSL signals measured at 50°C, 90°C, 125°C, 150°C and 175°C. They 

observed a continuous decrease in luminescence intensity for all signals over the duration of the 

experiment. 
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With similar observations, Colarossi et al., (2015) reports a monotonic reduction in pIRIR225 and 

pIRIR290 signals after 14 days (336 hours) of exposure in a solar simulator, which suggests an 

unbleachable component of pIRIR may not exist.   

Yi et al., (2016, 2018) report a very hard to bleach residual pIRIR290 signal after ~ 300 hours of 

exposure in a solar simulator. They continued measurements for ~1900 hours. 

Zhang et al., (2023) approach to the question of an unbleachable component is to try and quantify 

length of light exposure prior to the most recent burial. They use a ‘predicted’ an ‘observed’ residual 

dose to estimate degree of bleaching (Figure 3.4). In Figure 3.4, predicted residual dose is calculated as 

the fading-corrected De for each pIRIR temperature minus the quartz OSL De (black diamonds). 

Observed residual dose is the De calculated after various exposure times in a solar simulator (coloured 

points).  

 

Figure 3.4. Residual doses of seven MET-IRSL signals from Zhang et al., (2023). Residual doses are 

represented by preheat temperature on the x-axis. Black diamonds are ‘predicted residual dose’ for each 

measurement temperature, which is the fading-corrected equivalent dose minus the quartz OSL equivalent dose. 

Coloured points are observed residual doses after various exposure times in a solar simulator.  

Zhang et al., (2023) assumed a normal distribution for the standardised difference between the 

observed and predicted residual doses, and the sums of the squared differences (SOSD) to follow a 

Chi-squared distribution. Bleaching degree was calculated as the area beneath the upper tail of the Chi-

squared distribution when x = SOSD for each pIRIR temperature. Here is a diagram I made for my 

own understanding, which I will leave here for my own benefit (Figure 3.5). 
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Figure 3.5. Schematic representation of the method of Zhang et al., (2023) for calculating extent of bleaching 

prior to the most recent burial – the event of interest. The blue line is a probability density function for the 

distribution for the sum of the squared differences between observed and predicted residual doses (see text for 

an explanation of how observed and predicted residual dose is calculated). Orange shaded area is degree of 

bleaching when x = 10 Gy2; green shaded area is degree of bleaching when x = 15 Gy2. This method assumes 

that pIRIR residual doses become more the similar to each other with increasing light exposure. 

Using this method, the degree of bleaching prior to burial of a loess sample with a quartz age of 6.3 ± 

0.4 ka (Zhang et al., 2015a; Zhang et al., 2015b), which they fairly assume to be well-bleached prior to 

burial, was estimated as 264 hours in a solar simulator (x = >95% in Figure 5). This is equivalent to 

~83 days in nature. The authors note that this is a plausible result, since Nottenbaum et al., (2015) 

provide evidence to suggest the loess sample from this study had been subject to suspension during 

dust storm events, and long-distance transport by westerlies. One caveat is that the recovered value 

cannot be validated or invalidated (Zhang et al., 2023). However, there exist several drawbacks to this 

approach: it is dependent on accurate dose rate measurements and g-value measurement, and perhaps 

most significantly, availability of reliable age control. In addition, transport-deposition cycles that may 

have left their signature within the recovered bleach value, are not accounted for.  

An additional notable observation from Zhang et al., (2023) is that the increase in residual dose with 

increasing measurement temperature and preheat temperature, which is in line with studies mentioned 

in the previous section and others e.g. (e.g., Li and Li, 2011; Lowick et al., 2012; Kars et al., 

2014; Colarossi et al., 2015; McGuire & Rhodes, 2015a; Reimann et al., 2015), and the decrease in 

bleaching rate with increasing measurement temperature and also preheat temperature. Yet, it is also 

https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2022.933131/full#B20
https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2022.933131/full#B21
https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2022.933131/full#B16
https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2022.933131/full#B16
https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2022.933131/full#B7
https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2022.933131/full#B26
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noteworthy that bleaching rate was calculated using a power law decay function, which results in a 

different form of decay to the function of Bailiff & Barnett (1994) (Figure 3.6). 

 

Figure 3.6. Comparison of bleaching functions used by Zhang et al., (2023) (red line), and McGuire & Rhodes 

(2015a) (blue line). 

There are two clear elements of feldspar IRSL bleaching behaviour that would benefit from further 

study: 1) factors that affect bleaching rate and 2) light exposure recovery. To address the aim of this 

study, we must ask two questions related to the bleaching process: 1) What are the dominant controls 

on bleaching rates for grains in fluvial systems, and how do bleaching rates vary? 2) What is the 

optimal method for accurate quantification of light exposure prior to deposition? This chapter 

addresses these questions through a series of experiments combined with numerical modelling. The 

aim of this is to have a robust understanding of the bleaching process, and what we need to know about 

it to achieve the effective application of MET-IRSL for tracing past and present movement of sediment 

in fluvial systems. 

  



39 

 

3.3. Methods 

Detailed descriptions of standard methods for sample preparation, IRSL measurement and MET-IRSL 

protocols can be found in Chapter 2. 

3.3.1. Bleaching parameter estimation 

Much like growth response curve determination, bleach response curves were measured using a SAR 

procedure with cycles of irradiation, light exposure, followed by a preheat, MET-IRSL measurement, 

then a hot bleach to reset the signal at the end of each cycle. Note the importance of fully resetting the 

signal with a hot bleach prior to commencing any bleach curve measurements. Three styles of bleach 

response curves were measured in this series of experiments, with varying measurement duration. In 

order of long to short duration:  

1) the ‘half order of magnitude’ (HOM) bleach curve with light exposure times of 0.1, 0.32, 1, 3.2, 10, 

32, 100, 320, 1000, 3200, 10000, 100000s 

2) ‘the full order of magnitude’ (FOM) bleach curve with light exposure times of 0.1, 1.0, 10, 100, 

1000, 10000, 100000s 

3) the quick bleach (QB) curve with light exposure times of 1.0, 100, 10000s. Choice of irradiation 

time prior to light exposure varied according to expected sensitivity of the sample. 

An example of a METx FOM bleach response curve protocol is shown in Table 3.1. 
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Table 3.1. A full order of magnitude METx bleach response curve 

1 2 3 4 5 6 7 8 

Natural Beta dose Beta dose Beta dose Beta dose Beta dose Beta dose Beta dose 

 Blue bleach 0.1s 51°C Blue bleach 1.0s 51°C Blue bleach 10.0s 51°C Blue bleach 100s 51°C Blue bleach 1000s 51°C Blue bleach 10000s 

51°C 

Blue bleach 100000s 

51°C 

Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power  

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL warm bleach 250°C 

400s 90% 

IRSL warm bleach 250°C 

400s 90% 

IRSL warm bleach 250°C 

400s 90% 

IRSL warm bleach 250°C 

400s 90% 

IRSL warm bleach 250°C 

400s 90% 

IRSL wam bleach 250°C 

400s 90% 

IRSL warm bleach 250°C 

400s 90% 

IRSL warm bleach 250°C 

400s 90% 

Beta test dose 

20 Gy 

Beta test dose 20 Gy Beta test dose 20 Gy  Beta test dose 20 Gy Beta test dose 20 Gy Beta test dose 20 Gy Beta test dose 20 Gy  Beta test dose 20 Gy  

Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 Preheat 60s 250°C 5°Cs-1 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 50°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 95°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 140°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 185°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power  

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL 230°C 2.5s 90% 

power 

IRSL hot bleach 290°C 

100s 90% 

IRSL hot bleach 290°C 

100s 90% 

IRSL hot bleach 290°C 

100s 90% 

IRSL hot bleach 290°C 

100s 90% 

IRSL hot bleach 290°C 

100s 90% 

IRSL hot bleach 290°C 

100s 90% 

IRSL hot bleach 290°C 

100s 90% 

IRSL hot bleach 290°C 

100s 90% 
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MET-IRSL signals were corrected for sensitivity using the test dose responses to calculate Lx/Tx. 

The sensitivity corrected signals were then normalised to a fraction of the unbleached signal 

(column 1 in Table 3.1). Normalised signals were plotted over a bleach time (s) on a log scale as the 

x-axis. Figure 1 shows bleaching response curve measurements using an ILT-3ET-IRSL protocol 

(Figure 3.1). Details of the ILT-3ET-IRSL protocol can be found in Section 2.2.3, Chapter 2. 

Eq. 1.3 was fit to bleaching response data using the in-built Python function 

scipy.optimise.curve_fit, which performs least squares minimisation using the Levenberg-

Marquardt algorithm to find optimised values for parameters a, b and C. Data was normalised to the 

value of initial unbleached IRSL response, there is a small amount of variation in fitted values of 

initial IRSL, but this has a minor effect. The approximate covariance of the optimal values is 

estimated, and the square root of the diagonals used to compute the standard deviation to calculate 

uncertainty.  This produces fitted bleach curves (Figure 3.7) and parameter estimates with their 

uncertainties (Table 3.2). 

 

Figure 3.7. Circular points are full order of magnitude (FOM) ILT-3ET bleach response curve 

measurements. Measurements were made on sample 22183 from the active channel of the Allt Dubhaig, 

Perthshire, Scotland. IRSL signal was measured at 50°C, 95°C and 140°C following 0.1, 1, 10, 100, 1000 

and 10,000s of blue light exposure. Blue points represent the response of the IR50; orange points are the 

response of the IR95; red points are the response of the IR140. Dashed lines are the bleaching function of 

Poolton et al., (2009) fitted to the data using the in-built Python function scipy.optimise.curve_fit, which 

performs least squares minimisation using the Levenberg-Marquardt algorithm. 
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Table 3.2. Fitted bleaching parameters and their 1-sigma uncertanty for sample 22183. 

 

 

 

3.4. Results 

The following series of bleaching experiments was tailored to fill in some of the gaps in our 

knowledge and observations of the bleaching process for feldspar MET-IRSL. The experiments fall 

into two categories: 1) exploring the factors affecting bleaching rate and 2) light exposure recovery. 

The first half of this section will report and discuss results from experiments designed to explore 

controls on bleaching that may be of particular importance to sediment tracing applications of MET-

IRSL. The second half will explore optimal procedures for light exposure recovery for single grains. 

Each subsection will outline the design, protocols, results of each experiment with some 

interpretation.  

3.4.1. Factors that affect bleaching rate 

3.4.1.1. Testing the dependency of bleaching rate on fraction of saturation 

To understand the luminescence behaviour of grains that undergo cyclical transport and burial on 

their journey from source to sink an experiment was designed to investigate how bleaching rate may 

respond to different doses. Bleaching curves were measured following variable laboratory-

administered doses to simulate variable storage times grains experience, as they are transported 

through the geomorphic environment. Other studies have investigated the relationship between 

prior dose and residual De after a fixed bleach time in a solar simulator (e.g. Sohbati et al., 2012; 

Smedley et al., 2015). However, the effect on prior dose on bleaching rate is less well-documented. 

For this reason, the following experiment measures bleaching rates through fitting Eq. 1.3 to the 

luminescence response of each METx signal to explore the behaviour of fitted bleaching parameters 

to investigate any variation in decay form with increasing prior dose.   

Experimental design 

Two MG aliquots were constructed using one sample from the Winterholme fluvial terrace close to 

the village of Kekerengu in New Zealand (lab code 20164). A single aliquot was constructed using a 

sample from the Puente Hills Thrust Fault System in Pico Rivera, a suburb of Los Angeles, 

California (lab code 19121). Both aliquots were given a dose of ~706 Gy and IRSL subsequently 

measured using the METa protocol after 0, 1, 10, 100, 1000 and 10,000 seconds of blue light 

Temperature (°C) a σa b σb C σC 

50 0.15 0.08 1.03 0.35 0.03 0.02 

95 0.04 0.01 0.47 0.06 < -0.01 0.02 

140 0.01 < 0.01 0.33 0.03 -0.01 0.01 
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bleaching at 50°C and 90% diode power. The signal used was between 6s and 25s with a 

background from between 226s and 245s subtracted. This measurement procedure was repeated for 

doses of ~177 Gy and ~78 Gy to put grains at different fractions of saturation. The data were 

corrected for any sensitivity change in the usual manner for SAR protocol. 

Results and interpretation 

The blue LED bleach curves measured following different doses are displayed in Figure 3.8 for the 

five measurement temperatures. In agreement with previous studies, (e.g. Buylaert et al. 2012; 

Murray et al. 2012), bleaching rate slows with increasing measurement temperature for both sample 

19121 (Figure 3.8a) and 20164 (Figure 3.8b), as illustrated by the later ‘roll offs’ in Figure 3.8. The 

term ‘roll-off’ is herein used to describe the stage of decay where the signal is below two sigma 

from unity.  For example, for 19121 at the IR50 roll off occurs before one second of light exposure, 

whereas the IR230 roll off begins at ~10 seconds of light exposure. It is also observed that 

remaining signal after the maximum bleach time increases with increasing measurement 

temperature for both samples (Figure 3.8, Table 3.3, 3.4). For example, looking at sample 19121 

shown in Figure 3.8, after 706 Gy irradiation and 10 000s of blue light exposure, the IR50 signal is 

~1.2% of its initial intensity, whereas the IR230 is ~16% (Table 3.8). Inspection of Table 3.3 and 

Table 3.4 reveals no systematic variation in estimates of a and b, or remaining signal based on the 

size of the dose administered prior to bleaching response curve measurement for either of the 

samples measured in this experiment.  
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Figure 3.8. Bleaching form following variable dose. A) Bleach response curve measurements and fits for 

sample 19121, from close to the Pico Rivera fault, California for the five METx signals. Bleach response 

curves were measured following 706, 177 and 78 Gy to test for a dependency of bleaching rate on the size of 

prior dose. B) Bleach response curve measurements and fits for sample 20164, from Kekerengu, New 

Zealand for the five METx signals. Bleach response curves were measured following 706, 177 and 78 Gy to 

test for a dependency of bleaching rate on the size of prior dose. Errors displayed in A) and B) are derived 

from counting statistics. 

A

B
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Table 3.3. Estimates of bleaching parameters a, b and C for the five METx temperatures for sample 19121 

from Pico Rivera, California. Bleach response curves were measured following 706, 177 and 78 Gy to test 

for a dependency of bleaching rate on the size of prior dose. Fractional uncertainties ranged from >0.01 to 

0.4, with a small amount greater than 1 for estimates of C. 

 706 Gy 177 Gy 78 Gy 

Temperature 

(°C) 
a b C a b C a b C 

50 0.279 1.193 0.013 0.336 1.071 0.009 0.258 1.234 0.013 

95 0.091 0.760 0.022 0.106 0.728 0.021 0.130 0.645 0.022 

140 0.040 0.534 0.025 0.061 0.448 0.008 0.051 0.496 0.025 

185 0.014 0.517 0.026 0.017 0.442 0.012 0.020 0.413 0.026 

230 0.009 0.427 0.025 0.013 0.330 -0.014 0.009 0.359 0.025 

 

Table 3.4. Estimates of bleaching parameters a and b and C for the five METx temperatures for sample 

20164 from Kekerengu, New Zealand. Bleach response curves were measured following 706, 177 and 78 Gy 

to test for a dependency of bleaching rate on the size of prior dose. Fractional uncertainties ranged from 

>0.01 to 0.6, with a small amount greater than 1 for estimates of C. 

 706 Gy 177 Gy 78 Gy 

Temperature 

(°C) 
a b C a b C a b C 

50 0.451 0.821 0.017 0.427 0.866 0.016 0.283 1.079 0.023 

95 0.249 0.319 0.06 0.218 0.321 0.028 0.357 0.273 0.005 

140 0.065 0.283 0.008 0.101 0.225 -0.002 0.096 0.231 0.013 

185 0.027 0.269 -0.021 0.023 0.265 -0.002 0.283 1.079 0.047 

230 0.009 0.301 -0.023 0.011 0.244 -0.056 0.008 0.255 -0.025 

 

This observation does not conflict with those of Sohbati et al., (2012) or Smedley et al., (2015), but 

indicates that although grains exposed to larger doses will exhibit larger remaining doses after a 

given light exposure time, the rate at which trapped charge will reach say 50% of its pre-light 

exposure population does not show significant variation according to prior dose in these samples. 

The invariable bleaching rates at each measurement temperature observed in this experiment 

suggest that the size of the trapped charge population neither increases nor decreases the probability 
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of recombination during light exposure for these samples. In this case, these data suggest that the 

process of trap population during irradiation is not systematic in the spatial dimension.   

In the physical model of Jain & Ankjærgaard (2011), the probability of a trapped electron 

recombining with a luminescence centre during bleaching is suggested to be a function of distance, 

with the very closest luminescence centres used up by anomalous fading, and after this, electrons 

will preferentially recombine with the next closest luminescence centres (Section 3.2.3). Thus, the 

largely invariable bleaching rates at each measurement temperature observed in this experiment can 

be explained by the random nature of trap population when grains are exposed to ionising radiation. 

When traps are populated randomly during irradiation, this produces equal probability of trapped 

charge recombining with a luminescence centre during light exposure, regardless of the size of the 

trapped charge population. 

3.4.1.2. Testing the dependency of bleaching rate on prior light exposure 

Following the previous experiment, a second experiment was designed to explore the relationship 

between bleaching rate and prior light exposure. As the bleaching decay shape is not self-similar 

over the course of decay, in contrast to the exponential decay of the quartz OSL fast component 

(Jain et al., 2005), it should be expected that prior light exposure makes a difference to subsequent 

bleaching rate. This effect would need to be accounted for in the design of accurate sediment 

transport models and reconstruction of transport histories.  

Experimental design 

Using the same MG discs and in a similar manner to Experiment 3.4.1.1, bleaching curves were 

measured following 10s and 32s of light exposure. At the start of each of the following cycles, 

samples 19121 and 20164 were subject to 177 Gy of irradiation followed by 10s of blue light 

bleaching 50°C and 90% diode power. After this treatment, IRSL was measured using the METx 

protocol after 0, 1, 10, 100, 1000 and 10000s of blue light bleaching at 50°C and 90% diode power. 

The signal used was between 6s and 25s with a background from between 226s and 245s 

subtracted.  

Results and interpretation 

METx IRSL response at different temperature was measured following each treatment and 

bleaching curves were constructed. These are displayed in Figure 3.9, fitted bleaching parameter 

values are shown in Table 3.5 and 3.6 for MG discs of samples 19121 and 20164 respectively. The 

same fitting procedure described in Experiment 3.4.1.1 was applied to these measurements. Here, 

once again we observe the well-documented dependency of bleaching rate on measurement 
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temperature (e.g. Poolton et al., 2002; Buylaert et al., 2012; Sohbati et al., 2012; McGuire & 

Rhodes 2015a; 2015b; Smedley et al., 2015; Zhang et al., 2023). We also observe a marked 

decrease in bleaching rate for the IR50 and IR95 with increasing prior light exposure, and for the 

IR140 for sample 20164. This effect becomes less pronounced with increasing measurement 

temperature, likely due to expected slower bleaching rates. We also observe a consistent decrease in 

the fitted bleachability parameter, a, at all measurement temperatures, which suggests a decrease in 

bleaching rate with increasing light exposure for the higher measurement temperatures, but the 

effect is sufficiently small for these light exposure times that it is not clearly illustrated in Figure 

3.9. 
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Figure 3.9. Bleaching form after variable lengths of prior light exposure. A) Bleach response curve 

measurements and fits for sample 19121, from close to the Pico Rivera fault, California for the five METx 

signals. Bleach response curves were measured following 0s, 10s, and 32s to test for a dependency of 

bleaching rate on the size of prior dose. B) Bleach response curve measurements and fits for sample 20164, 

from Kekerengu, New Zealand for the five METx signals. Bleach response curves were measured following 

706, 177 and 78 Gy to test for a dependency of bleaching rate on the size of prior dose. Errors displayed in 

A) and B) are derived from counting statistics. 

A

B
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Table 3.5. Estimates of bleaching parameters a , b and C for the five METx temperatures for sample 20164 

from Pico Rivera, California. Bleach response curves were measured following 0, 10 and 32s of prior light 

exposure to test for a dependency of bleaching rate on prior light exposure. Fractional uncertainties ranged 

from >0.1 to 0.8 for most fits. All estimates of a and b have fractional uncertainties below 0.5, and a small 

number of estimates for C are close to, or greater than 1 for the 32s treatment. 

 0s 10s 32s 

Temperature 

(°C) 
a b C a b C a b C 

50 0.336 1.071 0.009 0.168 0.652 0.025 0.062 0.462 0.047 

95 0.106 0.728 0.021 0.063 0.681 0.034 0.107 0.344 0.013 

140 0.061 0.448 0.008 0.045 0.433 0.022 0.052 0.354 0.023 

185 0.017 0.442 0.012 0.021 0.406 0.015 0.016 0.381 -0.002 

230 0.013 0.330 -0.014 0.007 0.395 0.025 0.006 0.434 0.026 

 

Table 3.6. Estimates of bleaching parameters a , b and C for the five METx temperatures for sample 20164 

from Kekerengu, New Zealand. Bleach response curves were measured following 0, 10 and 32s of prior light 

exposure to test for a dependency of bleaching rate on prior light exposure.  Fractional uncertainties ranged 

from >0.1 to 0.7 for most fits. All estimates of a and b have fractional uncertainties below 0.5, and a small 

number of estimates for C are close to, or greater than 1 for the 32s treatment. 

 

The reduction in bleaching rate with increasing partial bleaching extent is expected to be related to 

the changing radial density of luminescence centres caused by removal of trapped charge. As 

previously mentioned, according to the model of Jain & Ankjærgaard (2011) (Section 3.2.3), the 

probability of trapped charge moving to a luminescence centre during the bleaching process has a 

predictable relationship with distance. In this view, trapped charge is transported to the most 

proximal recombination centres during an event of light exposure. As a result, charge must travel 

 0s 10s 32s 

Temperature 

(°C) 
a b C a b C a b C 

50 0.427 0.866 0.016 0.278 0.405 0.019 0.062 0.286 -0.011 

95 0.218 0.321 0.028 0.092 0.301 0.038 0.117 0.175 -0.004 

140 0.101 0.225 -0.002 0.056 0.235 0.001 0.023 0.247 0.027 

185 0.023 0.265 -0.002 0.022 0.257 0.011 0.010 0.300 0.014 

230 0.011 0.244 -0.056 0.007 0.293 -0.018 0.006 0.296 0.022 
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greater distances as the duration of light exposure increases. These data are consistent with this 

element of Jain & Ankjærgaard’s (2011) model, and suggests bleaching rate during a given light 

exposure event will vary as a function of the extent of prior bleaching. 

3.4.1.3. Single grain bleaching as a function of past light exposure 

This experiment was designed to further explore the effect of prior light exposure on bleaching rate 

of the higher temperature signals using longer prior bleaching times. Single grains were measured 

to determine the variability of this effect between grains. Here, decay rate was measured following 

10, 32, 100, 320, 1000 and 3200s of blue light exposure. 

Experimental design 

Bleaching curves constructed following 177 Gy irradiation in Experiment 3.4.1.1 were treated as a 

measure of bleaching rate at 0s of light exposure. A sample with lab code 22183 from the active 

channel of Allt Dubhaig, Scotland was subject to 177 Gy of irradiation followed by 10s of blue light 

bleaching 51°C and 90% diode power. After this treatment, IRSL was measured using the METx 

protocol after 0, 1, 10, 100, 1000 and 10,000s of blue light bleaching at 50°C and 90% diode power. 

This procedure was repeated for 32, 100, 320 and 1000 seconds of initial blue light bleaching prior 

to bleaching curve measurements. 

Results and interpretation 

The decays of individual grains for each MET-IRSL signal are shown in Figure 3.10. The reduction 

in decay rate with increasing prior light exposure is observable at for the IR185 and IR230 signal, 

as well as the lower temperature METx signals, for the longer light exposure times of 100, 320, and 

1000 seconds. 



51 

 

 

Figure 3.10. Single grain METx bleach response curve measurements for two 100 grain discs of sample with 

lab code 22183. All grains with fractional measurement errors below 50% are shown here. A) IR50 (blue), 

B) IR95 (green), C) IR140 (orange), D) IR185 (red), E) IR230 (purple). In A-E, each of the six subplots 

contain signal response and fit for individual grains after different lengths of prior light exposure. Prior light 

exposure times were 0, 10, 32, 100, 320 and 1000 seconds.   

For the IR185 and IR230, a reduction in bleaching rate is clearly observable after 1000s of prior 

light exposure. This is further illustrated by the notable decrease in estimated values of parameter b, 

shown in Figure 3.11 below.  

A) B) 

C) 

E) 

D) 
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Figure 3.11. Median a and b calculated from the single grain fits shown in Figure 3.10. for sample with lab 

code 22183, plotted with length of light exposure prior to bleach response curve measurement. A) IR50 

(blue), B) IR95 (green), C) IR140 (orange), D) IR185 (red), E) IR230 (purple). Subplots i) display a plotted 

with length of prior light exposure, subplots ii) display b plotted with length of prior light exposure. 

For the IR50 and IR140, a reduction in both a and b with increasing prior light exposure are 

observed. For the higher temperature signals, there is a slight reduction in a with increasing light 

exposure, but very little variability in estimates of b. According to Poolton et al., (2009), a contains 

information on the luminescence properties of a material that affect bleachability. The results 

presented here suggest it is possible a also contains information on light exposure history, and that 

we may be able to determine prior light exposure for individual grains. 

E i) 

E ii) 

D i) 

D ii) 

C i) 

C ii) 

A i) 

A ii) 

B i) 

B ii) 
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3.4.1.4. Testing the dependency of bleaching rate on light source wavelength 

A brief introductory outline and discussion of the following experiment can be found in Rhodes et 

al., (2024). To explore bleaching rate dependency on wavelength of bleaching light source, multiple 

grain aliquots were constructed from laboratory standard samples. An orthoclase sample called 

MJ39 was used to explore the effects on K-feldspar (Lawson et al., 2015; Daniels et al., 2016). 

Based on the findings of Berger (1990), that predominantly green and amber light is transmitted a 

depth under water, the dependency and direction of the relationship between bleaching rate and 

source wavelength (λ) is of significance for understanding IRSL behaviour in grains that have spent 

time in marine or fluvial systems. 

Experimental design 

Two MG grain aliquots of sample MJ39 were prepared in light conditions. For this reason, a METx 

hot bleach was first administered followed by a dose of ~144 Gy. The METx protocol was used 

with 90% optical power, with MET-IRSL measurements adjusted to 24s, signal used was 0.6-2.5s 

minus 22.5-24.6s. This was repeated with exposure times of 1, 10, 100, 1000, 10000s using blue, 

green, and IR diodes (wavelength emission at 470 nm, 525 nm and 870 nm respectively) at 50°C, 

90% power prior to METx measurement. The resultant signals were corrected for sensitivity with a 

test dose response.  

Results and interpretation 

Bleach response curves fitted to data are shown in Figure 3.12, and estimates of a, b, and C are 

shown in Table 3.7. Figure 3.12 shows that the higher frequency blue light reduces METx signals at 

a considerably faster rate than green and IR, reducing even the hardest to bleach 230°C signal to a 

few percent of its initial response (Figure 3.12). Green light bleaching is much slower for this 

sample, with greater differences in decay rate between METx signals (approximately an order of 

magnitude compared to half an order of magnitude for blue light) (Figure 3.12). Infrared bleaching 

appears to be more efficient that green light for the IR50 and IR95, especially in the early stages of 

decay. However, IR is much less efficient than blue and green light for the higher temperature 

signals (Figure 3.12). For example, after 10,000s of IR exposure, the IR230 signal reaches only 

~70% of its initial intensity, whereas for 10 000s of blue and green light exposure, the IR230 

reaches ~10% and 50% respectively.  
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Figure 3.12. Full order of magnitude bleach response curve measurements and fits for sample MJ39 for all 

five METx signals. A) Blue light bleaching. B) Green light bleaching. C) Infrared bleaching. Note the 

unbleached signal (time=0) is plotted at 0.001. 

 

 

 

A) 

B) 

C) 
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Table 3.7. Estimates of METx bleaching parameters a , b and C for sample MJ39 for blue, green, and 

infrared light exposure 

 

The relative increase in efficiency of IR bleaching for the lower temperature signals is attributed to 

the effect of resonance between electrons in IR-sensitive traps and photons travelling in the IR 

range (Hütt et al., 1988). From these results, it is possible to expect a reduction in bleaching rate for 

all five METx signals in subaqueous conditions, due to the preferential transmission of the green 

and amber ranges.  

3.4.1.5. Testing dependency of bleaching rate on prior light exposure for bleaching 

at different wavelengths 

This experiment explores the effect of prior light exposure on bleaching rates for different 

wavelengths of bleaching source. Based on the results of experiment 3.4.1.1.2 and 3.1.4.4, this is an 

important effect to constrain for the construction of accurate luminescence-based sediment transport 

models and sediment tracing tools. Like the previous experiment, an introductory discussion of this 

experiment is described in Rhodes et al., (2024). 

Methods 

Short shine IR50 measurements were made on a MG disc from sample 22094 from the Lowe 

intrusion in the San Gabriel Mountains, California. First, the signal was reset using a METx hot 

bleach, then a dose of 8Gy was applied, followed by a preheat of 170 ◦C for 60s. Alternating 

measurements of 0.1s IR50 short shines (90% illumination power) and 1.0s blue LED exposures 

(90% illumination, 50 ◦C) were made for 20 cycles. The procedure was repeated, but with a 10s 

blue bleach after the 8Gy dose, and prior to the preheat and first 0.1s IR50 short shine. This was to 

put the sample in a partially bleached state. This entire process was repeated but with replacing the 

10.0s of blue light bleaching with 10.0s of green light bleaching and 10.0s of IR bleaching. All 

 Blue Green IR 

Temperature 

(°C) 
a b C a b C a b C 

50 0.404 1.609 0.004 0.168 0.091 -0.001 0.239 1.573 0.021 

95 0.174 1.109 >0.001 0.063 0.022 -0.012 0.049 0.861 -0.006 

140 0.056 1.016 0.005 0.045 0.005 -0.010 0.007 0.574 -0.017 

185 0.031 0.736 -0.002 0.021 >0.001 -0.012 0.001 0.375 -0.017 

230 0.018 0.573 -0.02 0.007 >0.001 -0.025 0.003 0.109 -0.030 
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SSIR50 measurements were corrected for the loss of signal from the short shines themselves, 

although this is a minor effect. 

Results and interpretation 

The unbleached responses of the SSIR50 shows a similar effect to that observed in Experiment 

3.4.1.4, with increasing bleaching rate with decreasing wavelength of the light source (Figure 3.13, 

black data points). A slower initial unbleached decay of the SSIR50 for green light bleaching 

compared to IR bleaching was observed, much like in experiment 3.4.1.4.  

For blue, green and IR bleaching there is a notable decrease in the bleaching rate of the SSIR50 

signal after 10s of prior light exposure. The grey data points in Figure 3.13 are the unbleached data 

(lighter colours) shifted up the x-axis by 10 units (s) to simulate prior light exposure; note the 

similarity to the partially bleached data that really was partially bleached for 10s. The impact of 

prior blue light exposure on subsequent decay rate is much more pronounced than that of green 

light or IR. The form of the green SSIR50 decay is much closer to the form of the IR decay than the 

blue, which is also what we observe in Experiment 3.4.1.4. This suggests that blue light is very 

efficient at using up close luminescence centres with just 10s of exposure, altering the radial density 

to reduce the bleachability of the material, whereas the lower energy green and infrared light do not 

alter the radial density of luminescence centres quite so significantly after 10s of exposure, thereby 

the probability of recombination remains closer to that of the material in an unbleached state.  
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Figure 3.13. Alternating measurements of 0.1s IR50 short shines (90% power) and 1.0s blue LED exposures 

(90% power, 50 ◦C) for 20 cycles using sample 22093 from the Lowe intrusion in the San Gabriel Mountains, 

California. Each data point represents the short shine IR50 response. Black markers represent unbleached 

short shines, grey markers represent the unbleached data shifted by 10s, coloured markers represent short 

shine signals with 10s of prior bleaching. A) Blue light bleaching. B) Green light bleaching. C) Infrared 

bleaching. 

A 

B 

C 
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3.1.4.6. Estimating degree of thermal transfer from light insensitive traps to light-

sensitive traps for different preheat temperatures 

To have a robust understanding of bleaching in nature, it is necessary to quantitatively constrain the 

degree of control exerted by protocol effects, notably preheat temperature, on bleaching rates 

measured in the laboratory. Other studies report decreasing decay rate with increasing preheat and 

measurement temperature  (e.g. Zhang et al., 2023; Li and Li, 2011; Lowick et al., 2012; Colarossi 

et al., 2015; Reimann et al., 2015). Zhang et al. (2023) suggest that this effect is at least in part due 

to thermal transfer of charge to traps targeted by the measurement temperature from traps that are 

not of interest. If this effect is real, it must be quantified to understand its impact on measurements 

made using SAR protocol, since this suggests there is a possibility of an ‘artificial’ signal 

contribution from prior SAR cycles to the signal of subsequent cycles in addition to the given dose.  

An additional dilemma presented here for sediment transport applications of IRSL is such that it is 

not possible to measure the luminescence behaviour of grains as would occur in nature, without 

subjecting those grains to a series of laboratory treatments, such as preheats, hot bleaches, and 

repeated irradiation, which can alter the signal measured.  

Methods 

A series of short shine IR50 (SSIR50) measurements at 90% diode power for 0.1s were made on 

MG aliquots for sample 22093 the Lowe intrusion in the San Gabriel mountains, California. These 

measurements were made following a hot bleach and ~177 Gy irradiation. Each cycle was 

comprised of 14 short shine measurements with a 40s measurement of IRSL decay followed by a 

hot bleach at 290˚C for 400 seconds at 90% power to reset the signal. After the first measurement, 

aliquots were subject to a 60s 250°C preheat every 2nd short shine. Each cycle was paired with 

another identical cycle apart from the addition of blue light bleaching between short shine 

measurements. SSIR50 was measured following blue LED exposure at 0.32, 1.0, 3.2, 10, 32 s at 

90% optical power. This was repeated using a 150°C and zero preheat. Two pairs of cycles were 

measured for each preheat temperature, or lack thereof. Fractional loss as a result of the short shine 

measurement itself was calculated at each step and data was adjusted to ensure the loss of signal 

following light exposure was not overestimated. This protocol is slightly unusual, so is probably 

better understood by looking at Table 3.8. 
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Table 3.8. Full protocol for Experiment 3.4.6.1 designed to estimate the degree of thermal transfer from light insensitive traps to light-sensitive traps for different 

preheat temperatures. 

250°C preheat 150°C preheat Zero preheat 

1 2 3 4 5 6 7 8 9 10 11 12 

Beta dose Beta dose Beta dose Beta dose Beta dose Beta dose Beta dose Beta dose Beta dose Beta dose Beta dose Beta dose 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 

0.1s 90% 

Preheat 60s 

250°C 5°Cs-1 

Preheat 60s 

250°C 5°Cs-1 

Preheat 60s 

250°C 5°Cs-1 

Preheat 60s 

250°C 5°Cs-1 

Preheat 60s 

150°C 5°Cs-1 

Preheat 60s 

150°C 5°Cs-1 

Preheat 60s 

150°C 5°Cs-1 

Preheat 60s 

150°C 5°Cs-1 

    

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 0.1s 
90% 

IRSL 50°C 
0.1s 90% 

 Blue bleach 

0.1s 51°C 

 Blue bleach 

0.1s 51°C 

 Blue bleach 

0.1s 51°C 

 Blue bleach 

0.1s 51°C 

 Blue bleach 

0.1s 51°C 

 Blue bleach 

0.1s 51°C 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 

0.1s 90% 

Preheat 60s 

250°C 5°Cs-1 

Preheat 60s 

250°C 5°Cs-1 

Preheat 60s 

250°C 5°Cs-1 

Preheat 60s 

250°C 5°Cs-1 

Preheat 60s 

150°C 5°Cs-1 

Preheat 60s 

150°C 5°Cs-1 

Preheat 60s 

150°C 5°Cs-1 

Preheat 60s 

150°C 5°Cs-1 

    

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 0.1s 

90% 

IRSL 50°C 

0.1s 90% 

 Blue bleach 

0.32s 51°C 

 Blue bleach 

0.32s 51°C 

 Blue bleach 

0.32s 51°C 

 Blue bleach 

0.32s 51°C 

 Blue bleach 

0.32s 51°C 

 Blue bleach 

0.32s 51°C 
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Results and interpretation 

Bleaching rates measured with following different preheats temperatures do not exhibit significant 

variation (Figure 3.14). Thermal transfer of charge during the preheat does not significantly affect the 

percentage of IR50 signal lost through blue light bleaching for this sample (Figure 3.14). 

 

Figure 3.14. IR50 short shine blue light bleaching measurements following different preheat temperatures with 

fits using the bleaching function of Bailiff & Barnett (1994). 

The results of experiment 3.4.1.2 and the charge transport model of Jain & Ankjærgaard (2011) 

suggests that increasing preheat temperatures may remove unstable trapped charge at increasing radial 

distance from luminescence centres, or at unstable depths below the conduction band. However, for the 

IR50 signal, different preheat temperatures do not produce significant variation in bleaching rate. 

Whether thermal transfer affects IRSL decay rate at higher measurements is difficult to test with short 

shine measurements due to the need for longer prior bleaching times of these signals. This remains an 

important question to answer in future work. 
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3.4.2. Light exposure recovery 

This experiment aims to explore what are the optimal techniques for reconstructing light exposure 

history to inform the design of IRSL-based tools to infer past and present sediment transport dynamics 

in the natural environment. Specifically, the following experiments aim to demonstrate the utility of 

single grain measurements for estimating past light exposure through bleach recovery by providing the 

opportunity to assess the range of individual values. First, as outlined by Rhodes et al. (2024), consider 

a single grain the smallest possible unit of burial and bleaching history. Different parts of the grain 

may have different luminescence properties such as density of traps or recombination centres, but the 

entire grain shares the same dose, light exposure, and thermal history. Much like characteristics 

relating to growth and sensitivity, a high degree of variation in bleaching properties is observed 

between grains from the same sample (Figure 3.15 for a METx example and Figure 3.16 for a ILT-3ET 

example). Based on experiment results, the following section proposes an approach to quantify and 

utilise this variability to recover length of past light exposure and to improve the accuracy of IRSL-

based sediment transport models. An additional benefit of single grain measurements for sediment 

transport applications is the potential to reconstruct multiple light exposure histories within a single 

sample, which could reflect the range of lateral inputs and the various pathways grains take on as they 

pass through a given system.  
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Figure 3.15. METx bleaching measurements and fits of two discs of sample L0620 from the Solimões River. 

IRSL intensity was measured after 0.1, 0.32, 1.0, 3.2, 10, 32, 100, 3200, 10,000, and 100,000 seconds of blue 

light exposure. Fitting was performed to normalised intensity using a Levenberg-Marquardt algorithm to find 

optimised parameter values. All fits shown here returned parameter estimates with a fractional uncertainty 

below 0.5. Note the high degree of variability in bleaching characteristics between grains. 
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Figure 3.16. ILT-3ET bleaching measurements and fits of two discs of sample 22183 from the Allt Dubhaig. 

IRSL intensity was measured after three blue light exposure times, which were 1.0, 100, and 10,000 seconds. 

The high number of results demonstrates the efficacy of measuring just three points to construct a bleach 

response curve. Fitting was performed to normalised intensity using a Levenberg-Marquardt algorithm to find 

optimised parameter values. All fits shown here returned parameter estimates with a fractional uncertainty 

below 0.5. Note the high degree of variability in bleaching characteristics between grains. 

Here, optimal methods for recovering a known bleach time given the signals and fitted parameters are 

assessed for individual grains using Eq. 1.3 in terms of t (Eq. 2.1).  

𝑡 =
1

𝑎
[

I0

𝐼 − 𝐶
]

1
𝑏

− 1 (2.1) 

where t is time, I is intensity, I0 is intensity when t = 0, a is a bleachability parameter, b is the order of 

the kinetic reaction, and C is the non-bleachable component. 

Methods  

Two discs of single grans from sample 22183 taken from the active channel of the Allt Dubhaig were 

measured using the ILT-3ET protocol to determine growth parameters and blue light bleaching 

parameters using the method outlined in Section 3.3.1. The measurements and results of these fits are 

shown above in Figure 3.16. This protocol measured just three point growth curves and three point 

bleaching response curves; this shortened protocol saves a significant amount of machine time, and the 

bleach fits in Figure 3.16 demonstrate this is highly effective. Next, the grains were reset with a hot 

bleach and then given a dose of 51Gy followed by measurement of ILT-3ET response to this dose. This 

step was then repeated with 34s of blue light exposure after the 51Gy dose and prior to the preheat.  

Only grains with a fractional measurement uncertainty below 0.5 and fractional uncertainties on fitted 

values of a and b below 0.5 were included in bleach time recovery procedure. The 34s bleach time was 

then recovered using the bleached signal as a fraction of the unbleached signal using three different 

approaches (A-C): 
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A. Calculating an unweighted average a, b, and C value using the fitted a, b, and C values from all 

grains. For each grain, substituting these average values in Eq. 2.1, where I is the measured 

intensity after 32s blue light exposure as a fraction of the unbleached signal to return t for each 

grain. An unweighted average is calculated using t values estimated for all grains. 

B. Inserting the individually fitted a, b, and C values for each grain into Eq. 2.1, where I is the 

measured intensity after 32s blue light exposure as a fraction of the unbleached signal to return 

t for each grain. An unweighted average is calculated using t values estimated for all grains.  

C. Inserting the individually fitted a, b, and C values for each grain into Eq. 2.1, where I is the 

measured intensity after 32s blue light exposure as a fraction of the unbleached signal to return 

t for each grain, in the same manner as approach B. Calculate a weighted average by weight 

each value of t by its uncertainty. 

For approach B and C, uncertainties on t are calculated through propagation of measurement error 

uncertainty and parameter estimate uncertainty. 

Results and interpretation 

Each row of subplots in Figure 3.17 corresponds to a different measurement temperature (row X, Y 

and Z are IR50, IR95 and IR140 respectively). The left column (1) shows histograms of the sensitivity 

corrected IRSL response to a dose of 51 Gy (dark blue data in Figure 3.17) and 51 Gy followed by 34 

seconds of blue light bleaching (light blue data in Figure 3.17). The middle and right column show 

recovered light exposure times, t using Eq. 2.1, where I0 is the measured intensity after 32s blue light 

exposure as a fraction of the unbleached signal (the light blue data in Column 1 divided by the dark 

blue data in column (1). The middle column (2) shows histograms of recovered t values using 

unweighted average parameter values for each grain (approach A), with unweighted average t 

indicated by the blue dashed line, and the known bleach time of 34 seconds indicated by the red 

dashed line. The right column (3) shows results of approach B and C. Pink histograms show recovered 

light exposure times, t using the individual bleaching parameter estimates fitted for each grain. The red 

dashed line indicates the known light exposure time of 34 seconds, the blue dashed line indicates an 

unweighted average of the pink t values (approach B), the black dashed line indicate a weighted 

average of the pink t values, where the estimate of t for each grain is weighted by its uncertainty. The 

high dispersion visible in column (3) relative to column (2), is a product of using each grain’s 

individual bleaching parameter values, which for some grains have low precision compared to the 

higher precision average values used for the recovered t values in column (2). Recovered t values 

estimated using approaches A-C (indicated by the dashed lines in Figure 3.17 are summarised in Table 

3.9. 
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Figure 3.17. Results from bleach recovery experiment. Column (1) shows histograms of the sensitivity corrected 

IRSL response to a dose of 51 Gy (dark blue) and 51 Gy followed by 34 seconds of blue light bleaching (light 

blue). Column (2) shows histograms of recovered t values using unweighted average parameter values for each 

grain (approach A), with unweighted average t indicated by the blue dashed line, and the known bleach time of 

34 seconds indicated by the red dashed line. Column (3) shows results of approach B and C. Pink histograms 

show recovered light exposure times, t using the individual bleaching parameter estimates fitted for each grain. 

The red dashed line indicates the known light exposure time of 34 seconds, the blue dashed line indicates an 

unweighted average of the pink t values (approach B), the black dashed line indicate a weighted average of the 

pink t values, where the estimate of t for each grain is weighted by its uncertainty. 

  

X) IR50 

Y) IR95 

Z) IR140 

1) Sensitivity-corrected IRSL 2) Recovered t using average 

parameter values 

3) Recovered t using individual 

parameter values 
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Table 3.9. Recovered t values using approaches A-C of a known light exposure time of 32s for each of the three 

ILT-3ET measurement temperatures. Approach A calculates an unweighted average recovered t using the same 

unweighted average bleaching parameter estimates for each grain. Approach B calculates an unweighted 

average t using individually fitted bleaching parameter estimates for each grain. Approach C calculates an 

average t weighted by the errors on individually recovered t, also using individually fitted parameter estimates 

for each grain in the same manner as approach B. 

Measurement 

temperature (˚C) 

A: Unweighted t (s) 

[average bleaching 

parameters] 

B: Unweighted t (s) 

[individual bleaching 

parameters] 

C: Weighted t (s) 

[individual bleaching 

parameters] 

50 31.46 ± 17.0 58.7 ± 40.39 29.4 ± 1.6 

95 22.3 ± 27.7 172.22 ± 774.06 22.0 ± 1.4 

140 15.31± 26.25 727.42 ± 1723.82 32.5 ± 2.1 

 

 

Inspection of Figure 3.17 reveals that estimating past light exposure using approach C, where the 

individual bleaching parameter values of each grain are weighted by their uncertainties, provides the 

more accurate result for the IR50 and the IR140 (proximity of the black dashed line to the red dashed 

line in Figure). For the IR95, the approach A yields a recovered bleach time closer to the known value 

of 32 seconds by 0.3s, however the uncertainties on this value are much larger than those using 

approach C (Table 3.9).  Approach A and B appear to produce a systematic departure from the known 

bleach time (red dashed line in Figure) with increasing measurement temperature, likely due to 

associated sensitivity decrease. It appears that this effect is mitigated by decreasing the weight of less 

sensitive grains with large parameter estimate errors and increasing the weight of brighter grains with 

higher parameter estimate precision. This approach (C) also produces values closer to the known 

recovered bleach time than using average parameter estimates.  

The results from this experiment also clearly demonstrate the wide variability of bleaching 

characteristics between grains that have a shared, known dose and light exposure history. For this 

sample, and in the case of grains having a shared history, these results suggest that the optimal way to 

deal with this variability is to apply an approach to light exposure recovery whereby grains are 

weighted by their uncertainties. In this experiment, grains were weighted by the uncertainties on their 

recovered t value, which are calculated through propagation of measurement error uncertainty and 

parameter estimate uncertainty. 
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3.5. Discussion 

3.5.1. Factors that affect bleaching rate 

3.5.1.1. Dose and light exposure history 

The set of experiments presented in this chapter investigated factors that affect MET-IRSL bleaching 

rate, specifically the dependency on dose history, prior light exposure history, preheat temperature and 

bleaching source wavelength. These variables were chosen for their particular importance for the 

development of IRSL-based sediment transport models and sediment tracing tools. Constraining 

bleaching response to prior dose and prior light exposure is essential to understanding the growth and 

decay of luminescence signals as grains are cyclically buried and transported on their passage through 

the geomorphic environment. It is also important to understand MET-IRSL bleaching response to 

different wavelengths of light due to the effects of light attenuation by water. 

The results of experiments 3.4.1.1 and 3.4.1.2 demonstrate no systematic variation in MET-IRSL 

bleaching rates with prior dose, but notable variation in MET-IRSL bleaching rates with prior light 

exposure. A reduction in bleaching rate with increased light exposure is observed in experiment 

3.4.1.2. It is assumed this is providing the signal has not been saturated or reset. This magnitude of this 

effect appears to decrease with increasing measurement temperature due to low bleachability of high 

temperature IRSL signals. According to Huntley (2006), the reduction in bleaching rate as a function 

of prior light exposure can be explained by the relationship between on the radial density of 

luminescence centres and probability of recombination. This relationship is approximated in Figure 

3.18 . 
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Figure 3.18. Schematic approximation of the relationship between recombination probability and distance 

between trapped charge and a recombination site.  

Huntley (2006) predicts that once the very closest luminescence centres are randomly filled by 

electrons that faded during storage, trapped charge then preferentially recombines with the next closest 

luminescence centres, and so on. It should be noted that Huntley’s (2006) model predicts the 

movement of trapped charge in feldspar IRSL occurs via tunnelling. Some studies have found that the 

rate of trap population during irradiation is proportional to the dose rate and associated luminescence 

centres are distributed randomly (Jain et al., 2015; Pagonis et al., 2016). As a result, there is potential 

that during cyclical irradiation and light exposure, random population of traps during irradiation does 

not alter detrapping probability, but the probability of recombination is reduced with increasing light 

exposure as the average distance between trapped charge and luminescence centres increases, if 

applying Huntley’s (2006) model. This could explain observations of reduced decay rate with 

increasing prior light exposure, but no systematic variation with prior dose.  

The reason it is thought that during excitation, excited-state tunnelling is the dominant mechanism of 

charge transport between traps and recombination centres in feldspar IRSL, is in part because studies 

show the wave function of the excitation state is wider than that of the ground state, allowing the wave 

function to tunnel through the energy barrier between a trapped electron and its nearest luminescence 

centre (Jain et al., 2015). This mechanism is dependent on the distance between traps and 

luminescence centres, with traps at a greater distance from luminescence centres characterised by 

greater stability (Jain et al., 2015). Hence, in Huntley’s (2006) model, charge trapped at these more 

stable locations has a lower probability of recombination. The distance-dependent excited-state 

tunnelling probability is given by Huntley (2006): 
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𝑃(𝑟′) =  𝑃0exp (−𝑝′−
1
3 𝑟′) (2.2) 

where  𝑟′ is dimensionless distance between a trapped electron and a luminescence centre; P0 is the 

probability of an attempt to tunnel over time (s-1) and 𝑝′ is dimensionless density of luminescence 

centres. According to this model, the results of experiment 3.4.1.1 and 3.4.1.2 suggest that the effect of 

repeated light exposure may cause systematic departure of 𝑝′  from 𝑝′𝑚𝑎𝑥, which produces variation in 

𝑃(𝑟′) for feldspar IRSL decay. The physical model of Jain & Ankjærgaard (2011) successfully predicts 

that, for ground-state tunnelling (fading), there is an exponential decrease in tunnelling probability 

with increasing distance, which means that electrons with far away holes have a greater probability of 

retrapping or transport via band-tail states. An exciting direction for future work could be to explore 

whether the mechanism for and mode of charge transport during feldspar IRSL decay can be predicted 

in a similar way. The ability to predict charge transport pathways and the reduction in bleaching rate as 

a result of prior light exposure has the potential to significantly enhance the accuracy and detail with 

which the movement of sediment in fluvial systems can be forecast. 

The effect of prior light exposure on bleaching rate has important implications for the success of IRSL-

based sediment transport models. The following section (Section 3.5.1.2) introduces a burial-bleach 

model that accounts for this effect in forward modelling cyclical growth and decay of MET-IRSL 

signals using parameter estimates from direct measurements. Further, in Chapters 4 and 5, this model 

is applied to fluvial datasets in attempt to reconstruct transport-storage cycles based on observed MET-

IRSL signals. The term ‘non-equilibrium bleaching’ is introduced to describe the occurrence of IRSL 

decay at a reduced rate due to prior light exposure. Subsequently, the term ‘equilibrium bleaching’ is 

introduced to describe IRSL decay following saturation or resetting of the signal. These terms will be 

used notionally throughout this thesis to describe bleaching conditions. All bleaching measurements 

presented in this chapter are equilibrium bleaches. This is because in all cases, a hot bleach precedes 

each SAR-style cycle to reset the signal (Table 3.1). In an idealised fluvial system with cyclical storage 

and transport, such as those illustrated in Figures 1.6 and 1.7, Chapter 1) almost all bleaching a grain is 

subject to during its time in the main channel will be non-equilibrium bleaching providing the signals 

of this grain have not been saturated or reset. Thus, there is potential for the identification of non-

equilibrium ratios of MET-IRSL signals to provide a powerful tool for determining sediment transport 

dynamics. The degree of departure from equilibrium ratios can be used to constrain a range of different 

possible storage and transport times for an individual grain or group of grains. For an idealised sample, 

the more MET-IRSL signals measured, the more defined these constraints will be for interpreting more 

complex transport and storage scenarios. 
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3.5.1.2. Burial bleach model development 

A numerical model of growth and decay was built to reconstruct possible grain histories, based on 

knowledge of bleaching behaviour gained in Experiments 3.4.1.1 and 3.4.1.2. This model can simulate 

MET-IRSL signal behaviour (fraction of saturation, N/n) of individual grains or multiple grain aliquots 

at three or five elevated temperatures over n cycles of bleaching and growth. Growth and bleaching 

parameters are derived directly from measurements, by fitting the single saturating exponential of 

Murray & Wintle (2003) (Eq. 1.1) and the bleaching function of Bailiff and Barnett (1994) (Eq. 1.3) 

respectively. Required input parameters include D0 (yrs) and Imax (N/n, kept at 1.0) for growth (Eq. 

1.1), a and b for bleaching, with the option to include the additional residual bleaching parameter, C 

(Eq. 1.3). The model also uses the parameters ‘bleaching acceleration’ and ‘burial acceleration’. These 

are simply factors by which simulated bleaching and burial times can be multiplied to simulate 

increasing or decreasing bleaching and burial with each cycle. 

In the model, regardless of initial fraction of saturation, Imax the first simulated bleach is an equilibrium 

bleach. Subsequent simulated bleaches, following (non-saturating) growth, are non-equilibrium 

bleaches. However, the newly acquired trapped charge that arises each time growth is simulated (some 

fraction of the total trapped charge population), will exhibits equilibrium bleaching behaviour. Thus, it 

is necessary to model the decay of bleached and unbleached trapped charge populations as separate 

components. The number of components it is necessary to model comprises of the number of burial-

bleach cycles the user wishes to simulate. 
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Figure 3.19. METx bleaching and growth measurements and fits for sample MJ39. Optimal parameter 

estimates returned by these fits were input to the burial-bleach model. 

Table 3.10. METx bleaching and growth parameter estimates from measurements of sample MJ39 input to the 

burial-bleach model. Fractional uncertainty on all parameters apart from C were less than or equal to 0.50. 

Measurement 

temperature (˚C) 
a b C D0 (s) 

50 0.40 1.61 <0.01 3177 

95 0.17 1.11 <0.01 2671 

140 0.06 1.02 0.006 3301 

185 0.03 0.74 <-0.01 3177 

230 0.02 0.57 -0.02 4390 
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Figure 3.20a and Figure 3.20b shows METx signals simulated over 10 and 50 cycles respectively. 

Each cycle is comprised of 60s bleaching and 500 years of burial. Input bleaching and growth 

parameters estimated from direct measurements of sample MJ39. Bleaching parameters were 

determined using blue light bleaching with the measurement procedure as outline in Experiment 

3.4.1.4. Growth parameters were estimated using the procedure described in Section 2.2.5. Bleaching 

and growth data and fits are shown in Figure, parameter estimates are shown in Table.  

Figure 3.20. A forward model of cyclical MET-IRSL bleaching and burial that accounts for the observed 

reduction in decay rate as a function of prior light exposure. Each cycle is comprised of 60s of bleaching and 

500 years of burial. Bleaching and growth parameters input to the model were derived directly from 

measurement of feldspar standard sample MJ39. A) Bleaching and burial simulated over 10 cycles. B) 

Bleaching and burial simulated over 50 cycles. 

 

  

A

) 

B

) 
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This model can be fit to fluvial datasets to reconstruct the range of possible sediment transport and 

storage scenarios for multiple grain and single grain measurements, which will be demonstrated in the 

following chapters of this thesis. This model uses the growth and bleaching functions. used by 

McGuire & Rhodes (2015a). However, a key way in which it differs from this previous model is with 

the ability to predict the reduction in bleaching rate in subsequent cycles as a function of light 

exposure in the previous cycle, and all other cycles up until a given point. Accounting for this effect 

also build on the model of Gray et al. (2018). The burial-bleach model shown here also builds on the 

model of Gray et al. (2018) by allowing IRSL decay to proceed with the inclusion of the residual 

parameter, C, and by simultaneously simulating the growth and decay of five MET-IRSL signals. Gray 

et al. (2018) also apply volumetric principles to simulate the downstream evolution in-channel 

luminescence as a result of deposition and entrainment, as well as bleaching. Gray et al. (2018) 

observe significant success of their model predicting downstream change in signal at one study site, 

but see deviation of the model from the data at others due to the break down of some key assumptions. 

Specifically, when there is perturbation to the signals of grains in the main channel, assumed to be 

caused by lateral input of sediment with luminescence properties different to those of the main channel 

flux. At this stage, the burial-bleach model presented here does not yet simulate lateral input of 

material with different luminescence properties. However, in Chapter 5 of this thesis, the model 

presented here is applied to a dataset from the Santa Clara River, California where significant 

perturbation to MET-IRSL signals is observe in attempt to characterise lateral input. In the future, an 

modelling approach that combines the volumetric approximations of deposition and entrainment of 

Gray et al. (2018), with equilibrium and non-equilibrium MET-IRSL bleaching behaviour reported 

here to actually simulate lateral input of sediment represents an exciting direction for future work.  

3.5.1.3. Wavelength 

Results from experiments 3.4.1.4 and 3.4.1.5 demonstrate that blue light is significantly more efficient 

at bleaching MET-IRSL signals than green and infrared sources. This is in support of the hypothesis 

that the rate of detrapping increases with decreasing wavelengths of light, at least up to the blue range 

of the electromagnetic spectrum (Jain & Ankjærgaard, 2011). It appears reasonable to account for a 

reduction in MET-IRSL bleaching rate in subaqueous conditions, through the use of bleaching 

parameters estimated from blue light bleaching measurements for simulations of bleaching during 

fluvial sediment transport. Figure 3.21 displays the variability of bleaching parameter a and b and their 

standard deviation with photon energy (eV) of the stimulating light source. 
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Figure 3.21. Bleaching parameters estimated using the bleaching function of Bailiff & Barnet (1994) to 

bleaching measurements of feldspar standard sample MJ39 using blue green and infrared light against photon 

energy of the bleaching light source for each METx measurement temperature. A) Estimated values for 

parameter a, which contains information on the initial population of trapped electrons; intensity of excitation 

source, capture cross-section (Poolton et al., 2009) plotted against photon energy of bleaching light source. B) 

Estimated values for parameter b, which contains information on the order of the kinetic reaction (Poolton et 

al., 2009) plotted against photon energy of bleaching light source 

Figure 3.21 shows that fits of Eq. 1.3 to higher energy blue light bleaching measurements produce 

larger estimates of a, which includes information on the initial population of trapped electrons; 

intensity of excitation source, capture cross-section (Poolton et al., 2009), than those of lower energy 

green light. Fitting of Eq. 1.3. to IR bleaching measurements produces elevated estimates of a for the 

A) 

B) 



76 

 

IR50 and IR95 relative to green light. In the IR range, the faster bleach rates can be explained by 

resonance between photons transmitted in the IR range, and electrons in IR-sensitive traps, which has 

been well-documented since 1980s by (Hütt et al. ,1988). Estimated values for b however display a 

positive relationship with increasing photon energy for all METx temperatures.  

3.5.2. Light exposure recovery 

Bleach recovery experiment 3.4.2 demonstrates a known equilibrium bleach time of 32s can recovered 

using the parameter estimates from a fitted bleach response curve using Eq. 2.1 for individual grains, 

where I is the measured intensity after 32s blue light exposure as a fraction of the unbleached signal of 

each grain. In this experiment, using sample 22183 two approaches were reasonably successful. Table 

3.9 displaying the results of experiment 3.4.2 is inserted below as Table 3.11 for the convenience of the 

reader. The first, approach A, which uses average bleaching parameter values calculated from grains 

that provided individual parameter estimates with less than 50% fractional uncertainty produced 

recovered light exposure times in agreement with the known time of 32s within their uncertainties. It is 

acknowledged that these uncertainties are large and exceed the recovered value for the IR95 and IR140 

(Table 3.11). These uncertainties may be a product of the large amount of noise introduced to the 

system when using single grains.  Approach C, where the individual bleaching parameter values for 

each grain were weighted by their uncertainties to calculate a weighted mean recovered light exposure 

time also produced recovered values in agreement with the known value of 32s for the IR50 and the 

IR140 signal. The recovered value calculated using the IR95 signal was ~10s below the known value 

(Table 3.11). The uncertainties on light exposure times are surprisingly small compared to those of 

approach A. It is possible that these uncertainty values are underestimates and that these calculations 

perhaps require the incorporation of overdispersion. Inspection of Figure 3.16 in reveals irregular 

behaviour from one more sensitive grain, which decays at a significantly quicker rate than the majority 

of the population. This may also contribute to the ~10s underestimate of the IR95 signal. 
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Table 3.11. Recovered t values using approaches A-C of a known light exposure time of 32s for each of the three 

ILT-3ET measurement temperatures. Approach A calculates an unweighted average recovered t using the same 

unweighted average bleaching parameter estimates for each grain. Approach B calculates an unweighted 

average t using individually fitted bleaching parameter estimates for each grain. Approach C calculates an 

average t weighted by the errors on individually recovered t, also using individually fitted parameter estimates 

for each grain in the same manner as approach B. 

Measurement 

temperature (˚C) 

A: Unweighted t (s) 

[average bleaching 

parameters] 

B: Unweighted t (s) 

[individual bleaching 

parameters] 

C: Weighted t (s) 

[individual bleaching 

parameters] 

50 31.46 ± 17.0 58.7 ± 40.39 29.4 ± 1.6 

95 22.3 ± 27.7 172.22 ± 774.06 22.0 ± 1.4 

140 15.31± 26.25 727.42 ± 1723.82 32.5 ± 2.1 

 

Recovered values for different MET-IRSL temperatures are in agreement, using approach A and for the 

IR50 and IR140 signal using approach C, which is a promising result for the potential of the use of 

single grain measurements to construct a consistent light exposure history, despite wide variability in 

bleaching characteristics. The reasonable success of light exposure recover using approaches A and C, 

suggests perhaps a combined approach whereby for the brightest grains with low bleaching parameter 

uncertainties their individually fitted parameters are used in light exposure recovery, but for dimmer 

grains with large bleaching parameter uncertainties, average parameter values are used. With this 

initial success, combined with identification of equilibrium and non-equilibrium bleaching behaviour 

through quantifying MET-IRSL signal ratios, the wide-ranging insight single grains measurements 

have the potential to offer to determination of sediment transport dynamics is further explored in the 

following chapters of this thesis. This includes the detection of subpopulations of grains within a single 

sample that have shared histories and single grain virtual velocity estimates.  

3.6. Conclusions 

The series of experiments that comprise this chapter have contributed to understanding of the IRSL 

bleaching process; the knowledge contributed is of particular importance for the development of IRSL-

based sediment tracing tools and sediment transport reconstructions and is also useful in validating 

sediment dating procedures using MET-IRSL approaches. A dependency of IRSL decay rate on length 

of prior light exposure, providing IRSL signals have not been saturated or zeroed between light 

exposure events, has been identified at all METx measurement temperatures. The bleaching behaviour 

of grains in this state is here termed ‘non-equilibrium bleaching’, whereas bleaching of saturated, or 

reset and subsequently dosed signals, is termed ‘equilibrium bleaching’. This highlights the potential to 
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obtain detailed information on bleaching and burial history, for multiple grains and single grains, 

through quantification of the degree of disequilibrium observed in the ratios of MET-IRSL signals, 

which is further explored in the following chapters of this thesis. 

The dependency of IRSL bleaching rate on the wavelength of stimulating light source is documented 

for blue, green and IR, and agrees with previous studies (e.g. Duller & Bøtter-Jensen, 1993; Jain & 

Ankjærgaard, 2011). In addition, equilibrium and non-equilibrium bleaching behaviour was identified 

for blue, green and IR bleaching (experiment 3.4.1.5). 

Successful light exposure recovery was demonstrated using single grain measurements using average 

bleaching parameter estimates and the individual parameter estimates of each grain. 

A numerical model to simulate cyclical equilibrium and non-equilibrium bleaching, and burial was 

presented. Similar modelling approaches of McGuire & Rhodes (2015a), Gray et al. (2018) and Guyez 

et al. (2023) demonstrate success in a steady-state system with equilibrium bleaching conditions but do 

not account for the reduction in bleaching rate as a function of prior light exposure documented here 

for MET-IRSL decay stimulated by blue, green and IR light (Experiments 3.4.1.2, 3.4.1.3, 3.4.1.5). 

This effect is expected to be significant MET-IRSL decay in some sediments in fluvial systems due to 

the cyclical nature of storage and transport. The burial-bleach model presented in Section 3.5.1 of this 

chapter takes account of this effect and has the potential to accurately reproduce the burial and 

bleaching histories of grains in systems that are not in equilibrium conditions, which is assessed in 

Chapter 4 and Chapter 5.        
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4.0. Chapter 4 Allt Dubhaig: A training ground for the 

development of MET-IRSL as a tool to extract 

information on fluvial sediment transport 

4.1. Introduction 

This Chapter aims to present the vast quantity of data produced by MET-IRSL measurements, and the 

analysis techniques that can be used to obtain an array of different information on sediment transport 

histories, styles, and rates, as well as storage duration and environments in fluvial systems. The Allt 

Dubhaig, Scotland, is used as a training ground to explore the power of MET-IRSL. Chapter 3 

provided new insight MET-IRSL bleaching dependency on prior light exposure and introduced the 

concept of equilibrium and non-equilibrium bleaching. Subsequently, a burial-bleach model that 

simulates MET-IRSL signals over cyclical burial and light exposure, and accounts for a reduction in 

bleaching rate as a function of past light exposure was presented. Chapter 3 also demonstrated 

successful single grain light exposure recovery using bleaching parameter values derived directly from 

measurements. In this chapter, these new insights and procedures are applied to elucidate sediment 

transport information, including average storage times and virtual velocity. 

4.2. Background 

4.2.1. The Allt Dubhaig, Perthshire, Scotland 

The Allt Dubhaig is a small gravel-bed stream that flows through a glacially deepened valley in the 

central Scottish Highlands (Ferguson & Ashworth, 1991) (Figure 4.1). The alluvial section, which will 

be the focus of this Chapter and has been the focus of a number of previous studies (e.g. Ferguson & 

Ashworth, 1991; Hoey & Ferguson, 1994, Ferguson & Wathen, 1998; Ferguson et al., 2002; Hodge et 

al., 2011), flows SSE from the confluence of its eastern and western tributaries and extends for 

approximately 3.5 km until it meets the River Gary at Dalnaspidal Lodge. Hills on either side of the 

valley are lined with hummocky moraines that are thought to be formed by outlet glaciers fed by 

plateau icecaps during the Younger Dryas ~13.5 – 11.7 ka (Sissons, 1974).  Ferguson & Ashworth 

(1991) interpret the valley floor to be comprised of early Holocene sediments. The Allt Dubhaig 

mobilises sediments in its modern channel; the stream migrates laterally across its floodplain, it adjusts 

its geometry. Photographs of this site taken during sample collection for this study in 2022 are shown 

in Figure 4.2-4.4. Details of sampling locations and strategy are outlined in Section 4.3.1; photographs 

are shown here to illustrate the geomorphic setting of the site. 
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Figure 4.1. Location of the Allt Dubhaig in the Scottish Highlands. For context, the locations of Perth and 

Edinburgh are included. 

 

Figure 4.2. Photograph taken looking SSE from the west bank of the Allt Dubhaig in the upstream segment of 

the alluvial reach. 
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Figure 4.3. Photograph taken from the east bank in the upstream section of the alluvial reach, looking south 

down the glacial valley through which the Allt Dubhaig flows 

 

Figure 4.4. Photograph of the middle section of the alluvial reach of the Allt Dubhaig, taken from ~12m up the 

side of a moraine that lines the eastern valley wall, looking southwest. 
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The Allt Dubhaig was selected as a study site for the following reasons: 1) previous studies have 

documented various fluvial and geomorphic processes at this site (e.g. Ferguson & Ashworth, 1991; 

Hoey & Ferguson, 1994, Ferguson & Wathen, 1998; Ferguson et al., 2002; Hodge et al., 2011); 2) 

minimal lateral input of water and sediment from tributaries or valley sides reported by Ferguson et al., 

(1996) provides reason to expect somewhat flume-like behaviour, which makes for an appropriate 

training ground to explore the utility of MET-IRSL for the determination of sediment transport 

dynamics, since conditions in the Allt Dubhaig appears closely resemble an idealised natural channel. 

This provides opportunity for determination of MET-IRSL signal behaviour with reduced complexity 

of inputs; 3) preliminary MET-IRSL results from four samples collected from the active channel by Ed 

Rhodes and Rebecca Hodge in 2018 showed encouraging downstream trends; 4) MET-IRSL has the 

potential to compliment other techniques for sediment tracing and determination of fluvial system 

behaviour. 

Several previous studies of the Allt Dubhaig document sediment transport information. Ferguson & 

Ashworth (1991) report a significant reduction in channel slope, from 0.02˚ to 0.00015˚, over a 3 km 

reach of the stream, which is attributed to strong local base level control by an alluvial fan in the lower 

reaches. This decline in slope causes rapid downstream fining of the gravel bed load, and a subsequent 

abrupt shift to a sand bed. Further, Ferguson & Ashworth (1991) also identify gradual changes in the 

channel morphology with downstream distance over the 3 km study reach as follows: ‘1) near braided, 

2) meandering with active point-bar chutes, 3) meandering with active outer-bank thalweg, 4) stable 

equiwidth sinuous.’ (Ferguson & Ashworth, 1991, p65). For reference, key morphological 

characteristics of each distinct reach are summarised in Table 4.1, some of which will be discussed in 

relation to insights provided by MET-IRSL measurements and analysis in the discussion section of this 

chapter.  
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Table 4.1 Geomorphological features identified by Ferguson & Ashworth (1991) in what the authors define as 

distinct sections of the Allt Dubhaig. 

Distance (m) Key features 

0.2 

• Low sinuosity  

• Pools and riffles 

• Moderately divided 

0.6 
• Low relief medial bars 

• Moderately divided 

0.8 

• Increased sinuosity 

• Less divided  

• More meandering 

1.1 

• Closer to classic meandering 

• Single channel 

• Large gravel point bar 

2.0 

• Narrower 

• Less visible gravel 

• Straight reaches separated by sharp 

bends 

2.5 

• Almost straight reach between two 

bends 

• Outer bank thalweg 

 

In gravel bed rivers, sediment movement in the short term is dominated by controls on particle 

entrainment (relative size and shear stress), whereas over longer timescales transport is affected by 

depositional dynamics (Ashworth, 1987). Ferguson & Hoey (2002) provide insight into the importance 

of burial and exchange of sediments in depositional environments over long timescales for the Allt 

Dubhaig. They observed the burial of surface-seeded tracers into long-term storage as a result of 

vertical mixing of the bedload, which produces a long-term trend of decreasing gravel mobility, with 

virtual velocities of mixed-sized tracers ~50% lower over an 8-year period compared with over 2 

years. 

Downstream fining of bed material is a common characteristic of gravel bed rivers. Ferguson et al., 

(2006) demonstrate that the rapid downstream fining observed in the Allt Dubhaig by Ferguson & 

Ashworth (1991) is not associated with changes in discharge and associated abrasion rates, but with 

changing channel morphology (specifically, decline in slope angle), which indicates that sorting is the 

dominant driver of downstream reduction in particle size. Further, the rate of downstream fining is 

successfully simulated using a numerical sorting model. The authors go on to argue that, at least to first 

order, the Allt Dubhaig is in approximate equilibrium. Ferguson et al., (2006) explain that this relates 

to the tendency of a river to reduce downstream bed load transport rates, which can take place on much 

shorter timescales than the necessary aggradation to otherwise reach equilibrium.   

A comprehensive tracer study conducted by Hodge et al., (2011) also provides evidence of size-

selective transport, with a strong dependency of transport distance on particle size in the Allt Dubhaig. 
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However, Hodge et al., (2011) argue that, in gravel-bed rivers, this in fact throws into question whether 

such systems are in long term equilibrium, since a dominance of sorting over abrasion suggests the 

accumulation of larger particle sizes in the river. Thus, there exist questions surrounding the system 

state of the Allt Dubhaig.  

This Chapter demonstrates how MET-IRSL can provide detailed insight into the transport conditions of 

the Allt Dubhaig. Single grain and multiple grain MET-IRSL are used as complementary techniques. 

Multiple grain measurements can provide a robust indication of average system behaviour. With single 

grain measurements, there is potential to extract information that may be masked by multiple grain 

signals that are often dominated by just a few bright grains (Rhodes, 2015). By interrogating each 

grain individually, it is possible to construct a profile of different possible transport scenarios and 

assess likelihoods of different grain histories. 

4.3. Methods 

4.3.1. Study site and sampling strategy  

The ~ 3.5 km alluvial stretch of the Allt Dubhaig flows NNW-SSE almost parallel to the A9 road 

approximately 10 km south of Dalwhinnie and ~ 70 km northwest of Perth (Figure 4.5).  

The author of this thesis and Ed Rhodes collected 13 fluvial samples from the active channel to access 

grains that store information on sediment transport (Lab codes: 22180-93). Based on the form of 

feldspar IRSL decay and expected flume-like behaviour of the Allt Dubhaig, it was anticipated that in-

channel IRSL signals would exhibit an initial rapid reduction as grains are subject to transport, 

followed by a long tail as bleaching rate slows with increasing light exposure. For this reason, fluvial 

samples were spaced in a logarithmic fashion to capture the expected pattern of decay. In addition, 

marked on Figure 4.5 are four fluvial samples collected by Ed Rhdoes and Rebecca Hodge in 2018, 

indicated by ‘*’.  
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Figure 4.5. Locations of samples collected along the Allt Dubhaig and their lab codes. The 13 samples without 

‘*’ were collected by Ed Rhodes and the author of this Thesis in 2022. The four locations with ‘*’ were collected 

by Ed Rhodes and Rebecca Hodge in 2018. 

  

Moraine 

* 

* 

* 

* 

18031 

22181 

22180 

22182 

22183 

18034 
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22185 

22186 
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22190
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Three samples were collected from a moraine exposure (herein referred to as ‘the moraine’) cut into by 

the stream, located in the northern reach of the alluvial stretch (Lab codes: 22177-9) (Figure 4.3.2). 

This was to determine the luminescence characteristics of what was thought to be a significant 

contributor of sediment to the active channel. Here, three key stratigraphic features of the moraine 

were identified and sampled from. From bottom to top, there were: glacial till (22178), a scree apron 

(22179), and what is potentially a post glacial erosion channel near the top of the exposure (Figure 

4.6). A gamma spectrometer was used to measure the environmental dose rate at this location, this is 

done by directly measuring the counts of emitted gamma radiation. 

 

22179 

22178 

22177 
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Figure 4.6. In the top panel, locations of three samples taken from the moraine on the west bank of the Allt 

Dubhaig indicated by the yellow crosses. Sample 22177 (top), 22178 (till) and 22179 (scree apron) were taken 

from ~5m, ~2m, ~1m. 

4.3.4. Sample measurement 

Equivalent dose estimations for all samples were made using a single grain ILT-3ET. A more detailed 

description of the ILT-3ET protocol, and a discussion of the reasons for applying it can be found in 

Section 2.2.2.1 in Chapter 2. For reference, the ILT-3ET protocol is summarised here in Table 4.2. 

Table 4.2. The ILT-3ET protocol used to measure growth curves for the entire suite of 17 fluvial samples and 

three moraine samples 

 

Beta dose or natural 

Preheat 60s 170°C 5°Cs-1 

IRSL 50°C 2.5s 90% power 

IRSL 95°C 2.5s 90% power 

IRSL 140°C 2.5s 90% power 

IRSL warm bleach 160°C 400s 90% 

Beta test dose 20 Gys 

IRSL 50°C 2.5s 90% power 

IRSL 95°C 2.5s 90% power 

IRSL 140°C 2.5s 90% power 

IRSL hot bleach 180°C 400s 90% 

 

Bleach response curves were measured and fitted for four samples using the ‘half order of magnitude’ 

(HOM) or ‘full order of magnitude’ (FOM) styles, and the fitting procedures described in detail in 

Section 3.3.1, Chapter 3. Bleaching measurements were made to explore trends in bleaching parameter 

variability, amongst single grains, with downstream distance, with a view to determine optimal 

parameter ranges to input MET-IRSL-based sediment transport models. All measurements presented in 

this chapter are of single grains. Two discs of approximately 100 grains were measured for each 

sample 

4.4.  Results 

An advantage of feldspar luminescence as a sediment transport technique is that there are multiple 

ways to express IRSL signal, from which we can learn different things. This also allows us to assess 

optimal methods for expressing and visualising MET-IRSL data for sediment transport applications. 
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The first section (Section 4.3.1) presents ages from the three samples collected from the moraine 

because these samples were collected to act as a proxy for the initial state of grains that enter the Allt 

Dubhaig at the beginning of the alluvial reach. In this way, the stories of many of the grains presented 

in this chapter start here. Section 4.4.2 presents average MET signals for the 17 fluvial samples 

expressed in different manners. Section 4.3.3 explores what can be contributed by distributions of 

single grain apparent ages, sensitivities and burial-bleach ratios to building a story of sediment 

transport and storage.  

4.4.1. Moraine samples  

Plateau ages calculated using the ILT-3ET protocol and the plateau method of Ivester et al. (2022) are 

presented in Figure 4.7 Sample 22177 taken from near the top of the exposure gives an age of 8.4 ± 1.5 

ka; sample 22178 taken from glacial till gives an age of 14.9 ± 2.6 ka; and sample 22179 taken from a 

scree apron at the base of the exposure gives an age of 0.89 ± 0.18 ka. These ages are interpreted in 

Section 4.5.1. 
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Figure 4.7. Plateau ages of for the three moraine samples; samples 22177 (upper), 22178 (middle), and 22179 

(lower). Coloured points indicate plateau age and plateau type (the ILT-3ET signals of which it is comprised) 

for individual grains. Minimum age calculated from plateau ages is represented by the black dashed line and is 

in bold type below the lab code. 

Lab code: 22177 

8.4 ± 1.5 ka 

Lab code: 22178 

14.9 ± 2.6 ka 

Lab code: 22179 

0.89 ± 0.18 ka 
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4.4.2. Downstream MET-IRSL signal profiles 

Preliminary inspection of single grain ILT-3ET apparent ages combined into super synthetic aliquots 

apparent ages (SSAs) in Figure 4.8 and Table 4.3 reveals a general pattern of decrease in apparent age 

with downstream distance for all three measurement temperatures. However, the rate at which decrease 

proceeds varies along the length of the stream, and periods of signal increase are observed in the 

downstream sections (Figure 4.8. The SSA apparent age is comprised of all grains that provided an 

equivalent dose estimate for all three temperatures, however these did not necessarily form a plateau. 

 

Figure 4.8. Super synthetic aliquot apparent age plotted with downstream distance. The IR50 signal is plotted in 

blue, IR95 is plotted in orange and IR140 is plotted red 
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Table 4.3 Summary of super synthetic aliquot apparent ages with their errors and downstream distance for each 

fluvial sample. 

Lab code Distance (km) IR50 (ka) IR95 (ka) IR140 (ka) 

18031 0 15.5 ± 1.9 21.9 ± 2.7 26.6 ± 3.2 

22181 0.14 27.9 ± 3.4 51.3 ± 7.1 64.8 ± 10.4 

22180 0.16 22.4 ± 2.7 56.2 ± 7.9 75.7 ± 12.6 

22182 0.17 23.1 ± 2.8 39.3 ± 5.3 40.4 ± 6.0 

22183 0.3 13.1 ± 1.6 30.3 ± 4.0 40.2 ± 5.9 

18034 0.4 17.9 ± 2.2 27.2 ± 3.3 31.1 ± 3.8 

22184 0.51 5.4 ± 0.6 14.0 ± 1.8 20.0 ± 3.0 

22185 0.67 8.5 ± 1.2 13.3 ± 2.2 16.0 ± 3.2 

22186 0.94 8.5 ± 1.2 10.2 ± 1.3 17.5 ± 2.4 

22187 1.29 0.8 ± 0.3 3.6 ± 0.4 7.70 ± 1.3 

22192 1.7 5.0 ± 1.6 7.9 ± 2.3 10.9 ± 1.9 

18033 2.01 2.3 ± 0.6 7.6 ± 0.9 11.3 ± 1.4 

22188 2.02 2.1 ± 0.3 7.0 ± 1.3 11.6 ± 2.1 

22189 2.23 3.9 ± 0.5 9.3 ± 1.4 12.0 ± 1.8 

18032 2.52 3.6 ± 0.6 9.0 ± 1.1 13.2 ± 1.6 

22191 3.45 0.8 ± 0.3 2.2 ± 0.8 6.6 ± 1.4 

22190 3.61 0.8 ± 0.2 1.8 ± 0.7 5.1 ± 1.2 

 

The second sample at 0.14 km downstream from the most upstream sample location displays a 

significant increase in apparent age, particularly the IR95 and IR140 signals, from ~22 – 51 ka and ~27 – 

64 ka respectively. The IR50 also increases at this location, but this is much less pronounced than the 

higher temperature signals. At the third location at 0.16 km downstream, the IR95 and IR140 signals 

appear increase yet again but their uncertainties overlap with those of the second location. Moving 

downstream, all three signals begin a rapid monotonic decrease over a short distance of ~0.5 km, apart 

from the IR50 signal, with a small increase at ~0.3 km and another after ~0.5 km. Following this, 

between 0.67 and 0.94 km downstream from the most upstream sample, we observe a slight increase in 

signal for the IR140 and the IR50. Notably, we observe another, general trend of increase across all three 

temperatures between 1.29 and 2.52 km. Following this, at the two most downstream locations we see 

a reduction in apparent age for all three signals.   

Figure 4.9 (below) compares downstream signal profiles expressed as SSA fraction of saturation 

(Figure 4.9) and plateau ages (Figure 4.9). 
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Figure 4.9 Downstream profiles of fraction of saturation and minimum age in the Allt Dubhaig. A) Super 

synthetic aliquot fraction of saturation plotted with downstream distance for the IR50 (blue), IR95 (orange) and 

IR140 signal (red). B) Minimum age calculated using the plateau method of Ivester et al. (2022) plotted with 

downstream distance. 

Perhaps the most striking difference between the downstream evolution of IRSL signals derived from 

SSAs, and those derived from single grain plateau ages, is that the early peak in age is less pronounced 

for the plateau age downstream profile; it is dwarfed by a much larger peak at 0.4 km. It is also 

observed downstream age reduction in plateau age up until ~ 2 km, followed by a significant increase. 

Reasons for these differences will be discussed in Section 4.5.2, yet it highlights the potential for 

additional insight provided through variation of IRSL signal expression.  

Figure 4.10 displays the apparent ages for each individual grain with a fractional uncertainty below 0.5 

for all three measurement temperatures.  In general, the IR50 ages (Figure 4.10a) are much younger 

than those of the IR95 and IR140 signals (Figure 4.10b and Figure 4.10c respectively), which is expected 

due to the lower bleachability of IRSL measured at elevated temperatures (Buylaert et al. 2012). This 

is also what is observed in downstream profiles of SSA and plateau ages. There is increasing 

variability of single grain apparent ages with increasing measurement temperature. Note the low 

variability of apparent ages for the two most downstream samples. There is also low variability of 

A) 

B) 
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apparent ages at 1.29 km downstream, after the phase of rapid signal reduction and prior to the first 

phase of signal increase. Following this, there is an increase in signal variability over the next ~ 1 km.  

 

Figure 4.10 Single grain apparent age estimates and their associated errors plotted with downstream distance 

for the A) IR50, B) IR95 and C) IR140. 

Downstream profiles of MET-IRSL signals provide the first indication that the Allt Dubhaig may not 

behave as ‘flume-like’ as initially expected. Increases in average signals (Figure 4.8, Figure 4.9) and 

changing intra-sample variability of single grain ages (Figure 4.10) suggest more complex sediment 

A) 

B) 

C) 
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transport dynamics, that may include lateral input of new material or grains coming out of storage in 

the section of the Allt Dubhaig. 

4.4.3. Single grains: insights from distribution characteristics 

This section presents downstream trends in luminescence characteristics for individual grains for each 

of the three MET-IRSL signals. Distributions of apparent ages, sensitivity, and the parameter ‘burial-

bleach ratio’ of Rhodes & Leathard (2022) are used to explore the range of information these 

parameters provide on sediment transport in the Allt Dubhaig. Figure 4.11 displays distributions of 

log10 ILT-3ET apparent age estimates at each sampling location downstream for all grains with 

fractional uncertainty on the measured equivalent dose below 0.5.  

 

Figure 4.11. Distributions of single grain log10 apparent age estimates (years). Histograms for the IR50, IR95, 

and IR140 for each sample are overlapping to illustrate the variable location and shape of the distribution of 

each measurement temperature. The numbers on the top right corner of each plot represents the relative 

location of the sample downstream. 

1) 2) 3) 4) 

5) 6) 7) 8) 

9) 10) 11) 12) 

13) 14) 15) 16) 

17) 
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At all locations we observe overlapping distributions, but with clear increasing frequency of older ages 

with increasing measurement temperature. This is what would be expected based on the work of 

Poolton et al., (2002) and Buylaert et al., (2012), which is discussed in Section 1.2 and Section 3.2. It 

is also observed that the distributions become narrower with downstream distance, which is most 

pronounced for the IR140 data, and increasing frequency of younger ages are observed. However, 

further interrogation of downstream age distributions is required to construct a transport story from 

these data; further analysis is included in Section 4.5.3.4. 

Figure 4.12 shows distributions of test signal response for each sampling location. Here, grains have a 

higher sensitivity when measured with IR50 and sensitivity decreases with increasing measurement 

temperature. Note that the location of the medians of IR95 and the IR140 data appear more similar to 

each other than to that of the IR50. There are also similar downstream trends to those of the age 

distributions in Figure 4.4.5; with the range of sensitivities decreasing with downstream distance. 
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Figure 4.12 Distributions of single grain log10 sensitivity in counts per second. Histograms for the IR50, IR95, 

and IR140 for each sample are overlapping to illustrate the variable location and shape of the distribution of 

each measurement temperature. The numbers on the top right corner of each plot represents the relative 

location of the sample downstream. 

Distributions of burial-bleach ratios (Rhodes & Leathard, 2022) reveal clear downstream trends 

(Figure 4.13). In Figure 4.13 distributions become narrower with downstream distance. There also 

appears to be a higher frequency of lower burial-bleach ratios, which suggests decreasing burial 

relative to light exposure. That downstream trends in burial-bleach ratio distributions are observed is a 

promising finding for the utility of this parameter to reflect sediment transport dynamics, specifically 

related to the storage times of grains and the light exposure they are subject to in transit.  

1) 2) 3) 4) 

5) 6) 7) 8) 

9) 10) 11) 12) 

13) 14) 15) 16) 

17) 
(Cts/s) 

(Cts/s) 

(Cts/s) (Cts/s) 
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Figure 4.13. Distributions of single grain log10 burial-bleach ratios calculated using the approach of Rhodes & 

Leathard (2022). The numbers on the top right corner of each plot represents the relative location of the sample 

downstream. 

Figure 4.14 shows burial-bleach ratios derived from super synthetic aliquots over downstream 

distance. Higher burial-bleach ratios indicate storage dominates over bleaching in determining the 

luminescence characteristics of the in-channel sediment flux, whereas lower values indicate the 

dominance of light exposure (Rhodes & Leathard, 2022). However, the large uncertainties on the 

burial-bleach ratios of the combined signals of the upstream samples (Figure 4.14, below), do not 

allow for confident assessment of downstream burial-bleach ratio variability and whether this relates to 

a real change in transport dynamics. In fact, it appears this profile may even suggest a system average 

burial-bleach ratio. This has been tentatively indicated in Figure 4.14 to be somewhere around 0.002. If 

other rivers display a consistent value similar to what is illustrated in Figure 4.14 below, what this 

means could be an interesting concept to explore, since it is possible this relates to steady-state system 

behaviour or state of equilibrium, for example.  

1) 2) 3) 4) 

5) 6) 7) 8) 

9) 10) 11) 12) 

13) 14) 15) 16) 

17) 
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Figure 4.14. Super synthetic aliquot burial-bleach ratios using the approach of Rhodes & Leathard (2022) 

plotted against downstream distance. Note the grey dashed line is drawn as a potential average burial-bleach 

ratio of 0.002 that is characteristic of the transport regime of the Allt Dubhaig. This has not been calculated, it 

is a suggestion and possibly interesting concept to explore if this type of pattern is observed in other rivers. 

 

4.4.4. Downstream plateau ages  

The plateau ages and plateau types of a subset of nine samples are inspected in close detail. The 

locations of these samples are shown in Figure 4.15. The nine samples were selected to obtain 

representative spatial coverage of the study site: four from the upper reach, three from the middle 

reach, and two from the lower reach. Figure 4.16 displays samples 18031, 22181, 22180 and 22183, 

Figure 4.17 displays samples 22187, 22188, 22189, 22191, and 22190. The relative locations of these 

samples are displayed in each subplot. The plateau ages for individual grains within these nine samples 

are shown in Figure 4.16 and Figure 4.17. The type of plateau is also shown, which refers to the 

measurement temperatures contribute to a given plateau age. The range of plateau ages and plateau 

types has the potential to provide insight into the range of possible storage and transport histories for 

these grains. 
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Figure 4.15. The top panel highlights the locations of the nine samples for which plateau ages were calculated 

with coloured circles. The lab codes of these samples are listed in the corresponding colour to the right of the 

bottom panel. The bottom panel highlights the super synthetic aliquot apparent age estimates for these samples. 

In Figure 4.16, sample 18031 (1) is ~ 100 m upstream of the moraine and has a minimum single grain 

plateau age of 0.36 ± 0.05 ka. The majority of grains likely share this history; a few grains display 

older ages with a the oldest > 100 ka. Moving downstream, sample 22181 (2) has a plateau age of 0.26 

± 0.05 ka, yet we observe many older grains. This sample was taken from the active channel just 

immediately downstream of the moraine. Further, the scatter of its plateau ages (Figure 4.16) closely 

resembles the pattern shown in sample 22178 from glacial till in the moraine exposure (Figure 4.16) 

which was taken from exposed glacial till in the moraine, however they appear to be ‘shifted younger’. 

Similarly, the scatter of plateau ages of the next sample downstream, also share remnants of a 

declining base, but with fewer grains older grains, yet has a minimum age of 0.51 ± 0.8 ka. Continuing 

to move downstream, sample 22183 has a minimum age of 0.19 ± 0.05 ka, and a small group of grains 

with ages ranging from 25 ka to 75 ka.  

 

22188 

22189 

22191 

22190 

Samples

: 

18031 

22181 

22180 

22183 

22187 
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Figure 4.16. Single grain plateau ages for a subset of samples 18031, 22181, 22180 and 22183. Coloured 

points indicate plateau age and type for individual grains. Minimum age calculated from plateau ages is shown 

on each subplot and is indicated by the black dashed line. The bold numbers on each subplot represent the 

relative locations of these samples 

In the middle reach are samples 22187 (10), 22188 (12) and 22189 (14) (Figure 4.16). Here, there is 

less variability but a small number of older grains in samples 22188 (12) and 22189 (14).  There is also 

a downstream reduction in minimum ages of 0.34 ± 0.05 ka, 0.28 ± 0.04 ka, and 0.19 ± 0.03 ka for 

these three samples. The two most downstream samples, 22191 and 22190, have minimum ages of 

0.55 ± 0.07 ka and 0.3 ± 0.05 ka respectively (Figure 4.17). This increase in the lower reach it not 

observed in downstream profiles using any other method of IRSL signal expression (Figure 4.8, Figure 

4.9, Figure 4.10). 

 

0.36 ± 0.05 ka 0.26 ± 0.05 ka 

0.51 ± 0.08 ka 

1) 2) 

3) 

0.19 ± 0.05 ka 

5) 
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Figure 4.17. Single grain plateau ages for a subset of samples 22187, 22188, 22189, 22191, and 22190. 

Coloured points indicate plateau age and type for individual grains. Minimum age calculated from plateau ages 

is shown on each subplot and is indicated by the black dashed line. The bold numbers on each subplot represent 

the relative locations of these sample 

This section has presented the analysis MET-IRSL data for samples from the Allt Dubhaig using 

several different methods including: combined signals apparent age, plateau age, single grain apparent 

age, equivalent dose, sensitivity and burial-bleach distributions, and the plateau ages and types of 

individual grains. Each method of analysis contributes a different type of information to the storage 

0.34 ± 0.05 ka 

10) 

0.28 ± 0.04 ka 

12) 

0.19 ± 0.03 ka 

14) 

0.55 ± 0.07 ka 

16) 

0.30 ± 0.05 ka 

17) 
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and transport story for the Allt Dubhaig. The following section will discuss what can be learnt from 

several of the MET-IRSL analysis methods presented here, and the degree to which each contributes to 

a consistent history in the context of the study site.  

4.5. Discussion  

This section is structured based on the type of sediment transport and storage information it is possible 

to elucidate from the data presented in Section 4.4 into three categories. These are:  

1) Light exposure regime. Bleaching extent prior to burial can be assessed by interrogating 

plateau ages and plateau types of single grains. The downstream evolution of the relative 

frequency of different plateau types is quantified, what can be learnt from this about potential 

sources of sediment to the main channel is discussed. 

2) Storage and transport chronology. ILT-3ET signal ratios of combined signals used to identify 

the degree to which non-equilibrium bleaching conditions are observed in each sample. A 

potential method for quantifying minimum light exposure and storage times between sample 

locations is proposed. 

3) Intra channel grain population characteristics. The degree to which distinct populations of 

grains can be identified within a single sample is assessed with the use of a Gaussian mixture 

model. The downstream evolution of potential distinct grain populations is discussed. 

The final part of this section presents the application of a burial-bleach model described and discussed 

in Section 3.5.1.2 to the downstream profile of combined ILT-3ET signals of samples from the Allt 

Dubhaig. Several approaches to fitting the model to these data are explored. The resulting average 

burial and bleach times that grains are subject to over the time they spend in this system are used in a 

proposed method for estimating virtual velocity. 

4.5.1. Light exposure regime 

What is meant by the term ‘light exposure regime’ is the amount, timing, and number of light exposure 

events that sediment is subject to in a reach of a fluvial system. This can include light exposure during 

transport or following deposition on a point bar or other feature. Broadly, there are two idealised types 

of system behaviour in terms of light exposure: 1) bleaching in transport; and 2) bleaching following 

temporary deposition (Gray et al., 2018; Guyez et al., 2023). In reality, the majority of fluvial systems 

will exhibit both dynamics in some proportion and may also alternate between which is dominant 

through time and space. For simplicity, it is assumed that for the Allt Dubhaig, bleaching is dominant. 

Based on the overall trend of ILT-3ET signal decrease over the study reach, with small sections of 
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increase, it appears that the Allt Dubhaig exhibits storage and bleaching behaviour consistent with 

Conceptual model (3) (Figure 1.8) (Section 1.5), which is shown in Figure 4.18.  

 

Figure 4.18. Conceptual model of an idealised channel whereby as grains are transported through the system 

(left to right), they are subject to both storage and light exposure, but the amount of time exposed to light is 

sufficient, relative to the time spent in storage, to cause an overall decrease in IRSL signal with downstream 

distance (from Section 1.4). 

The identification of plateaus between ILT-3ET signals allows assessment of bleaching extent prior to 

burial. This section explores whether the proportions of plateau types observed in a single sample can 

be used to identify the different pathways grains in that sample may have taken to enter the channel. 

Specifically, grains that were entrained from the moraine, and grains that entered the channel upstream 

of the study reach from elsewhere in the valley. Using the ILT-3ET protocol, there are four possible 

plateau types outlined by Ivester et al. (2022):  

1) Three-temperature (3T) plateau indicates sufficient light exposure to reset all three signals. 

2) Low temperature plateau (LT) between the IR50 and the IR95 implies partial bleaching 

insufficient to reset the slow-bleaching IR140. 

3) High temperature plateau (HT) between the IR95 and the IR140 indicates a short light exposure 

event that causes reduction or resetting of the IR50, but not the IR95 and the IR140, a HT plateau 

also suggests that the penultimate light exposure event was sufficient to reset the IR95 and the 

IR140.  

4) A plateau between the IR50 and IR140. This is a potentially anomalous response where ILT-3ET 

age estimates are not in the ‘right’ order (Rhodes & Leathard, 2022). 

Figure 4.19 shows the frequencies of different plateau types for each sample in Figure 4.15. Starting 

with the samples in the upper reach of the site, we see the highest number of HT plateaus in sample 

22181, which is the first sample downstream from the moraine. It is suggested that this reflects grains 

that have been eroded from the moraine base, and immediately subject to light exposure on entry to the 

in-channel flux. Simultaneously, we see a reduction in LT plateaus and an increase in 3T plateaus for 
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samples 18031, 22181 and 22180. These could be grains that originated upstream of the moraine that 

have spent sufficient time in transport for all three ILT-3ET signals to be reset. This may indicate that 

prior to the perturbation to the in-channel sediment flux caused by input of glacial sediments, grains 

are getting increasingly well-bleached before entering storage are exposed to more light during a 

typical transport cycle as they travel downstream.  

 

Figure 4.19. Frequency of different plateau types. It is possible to observe four types of plateaus using the ILT-

3ET measurement protocol. 

0.34 ± 0.05 ka 

10) 
0.28 ± 0.04 ka 
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0.19 ± 0.03 ka 

14) 

0.55 ± 0.07 ka 
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0.36 ± 0.05 ka 
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Moving towards the middle reach, we see a reduction in HT plateaus and an increase in 3T plateaus in 

samples 22183 and 22187. We also observe a rapid reduction in SSA apparent age and fraction of 

saturation over this ~ 1 km stretch (Figure 4.8). This combination suggests, over this section of the 

stream, grains are being flushed through on relatively short timescales and the dominance of bleaching 

in transport is in fact observed. Further, between samples 22183 and 22191, there is a gradual increase 

in 3T plateaus. This may indicate the ‘resident’ population of grains that originate upstream of the 

moraine and are subject to increasing light exposure as they travel down this ~ 800 m stretch. The 

flattening of age profiles throughout this section is interpreted to mean that grains begin to move 

increasingly slowly through this section and are being bleached for longer durations as they do so. 

In samples 22188 and 22189, we observe a significant increase in HT plateaus combined with a 

gradual increase in SSA apparent age (Figure 4.8) ~ 2 km downstream of our most upstream sampling 

location. However, an increase in minimum plateau age is not observed. This could suggest input of 

new, poorly bleached older material.  

There are two potential explanations for this. First, between sample 22187 and 22188 a small tributary, 

meets the main channel. The tributary, shown in Figure 4.20, flows through the floodplain, adjacent to 

the Allt Dubhaig to the east. Grains that comprise the sediment load of this tributary will have had 

different transport-storage histories owing to its smaller size. In addition, the eastern valley wall is 

considerably further from the tributary than the western wall is to the main channel. Thus, the main 

channel is more likely to be supplied with sediments from the valley sides, from sources such as the 

moraine in the upper section of the alluvial reach. The ages, bleaching and bleaching status of grains 

transported by the tributary will likely differ from those of the main channel, thus perturbing the 

signal. An alterative interpretation follows from the observation of Ferguson & Ashworth (1991), that 

the lateral activity of the Allt Dubhaig increases further downstream of the alluvial section. Thus, 

sufficient new material to cause an increase in apparent age could be supplied by bank erosion of flood 

plain sediments. Making the assumption that floodplain sediments were fluvially transported in the 

main channel prior to deposition and burial, this could account for the poorly bleached status of 

potential input of new material and the older age. The age of the source of this new material is not 

inferred directly from these data. However, an increase in apparent age with downstream distance tells 

us that new material is older than the resident material of the main channel. Both scenarios contradict 

our expectations of minimal lateral input of sediment to the Allt Dubhaig.  
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Figure 4.20. The location of the confluence between the main channel of The Allt Dubhaig and a small tributary 

that joins between the locations of sample 22187 and 22188. 

The ability to identify plateau ages is unique to MET-IRSL. Inspection of the downstream evolution of 

plateau type frequencies has provided insight into the timings and locations of potential perturbation to 

the idealised pattern of Conceptual model 3 shown in Figure 4.19. Two potential mechanisms of lateral 

input of sediment have been identified: 1) in the upper section, likely from the moraine and 2) in the 

middle-lower section, either from tributary input or significant variation in rates of erosion of 

floodplain sediments, or a combination of these processes. It is suggested that the case of variable rates 

of bank erosion of floodplain sediments is perhaps most consistent with the observations presented 

here and those of other studies (e.g. Ferguson & Ashworth, 1991). 

4.5.2. Grain storage and transport chronology 

This section will inspect signal ratios of combined signals used to identify the degree to which non-

equilibrium bleaching conditions are observed in each sample and explore a method for quantifying 

minimum light exposure and storage times between sample locations. 

By applying the concept of equilibrium and non-equilibrium bleaching introduced in Section 3.5.1.1 in 

Chapter 3, the extent of light exposure prior to burial, for the total signal, can be determined. Here, 

equilibrium bleaching parameters measured for sample 22181 (the second sample along the 

downstream profile) were used to forward model bleaching rates of ILT-3ET signals with increasing 

prior light exposure (Figure 4.21). This forward model predicts the reduction in bleaching rate with 

increasing prior light exposure, shows this effect is more pronounced at the lower measurement 

temperatures, as observed in Experiments 3.4.1.1 and 3.4.1.2, Chapter 3. The black line in the plots 

shown in Figure 4.21 represents an equilibrium bleach. 

22187 
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Figure 4.21. Measured equilibrium and modelled non-equilibrium blue light bleach curves for combined 

signals of sample 22181 expressed as a fraction of the unbleached signal  for the IR50 (A), IR95 (B) and IR140 

(C). The bold black line in each panel is a fit to equilibrium blue light bleaching measurements. The coloured 

lines are forward modelled non-equilibrium bleach curves with increasing lengths of prior blue light exposure. 

Signal ratios for the modelled decays in Figure 4.21 were calculated by dividing the IR50 decays by the 

IR95 decays and dividing the IR95 decays by the IR140 decays. These are shown by the coloured lines in 

Figure 4.22 below, with observed signal ratios from the suite of 17 fluvial samples from the Allt 

Dubhaig (black circles). Signal ratios of observed samples were calculated using fraction of saturation 

A) 

B) 

C) 
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In Figure 4.21, the y-axis is the signal ratio; the x-axis is an estimated light exposure time. For the 

observed fluvial signals, an estimated fraction of saturation light exposure equivalent was calculated 

by using Eq. 1.3, Chapter 1, which is the bleaching function of (Bailiff & Barnet, 1994), rearranged in 

terms of time, t with I0 as the observed fraction of saturation. Estimated light exposure equivalent is 

herein denoted as 𝑡 ≈ 𝐹𝑜𝑆. Non-equilibrium bleaching is assumed because, looking at Figure 4.8 

agreement between ILT-3ET signals is not observed, which suggests signals were not reset prior to 

burial. Therefore, parameters a, and b are the corresponding non-equilibrium bleaching parameters 

from the fits shown in Figure 4.21 above. Each sample was assigned a pair of non-equilibrium 

parameters, depending on its signal ratio.  

 

Figure 4.22. Ratios of measured equilibrium (black line) and modelled non-equilibrium (coloured lines) blue 

light bleach curves of sample 22181. A) ratios of the IR50 to the IR95 signals. B) Ratios of the IR95 to the IR140 

signals. The black circles represent ratios of measured signals of the fluvial samples, for these data x-axis 

values were calculated by converting fraction of saturation to estimated light exposure equivalent using the 

bleaching function of (Bailiff & Barnet, 1994), rearranged in terms of time, t. 

 

  

A) 

B) 
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By estimating the degree of departure along the x-axis of the observed signal ratios (black circles in 

Figure 4.22) from the equilibrium line (black line in Figure 4.22), using linear interpolation, it is 

possible to estimate light exposure prior to burial, 𝑡𝑝𝑟𝑖𝑜𝑟 for that sample accounting for the necessary 

increase in signal of the following sample. A minimum length of past light exposure is estimated using 

the signal ratios of the IR50 and the IR95, and a maximum exposure time using the signal ratios of the 

IR95 and the IR140. These values are converted to a fraction of saturation equivalent, ∆𝐹𝑜𝑆, which 

represents the change in fraction of saturation as a result of estimated light exposure prior to burial. 

This can be expressed as: 

𝑡𝑝𝑟𝑖𝑜𝑟 =  𝑡𝑒𝑞 − 𝑡𝑂 (4.1) 

∆𝐹𝑜𝑆 =  
𝐹𝑜𝑆𝑂

(1 + 𝑎 ∗ 𝑡𝑝𝑟𝑖𝑜𝑟)𝑏
(4.2) 

where 𝑡𝑂is light exposure in seconds when y is equal to observed fraction of saturation, 𝑡𝑒𝑞 is light 

exposure in seconds when the equilibrium ratio is equal to observed fraction of saturation, 𝐹𝑜𝑆𝑂 is 

observed fraction of saturation for a given ILT-3ET signal for a given sample, a is bleachability from 

equilibrium fits shown in Figure 4.5.3 above, b is order from fits the equilibrium fits shown in Figure 

4.21 above. Figure 4.23 shows ∆𝐹𝑜𝑆 subtracted from 𝐹𝑜𝑆𝑂 plotted with downstream distance for the 

three ILT-3ET signals. 
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Figure 4.23. FoSO with ∆𝐹𝑜𝑆 subtracted from FoSO for each sample location. FoSO is simply observed fraction 

of saturation., ∆𝐹𝑜𝑆 is calculated as the degree of departure of the observed signal ratios from measured 

equilibrium ratios converted into fraction of saturation. ∆𝐹𝑜𝑆 is calculated using the corresponding non-

equilibrium bleaching parameters. A) A minimum ∆𝐹𝑜𝑆 is calculated using IR50 to IR95 signal ratios. B) A 

maximum ∆𝐹𝑜𝑆 is calculated using IR95 to IR140 signal ratios 

Figure 4.23 shows that in the upstream section, where a rapid decrease in fraction of saturation is 

observed, longer bleach times, which produce larger values for ∆𝐹𝑜𝑆, prior to burial are necessary to 

achieve this rate of signal reduction. Whereas downstream, shorter bleach times are observed. Figure 

4.24 shows minimum and maximum estimates of light exposure equivalent, 𝑡 ≈ 𝐹𝑜𝑆. In contrast to 

what is observed in Figure 4.23, minimum and maximum estimates of  𝑡 ≈ 𝐹𝑜𝑆 increases significantly 

downstream (Figure 4.24) 

  

A) 

B) 
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Figure 4.24. Minimum and maximum light exposure equivalent, 𝑡 ≈ 𝐹𝑜𝑆 of combined ILT-3ET signals plotted 

with downstream distance. It appears light exposure prior to the most recent burial increases downstream. 

This suggests some mechanism that causes and increase in fraction of saturation, and apparent age, 

despite increasing light exposure prior to burial downstream, and that does not cause our three signals 

to depart from each other significantly. It is suggested that this mechanism is the entrainment of 

floodplain material eroded from the banks, the signal of which may also have been observed in single 

grain plateau type variability presented in Section 4.19. Further, the input of this new material does not 

cause significant perturbation to the relative difference between the three signals. Therefore, it is 

suggested that the ILT-3ET signals of these flood plain sediments could be in similar ratios to those 

that we observe in our samples from the main channel. In turn, this may indicate that these sediments 

were previously transported under a transport regime similar to that we observe in the present day.   

4.5.3. Intra-channel grain population characteristics 

This section discusses the potential of single grain distributions to provide a finer resolution insight 

into the diversity of grain histories in the system, and isolate distinct groups of grains with shared 

histories. The real power behind this concept stems from the fact that a single grain is the smallest 

measurable unit of transport and storage. A single grain has been subject to the same dose and light 

exposure history. Additional power comes from the ability to curate hundreds of observations from a 

single sample, which allows for assessment of the probabilities of different transport and storage 

histories.  

A gaussian mixture model is fit to logn single grain equivalent dose distributions for all 17 of the 

samples collected from the active channel of the Allt Dubhaig. These include all grains that provided 

an equivalent dose and therefore contain information from partially bleached grains as well as well-

bleached grains. Each sample was fit with one through six components and Akaike Information 
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Criterion applied to determine the number of components that produced an optimal fit. Optimal fits are 

displayed in Figures 4.25-28 for equivalent doses determined from the IR50, IR95 and IR140 signal.  

 

Figure 4.25. Optimal fits of a gaussian mixture model to log equivalent dose distributions estimated for the IR50, 

IR95 and IR140 signals. Black lines represent the best fit probability density function, coloured dashed lines 

represent best fit component probability density functions. Samples shown here are 18031, 22181, 22180, 

22182, in downstream order 
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Figure 4.26. Optimal fits of a gaussian mixture model to log equivalent dose distributions estimated for the IR50, 

IR95 and IR140 signals. Black lines represent the best fit probability density function, coloured dashed lines 

represent best fit component probability density functions. Samples shown here are 22183, 18034, 22184, 

22185, in downstream order. 
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Figure 4.27. Optimal fits of a gaussian mixture model to log equivalent dose distributions estimated for the IR50, 

IR95 and IR140 signals. Black lines represent the best fit probability density function, coloured dashed lines 

represent best fit component probability density functions. Samples shown here are 22186, 22187, 22192, 18033 

in downstream order. 
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Figure 4.28. Optimal fits of a gaussian mixture model to log equivalent dose distributions estimated for the IR50, 

IR95 and IR140 signals. Black lines represent the best fit probability density function, coloured dashed lines 

represent best fit component probability density functions. Samples shown here are 22188, 22189, 18032, 

22191, 22190 in downstream order. 



116 

 

Using this procedure, two gaussians provide an optimal fit for the three most upstream samples, and 

this is consistent for all three measurement temperatures, apart from the IR140 and IR95 for sample 

22180. Continuing downstream, IR50 distributions remain best fit by two components, with an 

increasingly greater probability of grains belonging to the younger component population, until the 

tenth sample downstream, 22192. The IR95 distributions of samples 22183 and 18034, the fifth and 

sixth samples downstream, are best fit by four and three components respectively. The IR140 for these 

samples is best fit by three and two components. Downstream from this, IR140 equivalent dose 

distributions are best fit by a single gaussian and the optimal fit for the IR95 fluctuates between two and 

three components. Yet further downstream, at sample 22189 and 22191, the IR95 is best fit with five 

components, however this complexity is not detected by this procedure in the distributions of the IR50 

and IR140. 

The same procedure was applied to equivalent dose distributions of sample 22178, taken from the 

moraine sediments, with results visible in Figure 4.29. The plateau age of this sample was measured to 

be 14.9 ± 2.6 ka. The moraine sediments are largely comprised of two main components, with grains 

much more likely to be from the older population. The older grains are likely pre-glacial sediments, 

perhaps deposited fluvially or comprising soil cover. 

 

Figure 4.29. Optimal fits of a gaussian mixture model to log equivalent dose distributions estimated for the IR50, 

IR95 and IR140 signals for sample 22178, which was taken from the moraine. Black lines represent the best fit 

probability density function, coloured dashed lines represent best fit component probability density functions.  

For the fluvial samples, the probabilities of grains belonging to either of the two populations within 

each of the four most upstream samples appear to be of a more similar size, compared to the moraine 

sample shown in Figure 4.29. One explanation for this is that the younger population is comprised of 

fluvial sediments transported from elsewhere in the catchment, and that the older population is 

comprised of glacial sediments entrained from the moraine in the upstream section of the study site. 

With four components providing a best fit, the IR140 distribution of sample 22180 suggests comparable 

likelihoods of finding grains of four different ages. This is not in agreement with the IR50 or the IR95, 

and could be the product of the low bleachability of the IR140. It is possible that as grains are entrained 
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from the moraine, the IR50 and IR95 are bleached rapidly and that their distributions more closely 

reflect the transport regime of the stream. In this scenario, the IR140 may reflect the various bleaching 

histories of the grains that comprise the moraine sediments.  

There is consistent homogeneity of the IR140 downstream of sample 18034, whereas the IR50 and IR95 

distributions display greater complexity. An explanation for this behaviour could be related to the 

concept of equilibrium and non-equilibrium bleaching. As well as a slow bleaching rate, the IR140 is 

also characterised by a slower departure from equilibrium bleaching conditions (Figure 4.5.3). The 

forward model of bleaching rate following variable lengths of past light exposure in Section 4.5.3.2 

predicts that the IR140 requires ~ 5 minutes of prior blue light exposure in laboratory conditions to 

display significant departure from equilibrium bleaching behaviour. In nature, there are several factors 

that could lengthen the time necessary for this to occur in this setting, such as cloud cover and 

turbidity. Thus, it is suggested that the complexity of the IR50 and IR95 relative to the IR140, may 

reflect populations of grains in various degrees of disequilibrium, which are a product of different light 

exposure and transport histories.  

4.5.4. Burial-bleach model development for transport rate estimation 

This section discusses the application of the burial-bleach model described in Section 3.5.1.2, Chapter 

3 to the downstream profile of combined signals. A detailed description parameters can be found in 

3.5.1, Chapter 3. In this preliminary modelling study, the burial-bleach model was fit to the fluvial 

dataset by minimising the sum of the squared difference between the most upstream data point and the 

most downstream data point. In Section 5.5 some of the results shown below are compared to those 

obtained through modelling the histories of individual grains. 

Model parameters include: number of burial-bleach cycles, bleach time per cycle, burial time per 

cycle, bleaching acceleration and burial acceleration. The number of cycles simulated was varied 

between 5 and 15, burial time was varied between 200 and 2000 years, and both bleaching and burial 

acceleration was varied between 0.5 and 2.5. Parameter space was explored for bleach time per cycle 

to experiment with scenarios where either bleaching or storage dominates luminescence behaviour of 

the in-channel sediment. Each parameter was sampled at 10 equal steps and each model run was 

comprised of 100,000 simulations. The application of the burial-bleach model to this dataset provides 

an estimate of average bleaching and burial times for each cycle of transport and storage, and an 

estimate of the number of cycles a grain or group of grains will undergo between the most upstream 

sampling location and the most downstream sampling location. 

The model was fit to the data using three approaches to assess its explanatory power for the behaviour 

of this system. These approaches are: 1) using the entire suite of 17 fluvial samples collected in 2018 
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and 2022) using the dataset of the 13 samples collected in 2022 only (this dataset does not include the 

sample upstream of the moraine); and 3) by separating the 2022 dataset into an upstream section where 

rapid reduction in signals is observed and a downstream where gradual increase in signal is observed 

and fitting these individually. 

All model fits used bleaching and growth parameters from direct measurements of sample 22181 (the 

third sample downstream). For the first approach, bleach time per cycle was varied between 10 and 60 

seconds. These values were selected based on the decay of the fastest bleaching signal, the IR50 

observed for sample 22181. The best fit returned eight cycles of bleaching and burial; 40 seconds of 

bleaching per cycle; 200 years of burial per cycle; a bleaching acceleration factor of 2.05, and a burial 

acceleration factor of 1.16. A visual representation of this model output is shown in Figure 4.30. This 

simulation predicts that, on average, bleaching and storage times increase by 105% and 16% each 

cycle respectively. Applying the method of transport rate estimation outlined by Conceptual model 1 

(Figure 4.30), whereby a virtual velocity can be calculated using the sum of estimated storage times 

per cycle (Section 1.5), virtual velocity is estimated at 1.26 m yr-1 over ~3.5 km. 

 

Figure 4.30. Visualisation of the best fit of the burial bleach model to the entire fluvial dataset from 100,000 

simulations using approach 1). The number of cycles simulated was varied between 5 and 15, bleach time was 

varied between 10 and 60s, burial time was varied between 200 and 2000 years, and both bleaching and burial 

acceleration was varied between 0.5 and 2.5. 

There is a clear departure of the data from the model at ~0.75 km, which is where it is suggested that 

the erosion of moraine sediments causes an elevation of the in-channel sediment flux luminescence 

signal, most notable for the IR140. Downstream from here, the model performs well at estimating the 

downstream behaviour of the IR50 and IR95. Allowing for longer bleach times, between 100 and 1000 

seconds per cycle did not improve the fit for this approach. 
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The second approach simulates bleaching and burial from the first sampling location downstream from 

the moraine, with a much higher initial fraction of saturation, and starts by varying bleach time per 

cycles between 10 and 60 seconds. Using the second approach (Figure 4.31), the optimal fit returned 

13 cycles of bleaching and burial, 43 seconds of bleaching per cycle, 1200 years of burial per cycle, a 

bleaching acceleration factor of 2.27, and a burial acceleration factor of 0.94. Here, the model predicts 

that, on average, bleach time is increasing by 127% every cycle, whereas storage times are decreasing 

by 6%. These parameter values produce a virtual velocity estimate of 0.31 m yr-1, much slower than 

that estimated using the first approach. In addition, the model is unsuccessful at capturing the rate of 

decrease in IR140 signal. 

 

 

Figure 4.31. Visualisation of an optimal fit of the burial bleach model to the 2022 dataset from 100 000 

simulations. The number of cycles simulated was varied between 5 and 15, bleach time was varied between 10 

and 60s, burial time was varied between 200 and 2000 years, and both bleaching and burial acceleration was 

varied between 0.5 and 2.5 

The discrepancy in estimated transport rates between first and second approaches appears to be caused 

by the much longer average storage times predicted by the second approach. Subsequently, the 

parameter space for bleach time per cycle was further explored. By varying bleach times between 1000 

and 10000 seconds, the following optimal fit was produced (Figure 4.32). 
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Figure 4.32. Visualisation of an optimal fit of the burial bleach model to the 2022 dataset from 100 000 

simulations. The number of cycles simulated was varied between 5 and 15, bleach time was varied between 100 

and 10000s, burial time was varied between 200 and 2000 years, and both bleaching and burial acceleration 

was varied between 0.5 and 2.5. 

With alternative bleach time parameter space, the model predicts 9 cycles of bleaching and burial; 

4450 seconds of bleaching per cycle; 1000 years of burial per cycle; a bleaching acceleration factor of 

1.83, and a burial acceleration factor of 0.94. Here, the model predicts that, on average, bleach time is 

increasing by 83% every cycle, whereas storage times are decreasing by 6%. This produces a virtual 

velocity estimate of 0.38 m yr-1.  

Figure 4.32 above displays an improved model fit for the 2022 dataset, where the most upstream 

sample is located downstream from the moraine and thus, an elevated fraction of saturation is 

observed. At this location elevated luminescence signals in the active channel indicate input of 

material (moraine sediments) with different signal magnitudes, rather than a variable transport rate or 

conditions. It is possible a variation in transport style is observed further downstream, where apparent 

age begins to gradually increase in the first four downstream samples. Downstream signal profiles (e.g. 

Figure 4.8) combined with results from Section 4.5.2 and Section 4.5.3 support this notion and suggest 

that the system may undergo a transport regime shift between the rapid signal reduction upstream 

section and the gradually increasing signal in the downstream section.  

The possibility of an apparent shift in transport style was explored by applying the model to the 2022 

dataset where the ~1.5 km upstream reach and the ~2 km downstream reach were treated in isolation 

(Figure 4.33). Bleach times were varied between 100 and 1000 seconds. For simulation of the 

upstream section, the optimal number of cycles was seven, bleach time per cycle was 230 seconds with 

an acceleration factor of 2.27, burial time per cycle was 200 years, with an acceleration factor of 1.16. 

Using these parameter values, estimated virtual velocity is calculated at 0.5 m yr-1. Simulation of the 
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downstream section yielded an optimal number of cycles of five bleach time per cycle was 560 

seconds with an acceleration factor of 1.16, burial time per cycle was 200 years, with an acceleration 

factor of 1.16. These parameter values produce a virtual velocity estimate of 1.39 m yr-1. The key 

differences in model output for upstream and downstream is the bleach time per cycle and bleaching 

acceleration factor, as well as the number of burial-bleach cycles. The virtual velocity estimates differ 

by ~0.9 m yr-1, with faster average transport in the downstream reach. 

 

Figure 4.33. Burial-bleach model applied to upstream and downstream sections of the Allt Dubhaig in isolation.  

Left panel: visualisation of an optimal fit of the burial bleach model to the upstream section of the 2022 dataset 

from 100 000 simulations. Right panel: visualisation of an optimal fit of the burial bleach model to the 

downstream section of the 2022 dataset from 100 000 simulations. The number of cycles simulated was varied 

between 5 and 15, bleach time was varied between 1000 and 10000s burial time was varied between 200 and 

2000 years, and both bleaching and burial acceleration was varied between 0.5 and 2.5. 

Upstream, this devolved approach improves the fit for the IR140, but is not as successful for the lower 

temperature signals. Downstream, the IR140 and IR95 are slightly underestimated, similarly to the first 

two approaches. Estimated virtual velocity for the downstream reach is just 0.13 m yr-1 above virtual 

velocity derived using the first approach, which fits the model to the 2018 and 2022 datasets 

combined, and includes a data point upstream of the moraine. This suggests that perturbation to the in-

channel signals caused by the addition of moraine sediments is relatively short-lived, as the system 

bleaches away the luminescence signature of these grains over ~0.5 km. In turn, this may indicate that 

the rate of erosion of moraine sediments is such that the volume of sediment entrained is small relative 

to the in-channel flux. 

Longer bleach times in the downstream section are consistent with the findings of Section 4.5.2 (e.g. 

Figure 4.24). There is an abrupt change in channel gradient reported by Ferguson et al., (1991) (from 

0.02˚ to 0.00015˚), which occurs between 2 and 2.5 km downstream from the first sample location of 

this study. As a result, longer light exposure times would be expected as grains remain on the bed or 
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travelling slowly because of the significant reduction in bed shear stress (100 Pa to 30 Pa) associated 

with the change in gradient (Ferguson et al., 1996). However, an elevated transport rate is not expected 

in these conditions. Thus, in this case, the model is underestimating the number of times grains are 

subject to a cycle of transport and storage in the downstream reach. This illustrates that different 

systems will be sensitive to perturbation of different parameters (e.g. bleaching and burial) dependent 

on whether transport or storage dominates the luminescence behaviour of the in-channel sediment. A 

robust statistical study of model sensitivity to parameter variability is required to address this. In 

addition, further model development to simulate lateral input of new material represents a crucial next 

step for MET-IRSL based sediment transport models. 

4.6. Conclusions 

Samples were collected from the active channel of a small gravel bed river, the Allt Dubhaig in 

Scotland and measured using the ILT-3ET protocol, a low-three-temperature MET-IRSL protocol 

adapted from the protocols of Ivester et al., 2022 and Rhodes & Leathard (2022). Downstream profiles 

of MET-IRSL signals were presented using a range of approaches, single grain distributions of 

apparent age, sensitivity and burial-bleach ratios were presented and clear downstream trends in single 

grain distributions were identified. Notably, it was observed that single grain distributions narrowed 

with downstream distance and that there was increasing dominance of light exposure over storage with 

downstream distance. It was interpreted that this was an indication that the system bleaching and burial 

characteristics of the Allt Dubhaig were most aligned with Conceptual model 3 (Section 1.5) where the 

length of light exposure to which grains are subject to during transport is sufficient to cause an overall 

decrease all MET-IRSL signals with downstream distance despite evidence of storage. 

Prior to sample measurement, it was expected that the Allt Dubhaig would display ‘flume-like’ 

behaviour based on evidence presented in the literature (e.g. Ferguson & Ashworth, 1991; Hoey & 

Ferguson, 1994, Ferguson & Wathen, 1998; Ferguson et al., 2002). However, multiple lateral inputs 

were identified through interrogating plateau ages and plateau type variability of single grains (Section 

4.5.1), quantification of non-equilibrium bleaching conditions (Section 4.5.2), and examining intra-

channel grain population characteristics to identify distinct groups of grains with shared histories 

(Section 4.5.3). It was interpreted that the sources of lateral input are glacial sediments from a moraine 

in the upstream section of the study site, and elevated rates of erosion of flood plain sediments through 

bank erosion. Moraine input was initially revealed by a significant increase in MET-IRSL signals in 

samples immediately downstream from the location of the moraine. Further, moraine sediments were 

dated using single grain ILT-3ET (~15 ka) and plateau ages were identified. Subsequently, the 

signatures of these grains were detected through inspecting the variability of single grain distributions 

and single grain plateau ages in downstream samples. Elevated levels of entrainment of floodplain 
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sediments were investigated due to an observed zones of gradual downstream increase in MET-IRSL 

ages of combined signals in the middle and lower sections of the study site. An alternative process 

causing this increase was hypothesised to be input from a small tributary ~2 km downstream. It was 

concluded that entrainment of flood plain sediments was the more credible source of input responsible 

for downstream increases through inspection of signal ratios, which revealed that the older input did 

not cause significant perturbation to the ratios of signals of samples from the main channel. Therefore, 

it was interpretated that this indicated that grains comprising input at these locations were transported 

under similar conditions to those observed in the present day. 

A burial-bleach model was applied to the Allt Dubhaig dataset using several approaches. One 

approach, which fitted the model to a subset of 13 samples that were collected in 2022, estimated that 

grains in this system were subject to nine cycles of storage and transports over the length of the study 

reach and that, on average, cycles comprised of 4450 seconds of bleaching and 1000 years of burial 

per cycle, but also that light exposure increased by 83% every cycle, and that storage times decreased 

by 6%. Estimates of average storage times were used to produce a virtual velocity estimate of 0.38 m 

yr-1 over ~ 3 km. Using another approach, the model was fitted to the ~1.5 km upstream reach and the 

~2 km downstream reach in isolation to explore the possibility of a shift in transport regime, and how 

transport rates may vary over the length of the study site. Upstream, the model fitted seven cycles of 

bleaching and burial comprised of 230 seconds of light exposure and 200 years of burial which 

increase by 120% and 15% each cycle respectively. Downstream, the model fitted five cycles of 

bleaching and burial comprising of 560 seconds of bleaching and 200 years of burial, which both 

increased by 15% each cycle. This devolved approach produced slower transport for the upstream 

reach, and faster for the downstream reach at 0.5 m yr-1 and 1.39 m yr-1 respectively. Overall, MET-

IRSL analysis and modelling of signal was able to reveal the Allt Dubhaig is a more complex system 

than is suggested by existing literature e.g. Ferguson & Ashworth (1991); Hoey & Ferguson (1994), 

Ferguson & Wathen (1998); Ferguson et al., (2002); Hodge et al., (2011).  
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5.0. Chapter 5 Application of MET-IRSL to large-scale 

fluvial systems and a model to reconstruct the transport 

histories    

5.1. Introduction 

This chapter applies some of the techniques presented in Chapter 4 to MET-IRSL data from two fluvial 

systems in different geomorphic settings. The Solimões River is usually considered the main strand of 

the Amazon system. The Solimões flows ~1600 km from the Peruvian border to the confluence of the 

Rio Negro, ~75 km east of Manaus. The headwaters of the Santa Clara River River are located ~50 km 

north of Central Los Angeles. From here it flows ~130 km to the Pacific Ocean coast just south of the 

city of Ventura. This chapter tests the utility of MET-IRSL as tool to extract information of sediment 

transport for systems with potentially more complex dynamics, and MET-IRSL signal behaviour, than 

that of the Allt Dubhaig, Scotland presented in Chapter 4. 

The final section of this chapter (Section 5.5) presents an approach to modelling the bleaching and 

burial histories of individual grains for three samples (two from the Allt Dubhaig and one from the 

Solimões) by adapting the burial-bleach model that was introduced in Section 3.5.1.2 in Chapter 3. It is 

demonstrated that the signal ratios of individual grains are directly related to whether grains have been 

bleached in an equilibrium or non-equilibrium state and that these ratios can be reproduced for each 

grain using this approach. Subpopulations of grains with shared histories are identified and it is 

suggested that grains preserve a memory of upstream bleaching and burial conditions at downstream 

locations. It is shown that transport rates can be derived from single grain measurements through the 

application of this modelling approach. 

5.2. Methods 

5.2.1. The Solimões River, Brazil 

The Solimões is the name given to the main strand of the Amazon River and flows ~ 1600 km east 

from where the borders of Colombia, Peru and Brazil meet to Manaus where it is joined by the Rio 

Negro. The Solimões drains an area of 2,150,000 km2 with a mean discharge of 102,800 m3 s-1 

(Meade, 1994). The rivers that comprise the Amazon system fall into three categories based on their 

biogeochemistry (Sioli, 1984): whitewater, blackwater and clearwater rivers. The Solimões is a 

whitewater river, which means carries a high load of nutrient-rich suspended sediments (Furch, 1984). 
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5.2.1.1. Study site and sampling strategy 

The Solimões samples presented in this chapter were collected from the riverbed by Andre Sawakuchi 

in 2010-11. This was achieved from a boat with a light-proof tent constructed around the centreboard, 

which is like a retractable keel that allows access to the water so a grab could be lowered down to the 

riverbed to obtain a sample. Twelve samples were collected from the Solimões and one from the Rio 

Negro (lab code L0610). The locations of these samples are shown in Figure 5.1. The depth and 

distance downstream for each sample is shown in Table 5.1. The environmental dose rate used for age 

estimation of these samples is 2.0 Gy/ka, based on measurements from other samples in the Amazon 

system (e.g. Sawakuchi et al., 2018). 

 

Figure 5.1. Locations of samples collected from the bed of the Solimões by Andre Sawakuchi in 2010-11 and 

their lab codes. Note one sample (L0610) was collected from the Rio Negro just upstream of where it joins the 

Solimões. This sample is not included in the results and analysis presented in this chapter because here the 

focus is on the evolution of MET-IRSL signals in the main channel of the Solimões. 
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Table 5.1. The depth below the surface and distance downstream for each sample collected from the Solimões 

Lab code Distance downstream (km) Depth below surface (m) 

L0611 0 27 

L0613 78 7 

L0612 98 16 

L0614 156 19 

L0615 219 20 

L0609 253 14 

L0616 414 20 

L0617 455 14 

L0618 617 15 

L0619 762 25 

L0620 815 30 

L0621 859 7.7 
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5.2.1.2. Sample measurement 

Single grains were measured using the METx protocol, a five temperature MET-IRSL protocol adapted 

from the protocol of McGuire & Rhodes (2015a). Adaptations were made following the advice of 

Colarossi et al., (2018) including the use of a larger test dose (20 Gy) and a warm bleach at 250˚C for 

100 seconds prior to the test dose. Two discs comprised of approximately 100 grains were measured 

for each sample. A more detailed explanation of sample measurement and the METx protocol can be 

found in Section 2.2.2.1 in Chapter 2. The METx protocol is summarised in Table 5.2. Felspar samples 

were prepared and sieved at 180-250µm by Andre Sawakuchi in Brazil and sent to the University of 

Sheffield where they were re-sieved to 180-212 µm. 

Table 5.2. The METx protocol used to measure single grains for each of the Solimões samples 

Natural or beta dose 

Preheat 60s 250°C 5°Cs-1 

IRSL 50°C 2.5s 90% power 

IRSL 95°C 2.5s 90% power 

IRSL 140°C 2.5s 90% power 

IRSL 185°C 2.5s 90% power 

IRSL 230°C 2.5s 90% power  

IRSL warm bleach 250°C 100s 90% 

Beta test dose 20 Gy 

Preheat 60s 250°C 5°Cs-1 

IRSL 50°C 2.5s 90% power 

IRSL 95°C 2.5s 90% power 

IRSL 140°C 2.5s 90% power 

IRSL 185°C 2.5s 90% power 

IRSL 230°C 2.5s 90% power  

IRSL hot bleach 290°C 100s 90% 

 

 

 

 

 

 



128 

 

5.2.2. The Santa Clara River, southern California 

The headwaters of the Santa Clara River in the San Gabriel mountains in the Western Transverse 

Ranges of California, from here it flows ~ 130 km west until it meets the Pacific Ocean just south of 

the city of Ventura. The Santa Clara River drains an area of 4200 km2 its annual streamflow is highly 

variable in association with the El Niño Southern Oscillation (e.g. Andrews et al., 2004). The northeast 

of the catchment is bounded by the San Andreas Fault zone and within the catchment are several 

smaller faults including the Ventura fault located just ~ 5 km north of the estuary of the Santa Clara 

River. In a highly tectonically active region also prone to wildfires, rates of sediment supply to the 

Santa Clara River are high, varying between 2-10 times higher in the Western Transverse Ranges 

compared to the surrounding areas (Warrick and Mertes, 2009). 

5.2.2.1. Study site and sampling strategy 

Samples were collected from the active channel of the Santa Clara River by Chris McGuire in 2011-

12. The environmental dose rate was measured in situ at each sample location with a gamma 

spectrometer. The locations of these samples are shown in Figure 5.2. The distance downstream for 

each sample is shown in Table 5.3. 

 

Figure 5.2. Locations of samples collected along the Santa Clara River by Chris Mc Guire in 2011-12. Lab 

codes in downstream order are J0344, J0345, J0346, J0347, J0349, J0350 and J0352.  

 

N 

10 km 
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Table 5.3. Samples collected from the Santa Clara River and distances downstream. 

Lab code Distance downstream (km) 

J0344 0 

J0345 6.7 

J0346 13.4 

J0347 24 

J0349 40.5 

J0350 71.4 

J0352 105.2 

 

5.2.2.2. Sample measurement 

Single grains were measured using the METx protocol in the same manner as the Solimões samples 

(Table 5.2, Section 5.2.1.2). These samples were prepared at the University of California, Los Angeles 

by Chris McGuire in 2012-13. 
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5.3. Results 

5.3.1. The Solimões River, Brazil 

This section first presents downstream profiles of METx signals for the Solimões and discusses how 

expression of downstream METx signals can stimulate different avenues for interpretation and 

research. 

5.3.1.1. Downstream MET-IRSL signal profiles 

Downstream profiles of super synthetic aliquot (SSA) apparent age (ka) (Figure 5.3) and mean 

apparent age (ka) (Figure 5.4) reveal quite different downstream trends. Figure 5.3a shows the 

downstream evolution of all five METx signals, whereas Figure 5.3b shows only the IR50, IR95 and 

IR140 to display these three signals in more detail. 

Figure 5.3. Downstream profile of super synthetic aliquot apparent age, for the Solimões. Super synthetic 

aliquot apparent age is also referred to as combined signal. A) Combined signals of all five METx temperatures. 

B) Combined signals of just the lowest three METx temperatures, to illustrate variability in these signals more 

clearly. 

A) 

B) 
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Figure 5.4. Downstream profile of METx mean apparent ages of the Solimões samples. Includes all grains that 

provided an equivalent dose estimate. 

In Figure 5.3 showing SSA apparent age with downstream distance, an increase in all five METx 

signals is observed ~600 km downstream from the first sampling location, although this is less 

pronounced for the IR50. Over the length of the profile, these signals display four other smaller peaks, 

including the most upstream datapoint. There is strong coherence between signals. In contrast, this 

dramatic fluctuation in signal is not captured by mean apparent age (Figure 5.4). Rather, there is an 

increase in the IR50 and IR95 signals by ~10 and 20 ka respectively over the ~900 km study reach. Note 

that at the first sample location, the IR140, IR185, and IR230 mean apparent ages are within 10 ka of each 

other, whereas the IR50 and IR95 give rise to much younger ages (Figure 5.4). There is some coherence 

between METx mean apparent ages until ~700 km downstream, with the exception of the IR230.  
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Figure 5.5 shows downstream trends in SSA fraction of saturation (N/n). Here, it appears that the 

slowest bleaching IR230 remains close to saturation over the course of the study reach, although these 

signals have large errors. The other four signals, display downstream fluctuations closely resembling 

those of SSA apparent age. The IR185 approaches saturation ~250 km downstream, where it remains for 

~ 150km. With the exception of the IR230, METx fraction of saturation decrease between ~410 km and 

~460 km downstream, and then rise over the next ~150 km. Over the last ~100 km of the study reach, 

the IR50, IR95 and IR140 signals display an increase in fraction of saturation, whereas the IR185 

decreases.

 

Figure 5.5. Downstream profile of super synthetic aliquot METx fraction of saturation of the Solimões samples. 

Figure 5.6 displays the downstream evolution of plateau age (ka). The method for estimating minimum 

age of Ivester et al., (2022) is described in Chapter 2, Section 2.5. These minimum age estimates are 

calculated using only the signals of the well bleached grains, whereas signals expressed as SSA 

apparent age, mean apparent age, and fraction of saturation (Figures 5.3, 5.4, 5.5 respectively), contain 

information from grains that may have been partially bleached prior to burial and storage. The ages of 

the well bleached grains in Figure 5.6 reveal a somewhat different downstream trend. The early peak in 

signal ~100 km downstream is consistent with a rise in mean apparent age signals at this location, 

however, this is not observed for SSA apparent age or fraction of saturation. Over the next ~150 km 

there is a general trend of decrease in minimum age. This decrease is observed only for the IR50 SSA 

apparent age and the IR50, IR95 and IR185 fraction of saturation. Another difference worth noting is that 

the large increase in SSA apparent age ~600 km downstream for all five METx signals is absent from 

the downstream profile of minimum age. Rather, there is a ~7 ka increase in minimum age ~450 km 

downstream, which is this is far less dramatic than that observed in Figure 5.3a, 5.3b. 
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Figure 5.6. Downstream profile of minimum METx plateau ages of the Solimões samples. Note plateau ages are 

calculated from well-bleached grains. 

For these samples, the total signal, which includes the signals of partially bleached grains, provides 

information on sediment transport and system dynamics that can be lost in a simple arithmetic mean 

signal from the same grains. At least for the IR140, IR185 and IR230, downstream trends in total signal 

reveal a large increase in SSA apparent age ~600 km downstream (Figure 5.3a). Since this increase is 

not as marked in the downstream profile of mean apparent age (Figure 5.4), this suggests that these are 

large signals coming from a few grains. Nonetheless, an increase in mean apparent age for the IR50, 

IR95, IR140 and IR185 signals is observed at this location. In contrast, this is not observed when looking 

at just the well bleached grains that provide a minimum age (Figure 5.6). From this, it is suggested that 

the large increase in total signal ~600 km downstream reflects input of older, poorly bleached material 

at some location between ~450 and ~600km. This could reflect grains coming out of storage, or from 

geologic sources not attributable to palaeo-Solimões deposition.  

As discussed in Chapter 4, well bleached and partially bleached grains can be identified through the 

measuring of multiple IRSL signals at a series of elevated temperatures. Here, it is suggested that both 

types of grains provide information that could be valuable for determining sediment transport 

dynamics. For the partially bleached grains, even where there are no apparent age estimates in 

agreement, the relative differences between multiple signals contains information on the transport 

conditions for these grains (e.g. the ‘burial-bleach ratio’ of Rhodes & Leathard, 2023 discussed in 

Chapter 4), whereas plateau ages and plateau types of the well bleached grains can provide information 

on duration of past light exposure and storage times (insights into the light exposure history of 

individual grains from plateau age and plateau type are presented and discussed in the following 

section). Differences in downstream behaviour indicate it may be valuable to utilise multiple means of 



134 

 

signal expression, such as total signal, average signal and minimum age, when using IRSL as a tool to 

investigate fluvial sediment transport and storage histories. 

5.3.1.2. Single grain plateaus 

Figures 5.7 and 5.8 show the plateau ages for all grains that provided plateau ages, including those that 

did not contribute to the minimum age estimate for that sample. Figure 5.7 displays these results for 

samples L0611, 613, 612, 614¸615, 609, in downstream order. Figure 5.8 shows samples L0616, 617, 

618, 619¸620, 621, in downstream order. The different coloured points in Figures 5.7 and 5.8 

correspond to the number of METx signals that form the plateau. When using the METx measurement 

protocol, there are 26 possible types of plateaus. At first order, the age of the plateau provides 

constraint on the timing of a bleaching event at deposition. At second order, the degree to which high 

temperatures form a plateau, the better bleached a grain was before it was buried. In more detail, 

plateau ‘depth’, which relates to the highest temperature plateau-forming METx signal, may provide 

information on the minimum extent of past light exposure for multiple events. Thus, downstream 

variability in the relative proportions of different plateau types can be interpreted to indicate changes in 

bleaching conditions, and therefore potentially relate to transport conditions through time.  
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Figure 5.7.  Single grain plateau ages for the first six Solimões samples. Lab codes: 1) L0611, 2) L0613, 3) 

L0612, 4) L0614, 5) L0615, 6) L0609. Data points are coloured in accordance with the number of METx 

temperatures that form a plateau. Two-temperature plateaus are blue, three temperature plateaus are purple, 

four-temperature plateaus are red, five-temperature plateaus are yellow. Minimum age calculated from plateau 

ages is shown on each subplot and is indicated by the black dashed line. The numbers on each subplot represent 

the relative locations of these samples 

 

1) 11.6 ± 1.9 ka 2) 7.6 ± 1.7 ka 

3) 12.1 ± 2.0 ka 4) 5.9 ± 1.3 ka 

5) 6.2 ± 1.3 ka 6) 3.3 ± 0.8 ka 
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Figure 5.8. Single grain plateau ages for the last six Solimões samples. Lab codes: 7) L0616, 8) L0617, 9) 

L0618, 10) L0619, 11) L0620, 12) L0621. Data points are coloured in accordance with the number of METx 

temperatures that form a plateau. Two-temperature plateaus are blue, three temperature plateaus are purple, 

four-temperature plateaus are red, five-temperature plateaus are yellow. Minimum age calculated from plateau 

ages is shown on each subplot and is indicated by the black dashed line. The numbers on each subplot represent 

the relative locations of these samples. 

 

 

7) 3.7 ± 1.4 ka 8) 10.3 ± 1.0 ka 

9) 5.5 ± 1.0 ka 10) 4.3 ± 1.2 ka 

11) 9.0 ± 1.7 ka 12) 1.3 ± 0.4 ka 
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Figures 5.7 and 5.8 show a relatively high variability of plateau ages within each sample, and that this 

is consistent over the ~900 km study reach. This consistent variability is particularly high compared to 

that observed in the Allt Dubhaig samples in Figure 4.4.9.  It also appears that for the majority of 

samples, two-temperature plateaus are most abundant (Figure 5.7, 5.8). This is with the exception of 

three samples at 78 km, 414 km and 815 km downstream. These samples have a higher proportion of 

three-temperature plateaus, to which IR95-IR140-IR185 plateaus are the largest contributors. For these 

grains, a possible interpretation of their light exposure history is as follows, in chronological order: 1) 

Most recent bleach event: prior to the most recent burial, grains were bleached for a short time that 

allowed the IR50 signal to begin to decay, but not long enough for the IR95 to start decaying at a rate 

that caused its departure from the IR140 and IR185, 2) Penultimate bleach event: a much longer light 

exposure event, grains were bleached for sufficient time to allow all METx signals to reset, apart from 

the slowest bleaching IR230,  the timing of this event is described by the plateau age. 

Figure 5.9 shows downstream variability of the relative proportions of two-, three-, and four-

temperature plateaus. As mentioned above, two-temperature plateaus are most abundant other than at 

three locations. Looking at four-temperature plateaus, after an initial reduction over the first ~100 km, 

there is a gradual, but clear increase in the relative proportion of four-temperature plateaus with 

downstream distance. With METx, there are five possible four-temperature plateaus. The simplest to 

interpret are IR50-IR95-IR140-IR185 and IR95-IR140-IR185-IR230 plateaus, which herein will be referred to 

as ‘low’ or ‘high’ four-temperature plateaus respectively (L4T and H4T plateaus).  

 

Figure 5.9. Downstream variability in the proportions of two-, three- and four-temperature plateaus from single 

grain measurements of the Solimões samples. 
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Both types of four-temperature plateaus indicate grains were well-bleached during the event to which 

the plateau age corresponds. L4T plateaus suggest extensive bleaching prior to the most recent burial, 

whereas H4T plateaus indicate a much shorter bleaching event prior to the most recent burial (or 

fading of the IR50 signal), preceded by a much longer bleaching event, sufficient to reset all METx 

signals. However, it should be considered that the IR50 signal may suffer from anomalous fading, 

which could cause its departure from the other METx signals. Whether or not this is the case, the 

downstream increase in four-temperature plateaus in Figure 5.9 suggests that grains are subject to 

longer durations of light exposure prior to entering storage as they travel downstream.   

To further investigate the chronology of potentially variable bleaching conditions, grains were assigned 

a ‘bleach index’, which corresponds to extent of light exposure prior to burial based on plateau type in 

a similar fashion to Rhodes & Leathard (2022) (Table 5.3). A summary of bleaching index assignment 

is shown in Table 5.3. Grains with one of nine, of the possible 26, METx plateau types were assigned a 

bleach index and were included in the following analysis. The nine plateau types were selected 

because they do not have any ‘missing’ temperatures, in part for simplicity but also because it is 

possible to be more confident in the signals of these grains, where METx apparent ages are in 

agreement, or increase monotonically with measurement temperature.  

Each grain was also given an overall ‘bleach score’, calculated by multiplying an estimate of the 

duration of past light exposure during the event to which the plateau age refers by the bleaching index. 

Past light exposure duration is estimated using Eq. 1.3 rearranged in terms of time, t.  from Chapter 3, 

which is the bleaching function of (McGuire & Rhodes, 2015a) written in terms of time, t, with I0 as 

observed fraction of saturation, much like in Section 4.5.3.2. The reason for multiplying estimated past 

light exposure by bleaching index (Table 5.3) is to account for different grains bleaching at different 

rates due to factors unrelated to transport history such as their geology. Figure 5.10 shows plateau age 

plotted over bleach score, with data points coloured based on their bleach index. This allows 

visualisation of the relationship between plateau age, duration of past light exposure, and how well-

bleached grains were during this light exposure event. The grey lines in each subplot of Figure 5.10. 

indicate median plateau age and bleach score, dividing each subplot into four divisions.  
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Table 5.3. Summary of bleaching index assignment based on plateau type. 

METx signals in plateau  Plateau type Bleach index 

185-230 High two-temperature 5 

140-185-230 High three-temperature 5 

95-140-185-230 High four-temperature 5 

140-185 Medium-high two-temperature 4 

50-95 Low two-temperature 2 

50-95-140 Low three-temperature 3 

50-95-140-185 Low-four-temperature 4 

95-140 Medium-low two-temperature 3 

95-140-185 Medium three-temperature 4 

 

In the majority of cases, grains close to median plateau age and median bleach score are well-bleached, 

indicated by the presence of pink and purple data points surrounding the intersection of the median 

plateau age and median bleach score. Other similarities between samples include the tendency for 

grains above median age to be relatively poorly bleached, indicated by the presence of blue data points 

in the top left division of each subplot. Grains below median age tend to be well-bleached, indicated 

by the pink and purple points in the bottom right division of each subplot. These patterns could suggest 

that two broad populations of grains are observed within each of these samples: older, poorly bleached 

grains, and younger well-bleached grains. Reasons for the presence of potentially distinct grain 

populations are not immediately clear from these data. However, it appears that the in-channel 

sediment in this reach of the Solimões is comprised of grains that share one of two histories, broadly 

speaking.      
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Figure 5.10. Plateau ages of single grains plotted against ‘bleach score’, which is a metric containing 

information on length of past light exposure (see text for details). Grains are coloured based on ‘bleaching 

index’, which contains information on the METx temperatures that form the plateau of each grain. The grey 

lines indicate the median value for bleach score (x-axis) and plateau age (y-axis), dividing each subplot into 

four divisions. In a clockwise direction starting from the top left division, these represent: older-poorly-

bleached, older-well-bleached, younger-well-bleached, and younger-poorly-bleached grains. 
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5.3.1.3. Single grain distributions 

5.3.1.3.1. Burial-bleach ratios 

Distributions of single grain log10 burial-bleach ratios in downstream order are shown in Figure 5.11. 

The burial-bleach ratio, defined by Rhodes & Leathard (2022), relates to the ratio of storage to light 

exposure. A more detailed explanation of this parameter can be found in Section 1.3. In Figure 5.11, 

low log10 burial-bleach ratios reflect a low ratio of storage to light exposure, whereas higher values 

typically reflect higher ratios. Samples L0611, 613, 612 and 614 record a larger proportion of high 

burial-bleach ratios relative to low burial-bleach ratios. Moving downstream, distributions appear to 

approach a normal distribution (i.e. lognormal this is a log scale), perhaps with the exception of 

samples L017 and L0620. This may indicate that the length of time grains spend in storage, relative to 

the length of time they are exposed to light, increases with downstream distance. 

 

Figure 5.11. Distributions of single grain log10 burial-bleach ratios calculated using the approach of Rhodes & 

Leathard (2022) for each of the Solimões samples. The numbers that precede the sample codes on the top right 

corner of each plot represents the relative location of the sample downstream. 

   

  

1) L0611 2) L0613 3) L0612 4) L0614 

5) L0615 6) L0609 7) L0616 8) L0617 

9) L0618 10) L0619 11) L0620 12) L0621 



142 

 

5.3.1.3.2.  Equivalent dose 

This section applies the gaussian mixture model described in Section 4.5.3 to the log equivalent dose 

distributions of the Solimões samples. Figures 5.13 and 5.14 display optimal fits for each METx signal 

(different colours) in order of downstream distance. This section assesses the utility of this approach 

for identifying potential distinct grain populations for these samples. It is suggested in Section 4.5.3.3 

that distinct equivalent dose populations may arise due to the concept of equilibrium and non-

equilibrium bleaching. According to the concept of equilibrium bleaching introduced in Section 3.5.1.1 

in Chapter 3, MET-IRSL signals of grains that have been subject to different lengths of prior light 

exposure, and perhaps owing to transport histories, are characterised by different bleaching behaviours, 

namely a reduction in bleaching rate as a function of past light exposure duration. Here, a gaussian 

mixing model is applied to all five METx signals, and it is discussed whether this approach contributes 

additional insight into transport dynamics for the Solimões. 

In Figures 5.13 and 5.14 it is observed that with increasing measurement temperature, log equivalent 

dose distributions become narrower, and higher equivalent dose values are recorded. Narrowing 

distributions indicates increasing homogeneity of signals as grains that comprise the main channel flux 

are transported downstream. The rate and extent of this process could be related to the characteristic 

hydraulic and transport regime of the system. In other words, it appears that the longer grains spend in 

the channel, the more that their luminescence characteristics will reflect the system’s fluvial dynamics, 

as opposed to the conditions where grains entered the channel.   

Samples that are best fit by multiple component gaussians across more than one measurement 

temperature include L0611, 614, 609, 617, 618, 619, 620. Downstream trends in distribution 

characteristics are perhaps more apparent for the Allt Dubhaig samples presented in Section 4.5.3.3; 

the downstream profile of the Allt Dubhaig samples (e.g. Figure 4.4.2.) more closely resembles an 

exponential decay in age, whereas the ages of the Solimões samples presented here display greater 

fluctuation downstream, and when expressed as a mean, exhibit a pattern of gradual increase over the 

~900 km study reach. This suggests that, in the Solimões, storage dominates downstream signal 

characteristics, rather than bleaching. Therefore, it may be that the downstream evolution of MET-

IRSL signals in Solimões is somewhat consistent with Conceptual model 4 (Section 1.5) (Figure 5.12): 
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Figure 5.12. Conceptual model of an idealised channel whereby as grains are transported through the system 

(left to right), they are subject to both storage and light exposure, but the amount of time exposed to light is 

insufficient, relative to the time spent in storage, to cause an overall decrease in IRSL signal with downstream 

distance 

A reason for the type of signal behaviour illustrated by Conceptual model 4 in Figure 5.12 above is 

likely the very low light conditions in this deep (up to 30 m), sediment-laden channel. In contrast, in 

the Allt Dubhaig, at least in the upstream section, bleaching dominates the downstream evolution of 

ILT-3ET signals in the clear, gravel bed channel. This is evidenced by the initial rapid reduction in 

signal over just ~0.5 km (e.g. Figure 4.9.). Thus, if in a bleaching-dominated system, distinct grain 

populations do in fact arise due to the degree to which past light exposure has caused MET-IRSL 

signals to depart from equilibrium, in a storage-dominated system, one may expect distinct grain 

populations to arise as grains enter the channel, coming out of storage centres with variable 

characteristic resident times. Subsequently, it is possible that locations where log equivalent dose 

distributions are best fit by multiple components, are close to storage centres that supplies the main 

channel with sediment under certain conditions.   

Future work could be directed towards distinguishing the population of grains that enter and exit the 

study reach as part of the main channel flux and have a METx signal ‘signature’ characteristic of the 

system’s sediment transport regime, from grains that enter the main channel as lateral input for large, 

more complex systems such as the Solimões. At the Allt Dubhaig site, it was possible to measure the 

signal characteristics of individual grains from a location that is potentially one source of sediment to 

the main channel, the moraine on the western bank of the river (Section 4.4.1). With single grain 

measurements and plateau age estimation, it was observed that the scatter of plateau ages of fluvial 

samples just downstream from the moraine closely resembled that of this potential sediment source, 

whereas this pattern was not observed upstream from this location. For the Solimões, a main channel 

that is typically ~2 km in width, and has an average depth of ~18 m, the identification of potential 
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sources of sediment is more complex. As mentioned above, it is possible that these locations are 

indicated by dose distributions fitted by multiple component gaussians, and perhaps where we see 

large increases in SSA apparent age in Figure 5.3.  

 

Figure 5.13. Optimal fits of a gaussian mixture model to log equivalent dose distributions estimated for the IR50, 

IR95 and IR140, IR185 and IR230 signals. Black lines represent the best fit probability density function, coloured 

dashed lines represent best fit component probability density functions. Samples shown here are L0611, L0613, 

L0612, L0614, L0614 and L0609, in downstream order. 
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Figure 5.14. Optimal fits of a gaussian mixture model to log equivalent dose distributions estimated for the IR50, 

IR95 and IR140, IR185 and IR230 signals. Black lines represent the best fit probability density function, coloured 

dashed lines represent best fit component probability density functions. Samples shown here are L0616, L0617, 

L0618, L0619, L0620 and L0620, in downstream order. 
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5.3.2. The Santa Clara River 

5.3.2.1. Downstream MET-IRSL signal profiles 

Downstream profiles of super synthetic aliquot (SSA) apparent age (ka) and mean apparent age (ka) 

are shown in Figures 5.15 and 5.16. respectively. In Figure 5.15, super synthetic aliquot apparent age 

remains at a constant low level until ~ 20 km downstream, where a significant increase is observed for 

all five METx signals at ~ 40 km. This increase is most pronounced for the IR230. Moving downstream 

to the location at ~70 km downstream, the IR95, IR140, IR185 continue to increase, particularly the 

IR140 and IR185. At this location the IR50 and IR230 decrease, at by ~ 120 and ~ 150 ka respectively. 

At the most downstream location, all signals decrease in apparent age. This decrease is increasingly 

dramatic with increasing measurement temperature, with the IR230 dropping by close to 600 ka over 

~30 km.    

 

Figure 5.15. Downstream profile of super synthetic aliquot apparent age, for the Santa Clara River. Super 

synthetic aliquot apparent age is also referred to as combined signal 

The downstream evolution of METx mean apparent ages captures a somewhat different trend (Figure 

5.16. There is considerably more fluctuation of the IR140, and IR230 over the first ~20 km of the study 

reach, compared to that displayed in Figure 5.15. The IR185 displays continuous increase over this 

section, and the IR50 and IR95 remain at a constant lower level. The five signals exhibit little change in 

mean apparent age over the middle ~30 km. Yet, unlike the pattern captured by super synthetic aliquot 

apparent age, it appears all five METx signals increase over the last ~30 km (Figure 5.16), with the 

IR185 and IR230 displaying a more rapid increase in age than the other three signals. 
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Figure 5.16. Downstream profile of METx mean apparent ages of the Santa Clara River samples. Includes all 

grains that provided an equivalent dose estimate. 

Figure 5.17. shows the downstream trend of minimum plateau age (ka). These minimum age estimates 

are calculated using the plateau method outlined in Ivester et al., (2022) and Rhodes & Leathard 

(2022) is described in Chapter 2, Section 2.5. By using grains where two or more METx signals are in 

agreement within their uncertainties, the minimum plateau ages in Figure 5.17 represent grains that 

were well bleached prior to burial. The signals of these grains exhibit an initial decrease from ~0.8 ka 

to close to zero age, followed by an increase to ~0.5 ka with change over the next ~30 km. An increase 

to ~1.4 ka is observed ~70 km downstream. The downstream evolution of minimum age also follows a 

different pattern, as do SSA apparent age and mean apparent age. 

  

Figure 5.17. Downstream profile of minimum METx plateau ages of the Santa Clara Rivers samples. Note 

plateau ages are calculated from just the well-bleached grains. 
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Similarly to in Figures 5.3-5.6 in Section 5.3.1 displaying the downstream trend of METx expressed in 

multiple ways for the Solimões samples (specifically, signals super synthetic aliquot apparent age, 

mean apparent age, fraction of saturation, and minimum plateau age), the downstream evolution of 

METx signals in the Santa Clara River varies significantly when presenting MET-IRSL signal in 

different ways (super synthetic aliquot apparent age, mean apparent age and minimum plateau age). 

This is highlighted to emphasise an advantage of single grain MET-IRSL, which is that signals can be 

analysed in multiple ways to provide more than one result for a given sample, each of which can 

provide a different insight into grain population characteristics. What can be specifically learnt from 

presenting downstream signals in different ways (i.e. super synthetic aliquot apparent age, mean 

apparent age, minimum plateau age) will be discussed throughout this chapter, largely in Section 5.4. 

However, here there is a need to take some caution when determining what specific information is 

provided by a given signal, or type of signal. Geomorphic and geologic context should also be taken 

into consideration when making these types of interpretations.  

The zones of significant increase in SSA apparent age, and minimum plateau age suggest there is some 

process that causes significant perturbation to the METx signals of grains in the main channel the 

Santa Clara River. For SSA an increase in all five signals occurs ~40 km downstream, and in the IR95, 

IR140 and IR185 at ~70 km. An increase in minimum plateau age is observed ~70 km downstream. 

For mean apparent age, a small increase in IR140, IR185 and IR230 is observed at ~7 km and ~25 km.  It 

is acknowledged that for each form of signal expression, and indeed each METx signal, extent and rate 

of the aforementioned increases in age do vary. This poses the question of whether expressing the 

signal in multiple ways provides information on different sediment transport processes, or if one 

process is captured by different signals at different stages.  

5.3.2.2. Single grain plateau ages 

Figure 5.18 shows the plateau ages for all grains that provided plateau age estimates, including those 

that did not contribute to the minimum age for that sample, in downstream order. As in Section 5.3.1.2, 

different coloured points in Figures 5.18 correspond to the number of METx signals that form the 

plateau. Compared to the Solimões samples in Section 5.3.1.2, in samples J0344, J0345, J0346, J0347, 

and J0349 there are relatively few grains that were subject to sufficient bleaching prior to burial to 

form a plateau age. These samples are from the first, second, third, fourth and fifth locations 

downstream (0, 7, 13, 24 and 41 km). In contrast, J0350 and J0352, at 71 and 105 km downstream, 

display considerably more plateau ages. This could be the result of several processes including a shift 

in bleaching conditions, or input of new material with, perhaps with different bleaching properties. 

Further, the Santa Clara River is located in a highly tectonically active area (Keller et al., 1982). The 



149 

 

impact of tectonic activity on erosion rates may be reflected in the luminescence characteristics of the 

main channel sediment flux. This will be discussed further in Section 5.4.  

To draw another comparison with the Solimões samples displayed in Figures 5.7 and 5.8, there are also 

very few grains, from the samples displayed in Figure 5.18 below, with plateau ages considerably older 

than the minimum age estimate. This could suggest relatively low levels of reworking of palaeo-

channel and terrace sediments. In addition, the relative lack of grains with older plateau ages may 

indicate that extended light exposure events are infrequent for grains in the main channel of Santa 

Clara River. In the context of the Santa Clara River, significant transport events occur during storm 

events which transport large volumes of sediment resulting in highly turbid water (Downs et al., 2013) 

where little bleaching can take place.  
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Figure 5.18. Single grain plateau ages for the Santa Clara samples. Lab codes: A) J0344, B) J0345, C) J0346, 

D) J0347, E) J0349, F) J0350, G) J0352. Data points are coloured in accordance with the number of METx 

temperatures that form a plateau. Two-temperature plateaus are blue, three temperature plateaus are purple, 

four-temperature plateaus are red, five-temperature plateaus are yellow. Minimum age calculated from plateau 

ages is shown on each subplot and is indicated by the black dashed line. The numbers on each subplot represent 

the relative locations of these samples. 

0.81 ± 0.31 ka 

1.40 ± 0.18 ka 0.40 ± 0.05 ka 

0.08 ± 0.04 ka 

0.57 ± 0.11 ka 0.48 ± 0.15 ka 

0.58 ± 0.12 ka 

A) B) 

C) D) 

E) F) 

G) 
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Using the same approach outlined in Section 5.3.1.2, all grains that provided plateau ages were 

assigned a ‘bleach index’ and a ‘bleach score’, and the fraction of saturation of every grain was 

converted to a ‘light exposure equivalent’ (Figure 5.19). An explanation of the method used to estimate 

past light exposure can be found in Section 4.5.3.2. Much like in Figure 5.9 in the previous section, the 

grey lines in each subplot of Figure 5.19 indicate median plateau age and bleach score, dividing each 

subplot into four divisions. Again, for samples J0344, J0345, J0346, J0347, and J0349, rather few 

grains provide plateau age estimates that deviate significantly from the median plateau age. However, 

for the more downstream samples J0350 and J0352, more plateau ages are observed and there is more 

variability in bleach score, which relates to the bleaching conditions recorded by these grains. There is 

also a higher occurrence of grains in the top left division, which is indicative of older, more poorly 

bleached grains. Grains in this category from the most downstream sample, J0352, generally record 

poorer bleaching conditions, indicated by the presence of blue data points in the top left division. 
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Figure 5.19. Plateau ages of single grains plotted against ‘bleach score’, which is a metric containing 

information on length of past light exposure (see text for details). Grains are coloured based on ‘bleaching 

index’, which contains information on the METx temperatures that form the plateau of each grain. The grey 

lines indicate the median value for bleach score (x-axis) and plateau age (y-axis), dividing each subplot into 

four divisions. In a clockwise direction starting from the top left division, these represent: older-poorly-

bleached, older-well-bleached, younger-well-bleached, and younger-poorly-bleached grains. 
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5.4. Discussion 

5.4.1. Introduction 

This section proposes potential sediment transport scenarios for the Solimões and the Santa Clara 

River, based on the METx measurements and analysis presented in Section 5.3. Secondly, 

considerations for applying MET-IRSL as a tool for determining sediment transport in large, complex 

fluvial systems, such as those presented in this chapter, is discussed. Finally, this section presents a 

model for reconstructing the histories of individual grains and deriving virtual velocities. This model is 

applied to two samples from the Allt Dubhaig, and one sample from both the Solimões and the Santa 

Clara River. Virtual velocities estimated by modelling the histories of individual grains from these 

samples are compared to those derived using multiple grain signals to assess the potential for 

calculating sediment transport rates from single grain MET-IRSL data.    

5.4.2. The Solimões 

The downstream profile of mean apparent age suggests an overall increase in the ages all five METx 

signals over the ~ 900 km study reach (Figure 5.3). Further, there is strong coherence between zones of 

signal growth and reduction in downstream profiles of mean apparent age and SSA apparent age, yet 

the rate of increase varies between METx signals (Figure 5.3, Figure 5.4).  

An overall increase in all METx signals with downstream distance is a clear indication that grains are 

subject to significant storage time as they move through this system. It is inferred that grains are also 

subject to light exposure due to the variable rates of signal growth observed. An example of this is 

illustrated in Figure 5.20 below, which is Figure 5.3 with one example of variable rates of METx 

signal increase indicated by the black box. As discussed in Section 3.5, Chapter 3, whilst buried and 

subject to radiation, IRSL signals measured at different temperatures grow (in age) at the same rate, 

but the trapped charge population bleaches at different rates. Thus, it is suggested that variable rates of 

age increase observed in fluvial systems, such as those highlighted in Figure 5.20, indicate light 

exposure.  
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Figure 5.20. A stretch of the Solimões where the METx signals appear to increase at different rates, excluding 

the IR230. Note the IR230 uncertainties are particularly large perhaps because it is close to saturation. 

 

It is proposed the downstream evolution of METx signals indicate the Solimões is characterised by 

both storage and bleaching, with storage exerting a dominant effect on the downstream evolution of 

luminescence signals. With reference to the idealised conceptual models presented in Section 1.5 of 

Chapter 1, it is possible that a sediment transport rate can be estimated for the ~ 900 km study reach 

using the approach outlined in Conceptual model 4, also shown in Figure 5.12. 

In Conceptual model 4 presented in Section 1.5 there is an overall increase in apparent age over the 

distance that grains are transported, and grains are also subject to light exposure. Transport rate 

estimation using this model exploits the assumptions that during storage, signal takes place at the same 

rate for all METx signals. In contrast, when grains are exposed to light, METx signals bleach at 

different rates. Therefore, the differences in overall increase in age over the study reach, observed for 

the IR50 and IR95 in Figure 5.21, can be accounted for by light exposure. This allows the construction 

of a pair of parallel equations that produce estimates of average total storage time (ka) and average age 

reduction due to light exposure (ka) over the study reach.   
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Figure 5.21. Least squares linear fits to the downstream profile of IR50 (blue) and IR95 (green) mean apparent 

ages for the Solimões. Note the difference in slope gradients between the two signals. 

  

The total difference in age over the length of the study reach, ∆𝐴𝑔𝑒 is calculated by subtracting the age 

of the most downstream sample from the age of the most upstream sample. ∆𝐴𝑔𝑒 is calculated for both 

the IR50 and the IR95 to -11.1 ka and -14 ka respectively. are inserted into the parallel equations. These 

are expressed as: 

∆𝐴𝑔𝑒 𝐼𝑅50 +  𝑡𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =  𝑡𝑏𝑙𝑒𝑎𝑐ℎ (5.1) 

∆𝐴𝑔𝑒 𝐼𝑅95 +  𝑡𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =  0.2𝑡𝑏𝑙𝑒𝑎𝑐ℎ (5.2) 

where  ∆𝐴𝑔𝑒 𝐼𝑅50  (is the total increase in apparent age between 0 km and the most downstream 

location (859 km) for the IR50 signal and ∆𝐴𝑔𝑒 𝐼𝑅95  is the total increase in apparent age between 0 

km and the most downstream location for the IR95 signal. In Eq. 5.2, 𝑡𝑏𝑙𝑒𝑎𝑐ℎ is multiplied by 0.2 to 

reflect the IR95 bleaching at approximately one fifth of the rate of the IR50 according to multiple grain 

bleaching measurements of feldspar standard sample MJ39. By solving these equations, average 

storage time, 𝑡𝑠𝑡𝑜𝑟𝑎𝑔𝑒 is estimated at 21.6 ka and average age reduction by light exposure, 𝑡𝑏𝑙𝑒𝑎𝑐ℎ is 

estimated to be 10.5 ka. A reduction of 10.5 ka is equivalent to just ~ 20 seconds of sunlight exposure. 

This light exposure time is negligible relative to a storage time of 21.6 ka. Therefore, taking 21.6 ka as 

a transit time and dividing this by a distance of 859 km, an average transport rate of ~ 40 m yr-1 is 

approximated for this reach of the Solimões. After fading corrections were applied to the IR50 and IR95, 

the derived average storage time and transport rate did not change significantly and were calculated at 

25.0 ka and ~ 34 m yr-1 respectively. 
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This approach was also applied using the IR50 signal paired with the IR140 and IR185 signals over the 

first ~ 400 km of the study reach, since these signals also display an overall trend of increase over this 

section (Figure 5.22, Figure 5.23). These results are summarised in Table 5.4. 

 

Figure 5.22. Least squares linear fits to the downstream profile of IR50 (blue) and IR140 (yellow) mean apparent 

ages for the Solimões. Note the difference in slope gradients between the two signals. 

 

Figure 5.23. Least squares linear fits to the downstream profile of IR50 (blue) and IR185 (red) mean apparent 

ages for the Solimões. Note the difference in slope gradients between the two signals.  
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Table 5.4. Comparison of average storage times, average bleach times, and average transport rates for the 

Solimões when using different pairs of METx signals to solve Equations 5.1 and 5.2 (see text for details). 

METx signal pair 𝒕𝒔𝒕𝒐𝒓𝒂𝒈𝒆 (ka) 𝒕𝒃𝒍𝒆𝒂𝒄𝒉 (ka) Transport rate (m yr-1) 

IR50-IR95 21.6 10.5 40 

IR50-IR140 14.3 5.0 30 

IR50-IR185 189.3 17.8 15 

 

The transport rates estimated using different pairs of METx signals appear to vary, decreasing with 

increasing measurement temperature. Since a single grain has been subject to the same light exposure 

and storage, it cannot be the case that different METx signals of an individual grain record different 

lengths of light exposure. Subsequently, there could be several reasons for the different results shown 

in Table 5.4 such as: 1) transport rates are actually the same, with increasingly large uncertainties on 

the higher values, or 2) the IR140 and IR185 in fact approach saturation over ~ 400 km of transport in the 

Solimões. 
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5.4.3. The Santa Clara 

Downstream profiles of SSA apparent age (Figure 5.15) and minimum plateau age (Figure 5.17) 

clearly indicate significant perturbation to the in-channel sediment flux of the Santa Clara River. It is 

suggested that in this case, the significant increase in SSA apparent age is the result of lateral input of 

material with a high fraction of saturation. It appears that this input occurs ~ 40 km downstream 

(sample J0349), as indicated by the first major increase in SSA apparent age (Figure 5.15). Minimum 

plateau age of J0349 does not capture the input of such unbleached material at the ~ 40 km mark 

because as the new material enters the channel, it is not subject to sufficient light exposure for METx 

signals to form plateaus. There is however, a ~1 ka increase in minimum age a further ~ 30 km 

downstream. Applying the principle of time-space equivalency outlined in Section 1.5, Chapter 1, it is 

suggested that this increase reflects the distance travelled by the unbleached grains that entered the 

channel at ~ 40 km by the time they have been subject to sufficient light exposure for multiple METx 

signals to be reset and form plateaus before entering storage at some stage downstream. However, this 

alone does not indicate whether these grains have been subject to multiple cycles of transport and 

storage over this ~ 30 km stretch. 

The downstream profile of mean apparent age also provides insight into the nature of lateral input at ~ 

40 km downstream. The absence of a significant increase in the METx mean apparent ages of J0349 

suggests the volume of this input is small relative to the volume of the in-channel sediment flux. 

Taking the IR185 and IR230 signals, 15% out of a total of 26 grains and 21% and out of a total of 19 

grains that gave equivalent dose estimates were greater than three sigma above the mean ages of these 

signals respectively. Out of the total 200 positions measured, this is potentially as low as 2% of grains. 

Nonetheless it is also important to note that single grain analysis of these samples yielded far fewer 

results than for the Solimões and the Allt Dubhaig. This could mean that actual proportion of input 

material that to the in-channel flux in these samples could be much lower, and suggests clarity could be 

gained by measuring an additional 200 grains in the future. 

 5.4.3.2. Bleach-burial model application 

This section discusses the extent to which application of the burial-bleach model provides additional 

insight to the volume or age of the lateral input material using multiple grain signals, and whether with 

this knowledge, it is possible to estimate an average sediment transport rate for the study reach.  

Firstly, a simple, first order approach is proposed for estimating the age contribution of the input 

material to the in-channel sediment by calculating the degree of departure of the data from model 

predictions of the downstream evolution of METx signal fraction of saturation. A conceptual model of 
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this approach is shown in Figure 5.24, whereby α, expected signal, is subtracted from β, the observed 

signal to estimate the age contribution of the input material to the in-channel sediment flux (∆𝐴𝑔𝑒𝑖𝑛). 

 

Figure 5.24. Schematic diagram outlining the approach to calculating the degree of departure of the data from 

the model to estimate the age contribution of potential new input to the sediment flux of the main channel of the 

Santa Clara River. 

A burial-bleach model is fit for the IR50, IR95, IR140 and IR185 signals. The IR230 is omitted from the 

model fit because it has observed fraction of saturation of ~ 0.8 at the most downstream location whilst 

the IR50, IR95, IR140 and IR185 signals are significantly lower and appear to be in approximately equal 

ratios with respect to each other. This suggests the IR230 maintains the signature of the upstream input 

of new material at the most downstream location.  

The model was fit to the Santa Clara River dataset using the approach outlined in Section 4.5.4, 

Chapter 4. Figure 5.25 displays the best fit model, which gives a least squares value of 3.09 x 104. This 

simulation used an average bleach cycle length of 100, and an average storage time of 0.5 ka 

multiplied by their respective acceleration factors for each bleach-burial cycle. The model also fitted 

bleaching and burial acceleration factors of 1.27 and 0.83 respectively, indicating that bleach cycle 

length increases with downstream distance and burial cycle length decreases with downstream 

distance. 

𝛽 

𝛼 

∆𝐴𝑔𝑒𝑖𝑛 =  𝛽 −  𝛼 
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Figure 5.25. A visualisation of the best fit of the burial bleach model presented in Chapter 3 to the Santa Clara 

River dataset to estimate the degree of departure of the data from the model in order to characterise the lateral 

input of that is potentially causing such elevated METx signals ~ 40 km downstream. 

As outlined in Section 3.5.2.1, Chapter 3, one bleach-burial cycle is comprised of a period of bleaching 

followed by a period of burial. One of the challenges of simulating average cyclical bleaching and 

burial between locations in a dataset such as this, is that there is uncertainty surrounding at what stage 

of a bleach-burial cycle, or transport and storage cycle, grains were when they were sampled from the 

channel. The apparent age of a sample can provide some constraint here, since from this one can 

interpret the timing of burial following deposition. However, it should be noted that the bleach-burial 

model presented here simulates average transport and storage behaviour, rather than individual 

transport and storage events. For the purpose of characterising the input of material that causes such a 

significant increase in signal at sample J0349 at ~ 40 km downstream, a minimum and maximum 

expected fraction of saturation (signal) is taken for the IR95, IR140 and IR185 by extracting the start and 

end values for the bleach-burial cycle simulated at this location in order to estimate the degree of 

departure of the data from the model. Using the method outlined in Figure 5.24, the minimum and 

maximum estimates of ∆𝐴𝑔𝑒𝑖𝑛 for the IR95, IR140 and IR185 signals of sample J0349 is estimated to be 

80-106 ka, 77-104 ka, and 87-125 ka respectively. These results are summarised in Table 5.5. 

Table 5.5. Minimum and maximum age contributions of lateral input ~ 40 km downstream to the main channel 

sediment flux of the Santa Clara River.  

Temperature (˚C) Min. ∆𝐴𝑔𝑒𝑖𝑛 (ka) Max. ∆𝐴𝑔𝑒𝑖𝑛 (ka) 

95 80 106 

140 77 104 

185 87 125 
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There is broad agreement in a ∆𝐴𝑔𝑒𝑖𝑛 estimate of ~ 90-100 ka across the three signals included in this 

analysis. This indicates the input material was bleached sufficiently to reset each of these signals prior 

to its storage. The location and what constitutes the source of this material remains an open question. 

The Santa Clara River is located in a highly tectonically active area, which means the river is supplied 

with a significant volume of sediment (Warrick and Mertes, 2009). Tectonic processes could cause an 

influx of material of an age inconsistent with those of sediments that comprise the main channel flux. 

It should also be considered that the catchment of the Santa Clara River houses extensive urban 

development, and its channel, banks and tributaries have been subject to over a century of 

anthropogenic modification. At ~ 40 km downstream, sample J0349 is located where the city of Santa 

Clarita extends either side of the channel. Thus, it is possible input of highly unbleached material to the 

main channel at this location is the result of human activity. For example, Figure 5.26 compares 

Google Earth imagery from 2018 to that of the present day for the area immediately surrounding 

sample J0352 at ~ 40 km downstream, where a significant increase in METx signals is observed and 

reveals significant construction work over this period. A large housing estate has been constructed on 

the south bank of the Santa Clara River at this location, which may be at least partly responsible for the 

production of material that potentially caused a significant increase in METx signals at this location. 
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Figure 5.26. Comparison of historic Google Earth Imagery with the present day for the area surrounding 

sample J0349 ~ 40 km downstream. Note the construction of a large residential estate between 2018 and the 

present day.  

 

 

A)  2018 

B) 2024 
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5.5. Modelling the histories of single grains 

This section presents results and discussion of an approach to modelling the bleaching and burial 

histories of individual grains for four samples using the burial-bleach model that was introduced in 

Section 3.5.1.2, Chapter 3 and applied to multiple grain datasets from the Allt Dubhaig in Chapter 4 

and the Santa Clara River in Chapter 5. This modelling study uses ILT-3ET single grain fraction of 

saturation from sample 22181 (upstream) and 22190 (downstream) from the Allt Dubhaig, METx 

single grain fraction of saturation from sample L0620 from the Solimões, and METx fraction of 

saturation from sample J0352 from the Santa Clara River. Virtual velocities from these single grain 

data are calculated, single grain virtual velocities of the Allt Dubhaig samples are compared to those 

derived from multiple grain signals presented in Sections 4.5.4. The advantages and potential power of 

reconstructing single grain histories, compared to the traditional multiple grain approach of McGuire 

& Rhodes (2015a), are discussed. 

Bleaching and growth parameters input to the model were derived directly from super synthetic aliquot 

measurements for each sample. This is in part for practicality reasons, and also because, as 

demonstrated in the bleach recovery experiment in Section 3.4.2, Chapter 3, the use of single grain 

bleaching parameters can introduce a lot noise. Bleach recovery was successful using average 

bleaching parameters within uncertainties. The bleaching recovery experiment in Section 3.4.2, 

Chapter 3 did also demonstrate successful light exposure recovery using the fitted parameters of each 

individual grain when recovered values were weighted by their uncertainties, so it would be 

worthwhile exploring this option for model input in the future once an method for uncertainty 

estimation and dealing with high levels of noise is defined (discussed in Section 3.5.1.4, Chapter 3). 

Imax as fraction of saturation was set to 1 for all grains thus, these model fits simulate the entire history 

of a grain since it was last saturated. Burial times were subject to constraint between 10-2 and 107 

years, bleach times were subject to constraint between 10-2 and 107 seconds. The number of bleach-

burial cycles simulated was fixed to five cycles. Estimated average burial and bleach times per cycle 

were found for each grain using least squares optimisation between model predictions of ILT-3ET 

fraction of saturation, and observed ILT-3ET fraction of saturation. For samples 22181 and 22190 the 

grains used in this study were only those that provided a result for all three measurement temperatures. 

For these grains, the burial bleach model essentially finds optimal burial and bleach times to reproduce 

the observed ratios of ILT-3ET signals. 

Figure 5.27 shows log10 optimal burial times plotted against log10 optimal bleach times for the 

individual grains of each sample. Firstly, Figure 5.27a and Figure 5.27b, which display results from 

grains of upstream and downstream Allt Dubhaig respectively, will be discussed. Initially striking is 

the emergence of subpopulations, which are tentatively highlighted in each subplot of Figure 5.27. In 
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Figure 5.27a, there is a group of grains for which the model fitted very low burial times (pink circle), 

which suggests zero storage. This indicates that the signal ratios of these grains can be reproduced by 

the model with a single bleach time, which varies between 100 and 107s seconds. This may represent 

grains that entered the channel from of glacial deposits where they were essentially saturated, since it 

is unlikely they were subject to significant light exposure prior to burial during glaciation. Once in the 

channel, these grains were subject to various lengths of light exposure prior to storage, but according 

to the model, the signal ratios of these grains do not require cyclical burial and bleaching. The second 

subpopulation is a cluster of grains with estimated average storage times approximately between 100 

and 100,000 years per cycle. The model required cyclical bleaching and burial to reproduce the signal 

ratios of these grains. Average bleaching and burial times for this sample, including those with zero 

storage, are 109,320 seconds and 2290 years of storage respectively, since saturation.  

 

Figure 5.27. Log10 estimated burial time against log10 bleach time for individual grains for samples A) 22181, 

~0.15 km downstream from the first sample location in the Allt Dubhaig, B) 22190, ~3.6 km downstream from 

the first sample location in the Allt Dubhaig (most downstream location), C) L0620 from the Solimões River 

(second to most downstream location), D) J0352 from the Santa Clara River (most downstream location). 

Grains for which very short burial times (<10 years) are fit are circled in pink, and those for which substantial 

burial times (>10 years) are fit are circled in green. 

A) 

C) D) 

B) 

D) 
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Inspection of Figure 5.27b also reveals two distinctive subpopulations of grains, comparable to those 

observed in Figure 5.27a. This sample, 22190, is ~3.35 km downstream from 22181 in Figure 5.27a. 

At this location, it appears that the bleach-burial signature of grains circled in green in Figure 5.27a 

has been preserved throughout the length of the system. In Figure 5.27b, grains circled in green cluster 

around approximately 102-104 years of burial 105 and >107 seconds of bleaching per cycle. There is 

greater homogeneity in burial-bleach ratios of these grains, which is consistent with the hypothesis that 

the longer grains spend in a system, the more that their signal ratios will reflect characteristic transport 

and storage dynamics, rather than perhaps heterogenous sources of input. The average burial time for 

grains in this sample, including those with zero storage is 934 years over the five cycles simulated, 

which can be used to estimate a virtual velocity of 3.9 m yr-1. This differs from the virtual velocity 

estimated for the downstream section of the Allt Dubhaig using the combined signal approach of 1.39 

m yr-1 by 2.5 m yr-1 (see Section 4.5.4, Chapter 4). Nonetheless, these estimates are firmly within the 

same order of magnitude.  

Application of the model to grains from sample L0620 from the Solimões produces somewhat 

surprising results (Figure 5.27c). Similarly to the Allt Dubhaig samples in Figure 5.a and 5.b, 

subpopulations can be identified, but perhaps most surprising is the number of grains that do not 

require storage to reproduce METx ratios, and the number of grains that require very long bleach 

times. Downstream profiles of combined signals (e.g. Figure 5.2, 5.3) indicate a strong storage signal 

for this system relative to bleaching, with increases in apparent age. Using parallel equations Eq. 5.1 

and Eq. 5.2, average light exposure over the 959 km study reach was estimated to be just 6.9 seconds, 

whereas the single grains in Figure 5.c, the model fits the majority of grains with < 103 seconds of 

bleaching per cycle. Average storage time per cycle estimated from sample L0620 is 9770 years and 

average bleach time is 512,190 seconds. As discussed, this average bleach time is significantly higher 

than estimates derived from the combined signals for the study reach of the Solimões. However, since 

the model presented here uses an Imax input value of 1, it is possible longer bleach times are observed 

because, few grains entered the channel of the Solimões close to saturation, perhaps excluding the 

IR230 signal. Thus, the modelled average bleach and burial times presented here, may reflect storage 

and transport over a much larger reach of the Amazon. Taking 3000 km as an approximate length for 

the Amazon system, single grain derived storage times provide a virtual velocity of 61 m yr-1, there is 

strong potential that this rate lies within the uncertainties of transport rates estimated from combined 

signals. 

In the Santa Clara River, application of the model to sample J0352 also reveals distinct subpopulations 

of grains (Figure 5.27d). It is perhaps surprising that there are so few grains with average storages 

times less than 1000 years (note this does not necessarily correspond to older ages), and that many of 
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these are poorly bleached. Nonetheless, at least for the well-bleached this could be consistent with the 

relative lack of grains with older plateau ages, since this observation may indicate that extended light 

exposure events are infrequent for grains in the main channel of Santa Clara River (Figure 5.27) The 

storage times modelled and presented in Figure 5.27d can be used to estimate a virtual velocity of 0.9 

m yr-1 for the Santa Clara River. 

This modelling study has demonstrated that the signal ratios of individual grains is directly related to 

whether grains have been bleached in an equilibrium or non-equilibrium state and that these ratios can 

be reproduced for each grain using this approach. Reconstruction of single grain sediment transport 

and storage using a burial-bleach model that simulates non-equilibrium bleaching single grains allows 

the identification of which specific grains have equilibrium bleaching histories, and which have non-

equilibrium histories. The modelling results for Allt Dubhaig samples 22181 and 22190, suggest that 

grains at downstream locations may preserve a memory of upstream bleaching and burial. Further, the 

consistency of the virtual velocity estimate derived from estimated average storage for sample 22190 

(2.3 m yr-1) with the combined signal virtual velocity (1.39 m yr-1) is a promising indication that the 

MET-IRSL signals of single grains record a transport-storage history that is coherent with the history 

provided by combined signals for at least some systems.  

These results presented here suggest huge potential for reconstructing the histories of individual grains, 

and for deriving virtual velocities from single grain MET-IRSL data. In the future, the fine resolution 

insight into system dynamics gained through the ability to identify subpopulations of grains with 

shared transport-storage histories could make significant contributions to addressing issues of 

particulate organic carbon (POC) transport, biodegradation, capture and export, particularly if 

successfully applied to large scale systems, such as the Amazon Basin. Current models of carbon 

transport in fluvial systems are relatively sophisticated (e.g. Torres et al., 2017) but often estimate 

transport at the catchment scale and lack site-specific estimations of storage times at an adequate 

temporal scale (Bertassoli Jr. et al., 2017). A study by Respasch et al. (2021) documents POC 

transport, and several other variables important to carbon cycling in the Rio Bermejo in the Amazon 

Basin in Argentina. This comprehensive study includes dating of sediment cores using quartz OSL and 

a transport rate estimation using 10Be. Respasch et al. (2021) construct a model to make a basin-wide 

estimate of the proportion of POC lost through process of oxidation using the catchment-wide 

transport rate of Dosseto et al. (2006). However, estimates at such a large spatial scale may mask site-

specific dynamics that could significantly alter estimated loss of POC. Single grain storage and 

transport reconstruction has the potential to address these challenges to accurate modelling of carbon 

transport, storage, capture and export through the ability to identify multiple sediment transport 

pathways and potentially transport rates within a single reach. 
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6.0. Chapter 6 Conclusions  

The transfer of sediment across the Earth shapes both the human and physical world. Sediment 

transport is both a driver of and responder to landscape evolution over geological time scales, 

inextricably linked to climate processes and tectonic activity (Anderson & Anderson, 2010). The 

movement of sediment enriches the soils we rely on for food production and drives land degradation, 

threatening the livelihoods of many (Burbank & Anderson, 2009). A quantitative understanding 

sediment transport is a key to sustainable development, yet current methods for measuring and 

modelling these processes are highly inefficient and often lack the spatial-temporal resolution to 

account for localised effects. The overall aim of this thesis was to develop feldspar MET-IRSL as a 

tool to provide information on sediment storage times and transport rates that is capable of 

circumventing some of these challenges posed by traditional sediment tracing techniques. This section 

lists the four objectives that were set to achieve this aim, and details how they were addressed.   

Objective 1: Investigate feldspar MET-IRSL bleaching to determine an ideal function with which to 

model the bleaching process for grains in fluvial transport. 

A series of bleaching experiments were conducted to contribute to understanding of the IRSL 

bleaching process (Chapter 3). It was identified that MET-IRSL bleaching form has a dependency on 

length of prior light exposure, providing MET-IRSL signals have not been saturated or reset. It was 

observed in Experiments 3.4.1.1 and 3.4.1.2 that MET-IRSL bleaching rate decreases with increasing 

lengths of prior light exposure. The terms ‘equilibrium bleaching and ‘non-equilibrium bleaching’ 

were introduced to describe this effect on MET-IRSL decay. The term ‘equilibrium bleaching’ 

describes how MET-IRSL decay proceeds following saturation of the signal, or when signals have 

been reset prior to receiving a dose. ‘Non-equilibrium bleaching’ refers to the reduced rate of MET-

IRSL decay following partial bleaching. During an equilibrium bleach, MET-IRSL signals of a single 

grain will remain in distinct, measurable ratios. During a non-equilibrium bleach, owing to the 

different bleaching rates of MET-IRSL signals, signal ratios depart from an equilibrium state. 

Subsequently, quantification of departure from equilibrium for grains from fluvial systems allowed the 

identification of subpopulations of grains with shared bleaching and burial histories.  

A known light exposure time was successfully recovered from single grain MET-IRSL measurements 

using bleaching parameters estimated from direct measurements of individual grains (Experiment 

3.4.2, Chapter 3). Three approaches to achieving light exposure recovery were explored and it was 

determined that two of these approaches demonstrated reasonable success (Section 3.5.2). One 

approach used average bleaching parameter values calculated from the parameter estimates of grains 

grains that provided fractional uncertainties below 0.5. Another successful approach used the 
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individual bleaching parameter values for each grain weighted by their respective uncertainties to 

calculate a weighted mean recovered light exposure time. Since some recovered light exposure times 

produced rather large uncertainties, it is suggested that perhaps a combined approach whereby for the 

brightest grains with low bleaching parameter uncertainties their individually fitted parameters are 

used in light exposure recovery, but for dimmer grains with large bleaching parameter uncertainties, 

average parameter values are used could reduce the high levels of noise introduced by single grain 

measurements. 

Based on laboratory measurements of samples collected from the Allt Dubhaig, Scotland (Chapter 4), 

and numerical modelling studies (Chapter 3, 4, 5) it was confirmed that to reconstruct the bleaching 

and burial histories of grains that have been fluvially transported, it is necessary to account for 

equilibrium and non-equilibrium bleaching conditions to construct accurate sediment transport models. 

This is a key way in which the burial-bleach model presented in this thesis differs from current 

luminescence-based sediment transport models. Based on the research described here, this model was 

published in Rhodes et al. (2024) 

Objective 2: Develop optimal methods for analysing MET-IRSL data to determine fluvial sediment 

transport dynamics and assess the success of the burial-bleach model. 

Samples were collected from the active channel of a small gravel bed river, the Allt Dubhaig in 

Scotland and measured using the ILT-3ET protocol, a low-three-temperature MET-IRSL protocol 

adapted from the protocols of Ivester et al., 2022 and Rhodes & Leathard (2022) (Chapter 4). Single 

grain and multiple grain (combined) signals revealed complementary information on the sediment 

transport dynamics of the Allt Dubhaig. Downstream profiles of combined signals revealed an overall 

trend of decrease in apparent ages with some zones of signal increase. It was observed that single grain 

apparent age distributions narrowed with downstream distance and that there was increasing 

dominance of light exposure over storage with downstream distance despite zones of increase in 

combined signal apparent age. It was interpreted that this was an indication that the resident population 

of grains in the channel recorded dominance of bleaching over storage, and that some mechanism was 

causing lateral input of new material   

Prior to sample measurement, it was expected that the Allt Dubhaig would display ‘flume-like’ 

behaviour based on evidence presented in the literature (e.g. Ferguson & Ashworth, 1991; Hoey & 

Ferguson, 1994, Ferguson & Wathen, 1998; Ferguson et al., 2002). However, multiple lateral inputs 

were identified through interrogating plateau ages and plateau type variability of single grains (Section 

4.5.1), quantification of non-equilibrium bleaching conditions (Section 4.5.2), and by examining intra-

channel grain population characteristics to identify distinct groups of grains with shared histories 
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(Section 4.5.3). It was interpreted that the sources of lateral input are glacial sediments from a moraine 

in the upstream section of the study site, and elevated rates of erosion of flood plain sediments through 

bank erosion, which is consistent with increased channel sinuosity reported in the literature (Hoey & 

Ferguson, 1994) and also in the field and by remote sensing. 

A burial-bleach model was applied to the Allt Dubhaig dataset using several approaches to estimate 

virtual velocity. One approach, which fitted the model to a subset of 13 samples that were collected in 

2022, produced a virtual velocity estimate of 0.38 m yr-1 over ~ 3 km. Using another approach, the 

model was fitted to the ~1.5 km upstream reach and the ~2 km downstream reach isolation, which 

produced virtual velocities of 0.5 m yr-1 and 1.39 m yr-1 respectively. Overall, MET-IRSL analysis and 

modelling of MET-IRSL signals was able to reveal the Allt Dubhaig is a more complex system than is 

suggested by existing literature. 

Objective 3: Test and apply methods developed in achieving Objective 2 to elucidate sediment 

transport information for more complex systems with multiple potential lateral inputs.  

In Chapter 5, the techniques presented in Chapter 4 were applied to MET-IRSL data from two fluvial 

systems in contrasting geomorphic settings: the Solimões River, considered the main strand of the 

Amazon, in Brazil, and the Santa Clara River in southern California. 

In contrast to the Allt Dubhaig, combined MET-IRSL age (expressed as a mean of single grains) 

displayed a trend of overall increase over the ~900 km study reach of the Solimões River. This was 

interpreted as an indication that grains are subject to significant storage time as they move through this 

system. The downstream profile of combined ages also revealed zones of increase in apparent age 

where the MET-IRSL increased at different rates. This was attributed to the light exposure grains are 

subject to in this system because IRSL signals measured at different temperatures grow at the same 

rate, but the trapped charge population bleaches at different rates, this to variable rates of increase of in 

apparent age of MET-IRSL signals with downstream distance. Downstream patterns displayed by 

MET-IRSL signals indicated the Solimões is characterised by both storage and bleaching, with storage 

exerting a dominant effect on the downstream evolution of luminescence signals. Light exposure is 

thought to be minimal due to the very low light conditions in this deep (up to 30 m), sediment-laden 

channel. 

The variable rates of signal increase over the length of the Solimões was exploited to estimate average 

storage times and virtual velocities for grains that move through this system. Pairs of combined METx 

signals were used to construct parallel equations, which could be solved to calculate average storage 

times and degree of age reduction by light exposure. Using different pairs of signals, average storage 

times ranged from 25-190 ka after fading correction of the IR50 and IR95 signals. Despite this large 
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range, each pair of signals produced a virtual velocity in the range of 15-34 m yr-1. Nonetheless, this 

did highlight some methodological considerations. For example, it is possible that the observed 

variation in virtual velocity are related to increasingly large uncertainties on the higher values.The 

MET-IRSL derived storage time is consistent with that of Wittman et al., (2015) who estimate 

residence times of ~29 ka in the Amazon Basin. The MET-IRSL derived transport rate is lower than the 

estimate of Dosseto et al. (2006) of 210 m yr-1 for the entire Amazon Basin, potentially highlighting 

the importance of determining sediment transport rates at smaller spatial scales for identifying 

localised variability.  

Downstream profiles from samples from the Santa Clara River indicated significant perturbation to the 

in-channel sediment flux, which is suggested to be caused by lateral input of new material. Single 

grain analysis revealed this input comprises a relatively small number of grains with very large signals, 

potentially as low as 2% of the 200 grains measured for this sample. The ability to quantify the relative 

contribution of these grains to the main channel sediment flux is unique to single grain approaches, 

and may prove beneficial to studies interested in quantifying the relative input of potentially 

contaminated sediments to water resources that see considerable human use. 

In addition, the potential age contribution of this lateral input to the combined age of the main channel 

sediment flux was determined through application of the burial-bleach model to the Santa Clara River 

dataset. The downstream evolution of METx signals in the Santa Clara River was simulated in order to 

quantify the degree of departure of the data from the model, or ‘expected’ signal where significant 

increase in combined age is observed. There was broad agreement in estimates of the age contribution 

of the new material to the main channel sediment flux across METx temperatures, calculated at ~ 90-

100 ka. It was interpreted that agreement between signals indicates the new material was bleached 

sufficiently to reset each of these signals prior to its storage. Although the precise location of the 

source of this material remains an open question, it was considered that areas surrounding the Santa 

Clara River are highly urbanised and have been developed extensively over the past decade. Therefore, 

significant construction work may have produced the material that caused a significant increase in 

combined signals. Furthermore, the Santa Clara River is also located in a highly tectonically active 

region. Tectonic processes mean the river is supplied with very large volumes of sediment and could 

cause an influx of material of an age inconsistent with those of sediments that comprise the main 

channel flux. 

Objective 4: Reconstruct transport histories using single grains to identify multiple pathways of 

transport within a single sample. 
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The burial-bleach model was adapted to reconstruct the histories of individual grains to estimate 

storage times and virtual velocities independently of the combined signals. The model used average 

bleaching and growth parameters from the sensitive grains of a given sample derived from direct 

measurements. This was demonstrated to be a successful approach based on the results of the bleach 

recovery experiment (Experiment 3.4.2). The model was fitted the observed ratios of MET-IRSL 

signals of individual grains to estimate average bleach and burial times for each grain since it was last 

saturated. For each sample, this resulted in the emergence of subpopulations of grains with shared 

bleaching and burial histories. It was possible to distinguish specific grains with equilibrium bleaching 

histories from those with non-equilibrium histories. This revealed multiple potential transport 

pathways for grains within one sample: one where grains enter the channel and are flushed through the 

system until they enter storage at some stage (equilibrium grains), and one where grains enter the 

channel and are subject to multiple cycles of bleaching and burial, causing the departure of their signal 

ratios from equilibrium (non-equilibrium grains). Modelling the histories of single grains produced a 

virtual velocity of 3.9 m yr-1 for the Allt Dubhaig, which is of the same order of magnitude as that of 

the combined signals. Application of the same model to the Solimões River produces a virtual velocity 

estimate of 61 m yr-1, which also highly likely to be within the uncertainty estimates of the transport 

rate derived from combined MET-IRSL signals. This demonstrates the ability of single grains to 

independently contribute bleaching and storage histories to a transport rate that is coherent with the 

information provided by the combined signals, which has huge potential for determining localised 

variability of sediment transport rates and pathways. 
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