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Abstract

Luminescence holds unique potential as a sediment tracer and provenance method. The tracer
application of luminescence has key advantages including ease of measurement, relatively
low cost, and applicability to geologically ubiquitous quartz and feldspar sand and silt. These
advantages can help answer fundamental questions about geomorphology, sediment
transport, sediment production, and the tectonic/climatic controls on source-to-sink
sedimentary systems. There is a notable body of research on luminescence as a sediment
tracer. These tracer methods range from identifying source locations based on unique
luminescence characteristics, to observing changes in luminescence characteristics with
transport, to using residual luminescence to infer rates of transport.

Previous applications of luminescence include provenance and quantification of fluvial
transport rate, tracing of coastal longshore drift, estimations of mixing rates in soil or
sediment, and provenance of wind-blown deposits. The few studies that compare
luminescence methods with non-luminescence tracer methods show good agreement.
However, more work is needed to test the application of luminescence tracers in sediments.
Future research directions should focus on comparing luminescence-based with non-
luminescence tracer methods. Furthermore, research is needed on the effects of specific
geomorphic processes on luminescence characteristics and residual doses. While there is
significant potential for future research, luminescence is already a useful sediment tracer and
provenance tool applicable to a wide range of geomorphic environments.

Plain Language Summary

We live on a surface that is constantly changing. These changes occur as sediment is moved
around by various forces in the environment. We want to be better able to predict sediment
movement so we can minimize its negative effects. Examples of these negative effects
include erosion of soil on farms, filling of reservoirs we use for water with sediment, and
pollution of sediment in waterways and ecosystems. To get better at predicting negative
effects, we need to know how fast sediment moves and where it comes from. Some
techniques scientists use to answer these questions include using unique properties of sand
grains to track their movement. However, there isn't a technique that works for every
environment, so we have to develop new techniques to expand our capability. In this paper,
we review the use of luminescence, a property that changes in sunlight, to track the
movements of sediment. Luminescence is not commonly used as a sediment tracker, but
shows lots of potential. We outline the past uses of luminescence as a sediment tracker and
describe the future research that is needed to improve its use as a tool for scientists.
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1 Introduction

The movement of sediment across the Earth is a fundamental process that lies at the interface
between the biological and geological worlds. From a human perspective, sediment transport
can deliver nutrients that nourish soil and feed society, yet also bury houses and destroy
livelihoods (Burbank and Anderson, 2009). From a geological perspective, the movement of
sediment transforms landscapes as a response to climatic fluidity and tectonic unrest
(Anderson and Anderson, 2010). These perspectives together encompass a variety of
problems both practical, such as soil erosion (Guzman et al., 2013), reservoir sedimentation
(Syvitski et al., 2005), floods, contaminant / nutrient dispersion (Pizzuto, 2014),
desertification; and fundamental, including modeling landscape evolution (Tucker and
Hancock, 2010) and the support of life (Dietrich and Perron, 2006). For our sustainable
cohabitation in the world, we need to understand how landscapes shapes themselves, which
in‘turn requires a clear understanding of sediment generation and its subsequent transport and
dispersal.

Understanding of sediment movement over time and space requires quantitative tools; these
can be divided into sediment tracers, which follow sediment pathways and capturing their
journey from source to sink, and sediment fingerprinting, which views sediment in the sink
with an upstream focus to infer the source or provenance (following definitions and review
by Koiter et al., 2013; see Table 1 for definitions used in this study). Sediment tracing can be
further divided into methods that examine the dispersion of individual grains (e.g., Bradley,
2017) and into methods that quantify bulk fluxes of sediment (Belmont et al., 2014).
Likewise, sediment fingerprinting can be subdivided into geographic fingerprinting (source
location) and geomorphic fingerprinting (source landforms, e.g., upland soils, channel banks,
landslides, etc.; Belmont et al., 2014). Each of these subdivisions serves to answer a specific
family of questions concerning sediment transport or sourcing, and further development of
new methods is necessary for continued progress (Walling, 2013).

A potential expansion of methods in sediment tracing and fingerprinting lies within trapped
charge phenomena such as optically stimulated luminescence (OSL), infrared stimulated
luminescence (IRSL), and thermoluminescence (TL). OSL, IRSL, and TL, hereafter referred
to as “luminescence,” are light emissions from minerals where the magnitude and
characteristics depend on the grain’s crystallographic defects, previous sunlight-exposure,
and.irradiation history. As such, luminescence can be used to determine the time since
sunlight exposure, which serves as the basis for many widely used geochronologic techniques
for Quaternary-age deposits (Rhodes, 2011). However, the sensitivity of luminescence to
sunlight holds another key advantage in that grains in different geomorphic systems, or even
at different locations within the same geomorphic system, experience different levels of light
exposure. This phenomenon leads to spatial variations in the magnitude of luminescence,
raising the possibility of quantifying sediment transport rates via measurements of
luminescence. In addition, the intrinsic behavior of luminescence itself can be a function of
source geology, presenting a potential tool for downstream sediment tracing and provenance
reconstruction.

The use of luminescence to directly quantify geomorphic processes is an important research
frontier (Heimsath and Ehlers, 2005). The potential applications of luminescence are rapidly
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expanding to provide new quantitative insights into geomorphic processes such as
exhumation using OSL (Herman et al., 2010) and TL (Brown et al., 2017; Biswas et al.,
2018), soil mixing and transport (Reimann et al., 2017; Furbish et al., 2018c¢), surface
exposure (Sohbati et al., 2012) and surface erosion (Sohbati et al., 2018; Guralnik and
Sohbati, 2019), source area weathering and erosion (Haddadchi et al., 2016; Sawakuchi et al.,
2018), fluvial sediment transport (Mcguire and Rhodes, 2015a; Gray et al., 2018), and coastal
sediment transport (Ahmed et al., 2013; Reimann et al., 2015). Luminescence can provide
quantitative sediment transport data from source to sink (Figure 1) including the
identification of provenance (Figure 2). Here, we review the current state of luminescence as
a sediment tracer with a view towards bringing together the existing disparate literature on
the subject and to evaluate its potential for tracing sediment.

We have organized this paper by first discussing the physical basis for luminescence as a
sediment tracer in geomorphic environments. Next, we review and summarize previous
applications of luminescence sediment tracing towards quantifying sediment transport rates,
followed by a review and synthesis of luminescence as a provenance tool. We focus on
studies that directly use luminescence intensities, equivalent doses, or luminescence
characteristics to infer sediment transport or depositional processes as opposed to dating of
deposits.

2 Overview of Sediment Tracing and Fingerprinting

Determining provenance via mineralogical fingerprinting dates back to the late 19" century
(Weltje and von Eynatten, 2004). The mid-1970s saw an expansion of analytical capabilities
including geochemical techniques (see Walling, 2013, for a comprehensive review).
Similarly; sediment tracing has roots extending to the early 20" century (Hassan and
Ergenzinger, 2003) with demonstrations of the use of painted tracers in a flume by Einstein
(1937) and in natural rivers by Takayama (1965) and Leopold (1966). Over time, sediment
tracing has continually expanded with the development of new techniques (see reviews by
Hassan and Ergenzinger, 2003; Gellis and Walling, 2011).

The popularity of sediment tracing and fingerprinting stems from its applicability to a wide
variety of research questions. Hassan and Ergenzinger (2003) note that tracers can be used to
provide information on the rate and direction of sediment transport, step lengths and
residence time of particles, virtual rate of sediment movement, impact of sedimentological
environment on distance of movement, sediment sources and depositional areas, and
dispersion of contaminants; in addition, tracers can help address other potential research
questions such as those involving soil erosion and accumulation (Ritchie and McHenry,
1990). Similarly, reconstructing sediment provenance via fingerprinting also has the potential
to answer a variety of research questions. These questions range from how and where
landscapes produce sediment (Zhang et al., 2001; Guzman et al., 2013; Kaoiter et al., 2013),
how sediment routing systems exchange and store sediment (Pizzuto et al., 2014; Belmont et
al., 2014), and how various geomorphic processes modulate sedimentary fluxes (Walling,
2013). In turn, the answers to these questions have implications for catchment management
and restoration (Mukundan et al., 2012; Collins et al., 2017), practical applications such as
reservoir design, land-use planning, and archeological reconstructions (Hassan, 1978, Davis
and Fox, 2009; Gellis and Walling, 2011; Kaoiter et al., 2013), natural and human-induced
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landscape evolution (Syvitski et al., 2005; Tucker and Hancock, 2010), and inferring
paleoclimatic and tectonic changes from the stratigraphic record (Weltje and Eynatten, 2004).

Just as the questions that sediment tracing and fingerprinting can answer are diverse,
sediment tracer and fingerprinting methods vary considerably (Guzman et al., 2013; Koiter et
al:; 2013). Examples of methods include fallout radionuclides **Cs, #°Pb, and 'Be (Kaste et
al., 2007; Walling, 2013; Mabit et al., 2014), cosmogenic isotopes (Lauer and Willenbring,
2010), elemental concentrations (Viers et al., 2008; Govin et al., 2012), mineralogy (Morton,
1985), magnetic properties (Just et al., 2012; Milan and Large, 2014), radio-frequency
identification tags (Hassan and Ergenzinger, 2003; Bradley and Tucker, 2012), paint and
fluorescent dyes (Hassan and Ergenzinger, 2003), and contaminant adsorption (Pizzuto,
2014). Generally, sediment tracing and provenance studies are cost effective solutions to
research questions (Hassan and Ergenzinger, 2003). Field work involves collection of
sediment from field sites such as river channels and upland sources. Quantitative analysis and
statistical operations can then quantify the portion of sediment derived from a given source
(Weltje, 1997; Gellis and Walling, 2011). In addition, tracing and fingerprinting methods can
be applied to sediment cores to evaluate geomorphic and climatic changes over time (e.g.
Mulitza et al., 2010).

Sediment tracing and fingerprinting methods are not without challenges, and several issues
remain as outstanding problems. One challenge is the “black box” of sediment transport or
the assumption of a direct link between sinks and sources without any transformation of the
sediment (Koiter et al., 2013). In geomorphic systems, a wide variety of processes influence
the motions of sediment, and during transport, sediment may undergo chemical, biological,
and physical transformations including changes in particle size (Laceby et al., 2017). In
addition, sediment can be stored in geomorphic compartments, such as floodplains, for long
periods of time during transit from source to sink (Walling, 2013; Belmont et al., 2014;
Pizzuto et al., 2014). This storage can potentially bias the record as can heterogeneous
sediment mixing (Hadaddchi et al., 2013). How these various geomorphic processes can bias
sediment fingerprinting remains an open and potentially site-specific research question.
Another potential issue lies in a lack of understanding of how non-conservative tracers may
change during transport, such as the decay of isotopes or wearing of painted grains. However,
the solution to these problems may lie in the use of multiple tracers at a field site and the
development of new alternative tracers (Walling, 2013). Because of the wide variety of tracer
applications, improving our ability to trace sediment is an important step in solving critical
scientific and applied problems.

A potential expansion in sediment tracing and fingerprinting lies in using trapped charge
phenomena such as luminescence. A key advantage of luminescence is its applicability to
fine and very fine sand (63-250 um diameter grains) as well as to silt (4-62 um diameter
grains). As noted by Zhang et al. (2001) and Guzman et al. (2013): “...the ideal tracer would
have the following characteristics: (a) strong binding to soil particles or ready incorporation
into soil aggregates, (b) high analytical sensitivity, (c) easy and inexpensive to quantify, (d)
low background soil concentration, (e) no interference with sediment transport, (f) low plant
uptake, (g) environmentally benign, and (h) available in variants with similar, but
distinguishable, physicochemical properties for multiple tracking.” Luminescence and
luminescence characteristics of minerals such as quartz and feldspar arguably fit many or all
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of these characteristics. No modification of the sediment grain, such as painting or tagging a
grain, is needed to measure luminescence or its properties, meaning that sediment transport
can-occur.unhindered. There is no potential for contamination of plants or the environment,
as could-occur with artificial materials or artificial radioactive elements. Luminescence
measurements are made on natural sediment, sampling is conducted with non-toxic products,
and there is no introduction of artificial material to the natural system being sampled.
Furthermore, luminescence encompasses a wide range of variants that can be measured with
high analytical sensitivity at a low cost with minimal sample preparation. In particular, the
use of quartz luminescence has the benefit of low weathering rates and high preservation
potential over long timescales.

3 Physical Basis of Luminescence as a Sediment Tracer and Provenance Tool
3.1 The Physics of Luminescence

Luminescence, here OSL, IRSL, and TL, originates from charge populations in the crystal
lattice of minerals (Huntley et al., 1985; Aitken, Yukihara and McKeever, 2011). At the
atomic scale, ionizing radiation in the kilo- to mega-electrovolt range interacts with atoms
and creates free electrons and holes (locations of negative and positive excess charge in the
mineral-lattice, respectively). A tiny fraction of these free charges, including electrons in the
conduction band and holes in the valence band, can occupy allowed energy levels created by
the presence of structural defects (such as atomic vacancies) or atomic impurities. These
energy levels are commonly known as “traps,” and they form metastable states once they
capture electrons or holes. Because such traps are finite in concentration, they fill up over
time until the system reaches a “saturated” state in which no more free electrons or holes can
be stored.

The reverse process of trap emptying requires external energy such as heat or light, which
leads to detrapping and the return, or recombination, of electrons with the trapped holes
(Figure 3). This return of the system to its prior state (before exposure to ionizing radiation)
is accompanied by light emission, or luminescence, due to the release of energy stored in the
metastable states. Thus, luminescence is a proxy for the concentration of trapped
electrons/hole pairs. For luminescence measurements applied to dating, one typically targets
those traps that are thermally stable on the time scales of millions of years. Electrons in these
deep traps can be released by the application of visible to near infrared wavelengths or by
heating to several hundreds of degrees. Specific terms refer to the use of the laboratory
stimulation method to produce luminescence. For example, OSL or IRSL refer to the use of
stimulation light in the optical range to near-infrared range (400-900 nm wavelengths), and
TL refers to the use of heat to produce luminescence. These various forms of luminescence
are typically measured with a luminescence reader consisting of light emitting diodes or
lasers, photomultiplier tube, heating element, and radiation source (Bgtter-Jensen et al.,
2003).

The intensity of luminescence emission is related to the concentration of trapped charge
population, both electrons and holes, and the efficiency of radiative recombination (how
easily an electron can access a hole; Yukihara and McKeever, 2011). In nature, a growth in
trapped charge due to exposure to natural ionizing radiation (e.g., from decay of radioactive
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isotopes during burial) leads to an increase in the luminescence. Conversely, a decrease in
trapped electron population due to exposure to daylight (e.g., during weathering and
transportation) leads to a decrease in the luminescence signal. Thus, luminescence is a
dynamic quantity that can grow and decay with time depending on the history of burial or
exposure (Figure 4). In turn, the history of burial and exposure is a function of geomorphic
environment and sediment transport conditions and the available accommodation space (Jain
et al., 2004).

For the same absorbed energy from ionizing radiation, different samples can emit different
intensities of luminescence. This observation is referred to as the luminescence sensitivity of
the sample, effectively the luminescence produced per unit mass per unit dose of radiation.
Sensitivity varies across samples because the concentration of electron trapping states, the
ratio of luminescent/non-luminescence radiative recombination centers and trapping
competition effects in a crystal depend upon the sample’s geochemistry and geological
history. For siliciclastic sediments, quartz grains originating from different source rocks can
have different luminescence behavior due to the temperature and pressure conditions of
crystallization (e.g., Guralnik et al., 2015a; 2015b), although quartz from crystalline rocks
typically has low luminescence sensitivity (Moska and Murray, 2006). Because of this link
with.geological source, the sensitivity of quartz grains in a sediment sample would be a
function of the sample’s provenance. However, further studies indicate that major changes in
the luminescence sensitivity of quartz occur after quartz crystals from rocks are converted
into sediment grains (Sawakuchi et al., 2011), although this requires further investigation.
Thus, the sensitivity of a sample can change based on the previous number of cycles of
deposition and erosion, which promote successive events of burial irradiation and sunlight
exposure (Moska and Murray, 2006; Pietsch et al., 2008). Generally, the sensitivity of quartz
grains increases with progressive deposition-erosion cycles, but this is not always the case,
because some single grains present stable sensitivity after being submitted to irradiation-
illumination cycles (Pietsch et al., 2008).

3.2 Functional Forms of Luminescence Growth and Decay

The physics of luminescence can be modeled with equations for both luminescence growth
and decay. When buried in a deposit and subject to background ionizing radiation, the
luminescence of a sand or silt sized grain or multi-grain aliquot, grows following, in its
simplest functional form, a saturating exponential form:

L(t) = Lg¢g; (1 — exp (—i—it))

(1)

where L (dimensionless) is the luminescence as a proxy for trapped electron population (after
sensitivity-correction, a form of normalization), ¢t is time (S), Ly, (dimensionless) is the
luminescence at “saturation” (i.e. when: t — ), Dy, is the environmental dose rate (Gy/s),
and D, is the characteristic dose (Gy), a parameter defining the amount of dose needed to
reach 63% of L,.. Equation 1 (Murray and Wintle, 2006) shows how latent luminescence
will increase with storage while a grain is buried and exposed to ionizing radiation. Typically,
D, values for single grains of quartz range from ~10-100 Gy (Duller, 2012) but large
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variation can be found in the literature (Singarayer and Bailey, 2003). Values of D, may be
due to source lithology but further evidence is needed to confirm this (Lowick et al., 2010).

Recently, Timar-Gabor et al. (2017) demonstrated that an inverse square relationship exists
k

between quartz grain size and D, (D, = 75 where § is grain size and k is a constant).
The luminescence of a grain decreases when the sample is exposed to sunlight or heat,
example daylight exposure during weathering/transport or heating. A simplified way to
describe this decrease in luminescence, following first order kinetics, is an exponential loss

with exposure time:

L(t) = Loexp(—At) 2
where,

o for light exposure
A= 3

s e F/k8T for heat exposure

wherein L, is the luminescence when (t = 0) at the onset of exposure, o (cm™) is a
probability that a trapped electron will interact with a photon from given light flux ¢ (cm®.s’
Y. Similarly, in case of heating s (s™) is an electron attempt-to-escape-the-trap frequency, E
(eV) is the activation energy necessary to overcome the trap potential, kg is Boltzmann’s
constant, and T (°K) is temperature (Chen and McKeever, 1994).

Equations 1 and 2 represent the ideal behavior of luminescence as a function of
environmental variables (background dose rate Dy and light flux ¢) and intrinsic
luminescence variables (characteristic dose D, and “bleachability” governed by o). Different
luminescence signals such as OSL, IRSL, TL, and their derivative signals, have varying
levels of complexity in their underlying equations and are often approximated as power-laws,
sums of exponential functions, or systems of differential equations (e.g. Huntley, 2006; Chen
and Pagonis, 2011; Jain et al., 2012, 2015; Guralnik et al., 2015). The above equations 1 and
2 have mainly been found to be appropriate for describing the luminescence behavior of the
fast OSL component of quartz (Jain et al., 2003, 2005; Singarayer et al., 2003). The kinetics
of other luminescence systems are more complex and require further understanding. In
general, the relationship between light and heat is complex and it is well known from the
laboratory experiments that ambient temperature governs the optical depletion rate (Murray
and Wintle, 1999; Beatter-Jensen et al., 2003; Jain and Ankjeergaard, 2011).The model
equations describing the growth and depletion of a certain luminescence signal set the basis
for-techniques such as thermochronology and/or thermometry (e.g. Spencer and Sanderson,
1994: Rengers et al., 2017; Brown et al., 2017), exposure and erosion (Sohbati et al. 2018)
and sediment transport (McGuire and Rhodes, 2015a).

Quartz OSL Components

In the case of quartz OSL, the luminescence emitted during sediment bleaching appears as a
sum of a discrete exponential decays (Bailey et al., 1997; Jain et al., 2003; Singarayer et al.,
2003) corresponding to different traps. These exponential decays are termed as “fast,”
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“medium,” and “slow” based on the relative rate of decay (Bailey et al., 1997). For example,
the total OSL can be described as a sum of components:

Ltotal(t) > LOfasteXp(_Gfast(pt) + LomediumeXP(_UmediquDt) + LOsloweXp(_aslow(pt)

(4)

with the subscripts indicating the contributions of each component which has the form of
Equation 2. Similarly, the growth of each component can be described by a similar
summation of the right-hand side term in Equation 1. The presence and the relative amounts
of luminescence produced by each component per unit dose is a function of source lithology
and transport history (Kuhns et al., 2000; Jain et al., 2003; Singarayer et al., 2005; Choi et al.,
2006; Tsukamoto et al., 2011; Sawakuchi et al., 2011; Jeong and Choi, 2012; Haddadchi et
al., 2016). Quartz extracted directly from igneous or metamorphic bedrock can be dominated
by the medium and slow components (Jeong and Choi, 2012), whereas sedimentary transport
appears to increase the sensitivity of the fast component (Sawakuchi et al., 2011; Jeong and
Choi, 2012; Haddadchi et al., 2016). This dependence on source lithology provides the basis
for OSL components as a provenance tool (Haddadchi et al., 2016), as discussed in detail in
further sections. Individual components can be observed more easily using Linearly
Modulated Optically Stimulated Luminescence (LM-OSL; Bulur, 1996), where the
stimulating light flux is linearly increased in intensity over the measurement interval. The
linear increase in stimulating light flux causes the separate OSL components to peak at
different times during measurement and allows them to be easily visually separated.

4 LLuminescence and its Characteristics in Geomorphic Environments

In the following subsections, we summarize knowledge about how luminescence and its
characteristics may change in geomorphic systems. We broadly discuss the 4-250 pm grain-
size range (very fine silt to fine sand), although these concepts may also apply to a broader
range of sediment grain sizes such as cobbles (e.g. Liu et al., 2018).

The dynamic nature of luminescence in geomorphic environments is the key strength that
differentiates luminescence from other tracer methods. As grains of sand migrate through
geomorphic systems, such as rivers, hillslopes, and aeolian dunes, the grains will experience
varying levels of light exposure (luminescence removal) and varying time spent in burial
(luminescence regeneration). Broadly, the level of light exposure and luminescence removal
for a sediment grain in a geomorphic system depends on the transporting medium and
mechanism (Figure 5). In contrast, luminescence regeneration is dependent on the inherent
storage times within a geomorphic system, and on the concentrations of radioactive elements
in sediments (such as uranium, thorium, potassium, and others) and exposure to cosmic
radiation (Prescott and Hutton 1994). This means that the luminescence of sediment grains at
any given point in space or time will reflect the rates and mechanism of the sediment
transport process (Figures 4,5) and the ambient sediment environment. To our knowledge, no
othersediment tracer has this specific sensitivity to storage time and sunlight exposure,
although some tracers such as beryllium-7 ("Be) and excess lead-210 (**°Phe,) can be affected
by burial (Koiter et al., 2013; Gellis et al., 2018). Thus, luminescence has unique potential to
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uncover new information on earth surface systems, possibly recording rates and mechanisms
of sediment transport.

4.1 Luminescence Bleaching in Different Environments

To understand how to use luminescence as a sediment tracer, we must understand how
sunlight exposure removes, or “bleaches” (Wintle, 1981), luminescence in geomorphic
environments. To gain this understanding, we must determine: (1) how sediment grains
typically get exposed to sunlight, (2) what is the spatial pattern of luminescence at different
scales, and (3) how do spatial patterns of luminescence vary over geomorphic timescales.
Answers to these questions for a specific geomorphic system determine our ability to
decipher transport histories recorded in luminescence.

First, how are sediment grains typically exposed to sunlight in geomorphic environments, and
how does luminescence bleaching occur as a result? Bleaching rates can vary by orders of
magnitude depending on the light flux. The time needed to fully bleach a luminescence signal
ranges from seconds in direct sunlight to months and significantly longer in turbid water
(Gemmell, 1985; Gray et al., 2018). Bleaching can occur prior to transport, during transport
(as for example when a grain is suspended in a fluid flow), and/or following deposition on a
surface, where a stationary grain can receive prolonged sunlight exposure (Gray and Mahan,
2015). The processes that dominates depends on the local geomorphic environment. For
example, grains in a soil may only become bleached by direct surface exposure, when grains
are brought to the top of the soil column by various mixing processes (Heimsath et al., 2002).
In'contrast, some systems may bleach sediment by more than one process. For example,
sediment in a deltaic system may experience bleaching by sunlight exposure of grains
deposited on subaerial surfaces such as bars, and by in-transport bleaching when grains are
suspended in a flow (Chamberlain et al., 2017; 2018a, 2018b). Understanding how bleaching
occurs serves to define what information one can obtain from the luminescence signal. In the
case of solil, the interpretation of luminescence is straightforward: bleaching at the surface
and mixing of soil causes the luminescence to record information on the soil mixing rate
(Reimann et al., 2017). In the case of river systems, interpretation of the luminescence is
river-specific. Depending on the bleaching mechanism, the luminescence may record the time
spent in transport, the frequency of flooding events, and time in storage (Gray and Mahan,
2015).

In cases of systems with multiple bleaching processes, interpreting luminescence requires one
to determine which process is dominant (Gray et al., 2017). River systems serve as a useful
example, as the relative influence of sunlight exposure on surfaces, such as bars, versus in-
transport bleaching, is not yet well known (Gray and Mahan, 2015). The uncertainty stems
from the number of variables that control both processes (Jain et al., 2004; Cunningham et
al., 2015a). For in-transport bleaching, subaqueous bleaching rates depend on time of day and
on water turbidity, which increases light attenuation and modifies the impinging wavelengths
of sunlight, and reduces the rate of luminescence bleaching (Berger, 1990; Ditlefsen, 1992;
Rendell et al., 1994; Sanderson, 2007; Kars et al., 2014). Water turbidity is itself controlled
by sediment supply and river hydrology. For surface bleaching, key variables include the
number of flood events that rework sediment, the typical depths of scour versus light
penetrative depths, and the surface area of sunlight-exposed deposits set by channel and
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floodplain geometry. Because these variables range widely among different fluvial systems,
the relative influence of in-transport versus surface bleaching is likely to vary from river to
river and may be flood specific (Gray et al., 2017).

While we are not yet certain how bleaching generally occurs, sparse research provides some
insight. Laboratory flume experiments indicate that in-transport bleaching of
thermoluminescence is virtually negligible (Gemmell, 1985). On the other hand, it is not clear
whether the faster-to-bleach OSL/IRSL signals also bleach slowly in flumes or how flume
studies scale up to natural rivers. Field-based approaches offer additional insight. For
example, in a flash-flood driven system, such as the Mojave River in southern California,
USA (McGuire and Rhodes, 2015a; 2015b), bleaching should be dominated by surface
exposure as the river’s flood waters are extremely turbid with very limited sunlight exposure
(Poratetal., 2001). However, McGuire and Rhodes (2015b) found that single-grain
distributions did not match predictions of a pure surface bleaching model for the Mojave
River. The authors suggest that both surface bleaching and in-transport bleaching are
occurring even in this turbid flash flood driven system. In contrast, Gray et al. (2017) argued
that bleaching via surface exposure for some river systems may be less important than in-
channel bleaching as the fraction of sediment exposed at the surface is small when compared
to the averall volume moved during the floods that move most of the sediment. While it is not
immediately clear when and where in-transport or surface bleaching is dominant, answers to
this problem may lie in examining changes in sensitivity as a function of reworking cycles
(Pietsch et al., 2008; Gliganic et al., 2017), the uniformity of bleaching in single grain
distributions (Arnold et al., 2007; Duller, 2008; Rittenour, 2008), and/or the ratios of easy-to-
bleach versus hard-to-bleach luminescence signals (Singarayer et al., 2005; Fiebig and
Preusser, 2007; Murray et al., 2012).

Despite some uncertainty in the mechanisms of bleaching, researchers have noticed general
landscape-scale spatial patterns of bleaching in geomorphic environments. Generally,
luminescence has been observed to decrease with the transport distance (1-100 km) (Stokes et
al., 2001; Hu et al., 2010; McGuire and Rhodes, 2015a; Gliganic et al., 2017). In an idealized
landscape with idealized luminescence, the bleaching rates are constant throughout, such that
the luminescence lost per unit transport distance is a function of drainage area. In such a case,
stream junctions deliver sediment with volume and luminescence proportional to the
upstream drainage area and the theoretical result is a power-law decrease in luminescence
downstream (Gray et al., 2017; Gray et al., 2018). However, nature is heterogeneous and the
downstream decrease can change to an increase if enough unbleached sediment is delivered
to the channel relative to the current sediment load (McGuire and Rhodes, 2015a; Gray et al.,
2017). Delivery of unbleached sediment can occur if a tributary is less effective in bleaching
than the main channel, say due to enhanced sediment load (Gray et al., 2017; Li et al., 2018).
Other examples include entrainment of unbleached sediment by river channel incision
(Mufoz-Salinas et al., 2012), lateral channel erosion due to river meander, and variability in
soil erosion rates (Gray et al., 2018). Broadly, the spatial patterns of luminescence within a
river system, or across river systems, may have the potential to give insights into flood
dynamics (Knight and Evans, 2018) and into landscape dynamics (Portenga et al., 20164a;
Mufioz-Salinas et al., 2017). However, it is not yet known how specific geomorphic
processes result in specific changes in luminescence such that we can quantitatively predict
their effects.
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In addition to large-scale spatial patterns, researchers have documented variability in
luminescence bleaching at small spatial scales (1 cm — 1 m). King et al. (2013, 2014a)
observed that residual luminescence, as apparent ages, can vary notably between glacial and
periglacial geomorphic features. Variability in apparent age is also large within glaciofluvial
deposits (King et al., 2014b). Cunningham et al. (2015a, 2015b) noted that there appears to
be a correlation between bleaching and the discharge of flood that deposited sediment in a
bedrock river setting, with large floods appearing more likely to deposit unbleached
sediment. At the smallest spatial scale, researchers have noted differences in bleaching of
fluvial deposits as a function of grain size, with coarser grains (180-250 um) being better
bleached (Olley et al., 1998; Truelsen and Wallinga, 2003; Alexanderson, 2007;
Vandenberghe et al., 2007; Rittenour, 2008; Hu et al., 2010; Toth et al., 2016). This
observation is puzzling, as finer grains should spend more time in suspension, and
consequently are exposed to light for a longer duration than are coarser grains (Gray and
Mahan, 2015). However, differences in bleaching by grain size is not ubiquitous, as some
researchers have found that finer grains have lower residual doses (Fuchs et al., 2005;
Schielein and Lomax, 2013; Hu et al., 2014) and there are cases where all grain sizes seem
adequately bleached (e.g. Chamberlain and Wallinga, 2019)

There are some potential hypotheses to explain the differences in residual dose between grain
sizes. One is that different grain sizes have different rates of exchange between a channel and
floodplain (Lauer and Willenbring, 2010) such that the total time spent regenerating
luminescence during storage varies for sediments of different grain sizes, which leads to
different levels of luminescence in channel sediment. Another hypothesis is that the physics
of vibration induced by fluid action on deposits causes coarse grains to rise to the surface of
deposits, leading to sunlight exposure at the surface.

In addition to spatial variability, temporal changes in channel sediment luminescence can hint
at geomorphic process. Gemmell (1997) gives a key example through measurements of the
TL of suspended polymineral sediment over the course of a discharge event in an alpine
stream. Gemmell (1997) found that average TL intensity was low at the beginning of the
event but increased in intensity with duration of the event. Gemmell (1997) reasoned that the
TL magnitude reflected the initial entrainment of highly bleached surface-exposed sediment
by the stormflow followed by scouring of unbleached sediment in deposits and streambanks.
TL signals in similar streams appear to show systematic fluctuations over time (Gemmell,
1994a, 1994b) such as diurnal fluctuations (Gemmell, 1997; 1999). This may be due to
changes In bleaching rates between daylight and sunlight-diminished conditions (Lindvall et
al,, 2017). However, some systems may not show regular patterns (Gemmell, 1988). How
and when luminescence in sediment changes remains an open research question that may
offer insight into geomorphic processes.

Most research into bleaching has focused on river systems, but bleaching varies greatly by
geomorphic environment (Alexanderson, 2007; Jaiswal et al., 2009; Schielein and Lomax,
2013; Przegietka et al., 2016; Weckworth et al., 2012). For a given luminescence signal (OSL
or IRSL), aeolian sediments often show lower residual doses (remnant luminescence) than
other types of sediment (Singarayer et al., 2005; Buylaert et al., 2011). In aeolian systems,
bleaching tends to be more complete for individual grains presumably, because typical
transport conditions in arid systems generally allow for less attenuated solar irradiance as
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compared to subaqueous transport (Wintle, 1993) and general greater mobility of wind-
blown sediment allows long subaerial durations. In contrast, deltaic systems host highly
variable bleaching conditions that probably reflect varying levels of water turbidity, sediment
transport distances, and driving mechanisms such as streamflow and wave action, leading to
large variation in the extent of bleaching (Chamberlain et al., 2017, 2018a). As with deltaic
systems, coastal systems involve an ensemble of processes and factors, such as climate-
modulated storm frequency and magnitude, that control wave action, which in turn controls
sediment sourcing, transport, reworking, and light exposure (Sawakuchi et al., 2012;
Reimann et al., 2015; Zular et al., 2015; Fruergaard et al., 2015; Lopez et al., 2018). As such,
incompletely bleached sediment is not uncommon in coastal systems (Richardson, 2001;
Jacobs, 2008; Alexanderson and Murray, 2012), although well bleached samples can be
found (Murray et al., 1995; Madsen and Murray, 2009; Chamberlain et al., 2018b). Further
inland, such as in mixing soils on hillslopes, bleaching occurs entirely by surface exposure
where grains reach the surface via mixing processes and are then reburied (Reimann et al.,
2017). Finally, in rare cases, bleaching can potentially occur via mechanisms such as pressure
at the bottom of a glacier (Bateman et al., 2018). The wide variety in the extent of bleaching,
and our limited understanding of the processes, shows that much is yet to be learned about
the connections between luminescence and geomorphology.

4.2 Patterns of Luminescence Regeneration in Different Environments

To best utilize luminescence as a sediment tracer and fingerprinting tool for sediment grains,
we must recognize the role of sediment storage during geomorphic transport. Sediment
storage provides an opportunity for luminescence to regenerate, and to undergo changes in
luminescence characteristics such as sensitivity over many burial-erosion cycles (Pietsch et
al., 2008). Sediment storage is a ubiquitous process. If one were to pick a grain of sediment at
random, it is overwhelmingly more likely to find it in a stationary state and residing in a
depositional feature, than to find it in a state of motion (Meade, 2007; Bradley and Tucker,
2013). Furthermore, these stationary periods can range from seconds up to millions of years
(Pizzuto et al.,'2017) with the time spent in storage controlled by the type of geomorphic
system (e.g., glacial, fluvial, aeolian) and the “connectivity” of different storage reservoirs
(Hoffmann, 2015).

For context, luminescence regeneration during storage occurs over generally long timescales.
As an example calculation, one can rewrite Equation 1 as: t = —(Dg/Dy) In(1 — L/Lgg¢)-
The time (t) needed to regenerate luminescence from L = 0 to L = 0.99L,,; requires
approximately 70 kyr (Equation 1, approximate value for D, = 47 Gy, D = 3 Gy/kyr;
Duller, 2012). The minimum resolvable timescale depends on the precision of a dose
measurement and the sensitivity of the sample. A single day is unlikely to be resolvable with
quartz OSL, whereas a thousand years is likely resolvable, and some highly sensitive samples
can resolve ten to hundreds of years.

It is challenging to summarize all possible sediment storage systems and their effect on
luminescence. However, some generalizations at various scales can be useful. At the
landscape scale, it is useful to consider how various geomorphic processes and sedimentary
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reservoirs exchange sediment. For example, the production of sediment via soil forming
processes on hillslopes is eventually delivered to river channels by gravity-driven transport
(Roering et al., 1999). Depending on the transport capacity of the river channel, this sediment
may become entrained into the flow and transported away (Hooke, 2003). Alternatively, the
flux of sediment from hillslopes may overwhelm the river’s capacity, thus retaining sediment
in valley fill (Hooke, 2003). In the case of non-entrainment, sand grains have an opportunity
to regenerate luminescence that may have been removed by prior sunlight exposure on
hillslopes (Fuchs and Lang, 2009). Here, it is the accommodation space of the river-hillslope
system that allows for storage time and regeneration. These landscape-scale interactions
between storage reservoirs is often referred to as “sediment connectivity” where systems with
a high pass-through rate are considered high “connectivity” (Hoffman, 2015). However, it is
important to note that the connectivity of the example above is restricted to a timescale
defined by the river and hillslope processes.

At scales smaller than landscape scale (less than tens of kilometers), the dynamics of
individual processes have a control on sediment storage times. The extent of regeneration
depends on probability distributions of resting times whose exact form is a function of the
specific geomorphic process (Furbish et al., 2017). For example, a grain of sand travelling
through a meandering river system may spend time between periods of in-channel motion
and long-term storage in floodplain deposits. The probability distributions that define the
grain’s long-term resting time in such a meandering system can vary from exponential to
power-law (Bradley et al., 2013) with storage times ranging from years to hundreds of
thousands of years. Another example could be a coastal system where the frequency of grain
motion-may depend on the frequency of storms and the probability of being deposited on the
surface or at depth. Storage times in such a system may last around a year if exposed to storm
waves, or hundreds to thousands of years if located in backwater deposits. As a final
example, a sand grain residing on soil may not move unless disturbed by a biotic process
occurring at some frequency (Furbish and Haff, 2010). The frequency of motion of the sand
grain may vary dramatically depending on the local biota and climate with tropical soils
potentially having high rates of motion and desert soils potentially having lower rates
(Wilkinson et al., 2009), although further evidence is needed.

The effect of storage times on the luminescence of sediment across landscapes has not been
directly studied in the context of sediment tracing and fingerprinting. However, we must note
that almost all luminescence ages on sedimentary deposits are a measurement of the latest
sediment storage time. Recent work on pebbles and cobbles showed that multiple storage and
exposure cycles can be detected in the luminescence depth-profiles down the surface of a
rock (Freiesleben et al., 2015). Because luminescence is a measure of sediment storage time,
luminescence may hold potential for quantifying and answering questions related to sediment
storage, sediment connectivity, and preservation potential (Jain et al., 2004).

4.3 Luminescence Sensitization in Surface Environments

The luminescence sensitivity is defined as the luminescence intensity per unit dose per unit
mass (Gy " kg™). Feldspar grains from sediments usually have high luminescence sensitivity
compared to quartz grains (Gliganic et al., 2017). The OSL sensitivity is a critical
characteristic for sediment dating because low sensitivity hinders the measurement of reliable
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equivalent doses in quartz (e.g., Preusser et al., 2006). Laboratory experiments indicate that
the OSL sensitivity of quartz generally increases after heating (Bgtter-Jensen et al., 1995;
Wintle and Murray, 1999; Li, 2002), or after cycles of light stimulation and irradiation
(Better-Jensen et al., 1995; Moska and Murray, 2006, Pietsch et al., 2008). In nature, the OSL
sensitivity of quartz can vary over several orders of magnitude due to its variable temperature
conditions of crystallization and long persistence in surface environments as sediment grains
(Sawakuchi et al., 2011). Sediments can comprise quartz grains with diverse thermal,
irradiation, and bleaching histories, promoting changes in charge traps and recombination
centers responsible for luminescence. Various factors potentially control the OSL sensitivity
of quartz grains from sediments, including the thermal history of the source rocks (Sawakuchi
etal., 2011; Guralnik et al., 2015a,2015b), wildfires (Rengers et al., 2017), transport as grains
in sedimentary systems (Pietsch et al., 2008; Zheng et al., 2009; Fitzsimmons, 2011; L et al.,
2014), shifts in regional climate (Juyal et al., 2009), and denudation rate of sediment source
areas (Sawakuchi et al., 2018).

However, there is a poor understanding of how these factors exactly control quartz OSL
sensitivity (Fitzsimmons, 2011). We do know that the OSL sensitivity of quartz can change
following illumination and/or regeneration depending on the luminescence signal of interest
(Stokes, 1994). Sensitivity changes appear to occur during sediment transport as grains cycle
between illumination during transport and regeneration during burial storage (Li and Wintle,
1992; Pietsch et al., 2008). However, sensitivity changes during these cycles can be hard to
predict as sensitivity can either increase or decrease with repeated cycling, although
sensitivity generally increases with cycles (Pietsch et al., 2008). In addition, source area
geology appears to play a predominant role in controlling OSL sensitivity of quartz from
sediments (Fitzsimmons, 2011; Sawakuchi et al., 2018). Sawakuchi et al. (2018) noted in the
Amazon River Basin of South America, that low sensitivity quartz derives from areas under
higher denudation rate, which promote a fast conversion of quartz crystals from parent rocks
into sediment grains, whereas high sensitivity quartz occurs in sediments from tectonically
stable areas with low denudation rates. This link with source geology at various geographic
locations sets the basis for luminescence sensitivity as a provenance tool (Sawakuchi et al.,
2012; Zular et al., 2015; Nascimento et al., 2015; Sawakuchi et al., 2018) as discussed in later
sections.

5 Previous Research on Luminescence as a Sediment Tracer

There has been a substantial amount of research on luminescence as a sediment tracer;
however, much of it has been disparate, focusing on differing geomorphic environments.
Here, we attempt to collect and unify each of the major fronts of luminescence sediment
tracing. We first describe the basis of the use of luminescence in an environment, then
provide an overview of the published literature on this topic, summarize the current state of
the science, and then comment on current research needs.

5.1 Hillslopes and Soils

Soils-and sediments exposed at the Earth’s surface are subject to a range of biotic and non-
biotic processes that serve to advect and disperse material (Anderson, 2015). Biotic drivers
can range from vegetation roots (Roering et al., 2002) to burrowing mammals (Gabet et al.,
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2003 Winchell et al., 2017) and insects (Rink et al., 2013; Kristensen et al., 2015). Non-biotic
processes range from near surface effects like rain splash (Furbish and Haff, 2010) to deeper
processes such as the growth and collapse of pore space by shrink-swell and freeze-thaw
processes or relocation of material by soil forming processes (Anderson, 2015).
Understanding the advection and dispersion of sediment grains, here broadly defined as soil
mixing, is extremely important for understanding the movement of nutrients and habitats
critical for life (Meysman et al., 2006) and for understanding the movement of sediment that
sets the pace and form of landscapes on Earth and beyond (Dietrich et al., 2003; Dietrich and
Perron, 2006).

Luminescence has the potential to help answer fundamental questions related to natural soil
mixing as its light-sensitive nature preserves information on the paths of grains throughout a
soil column (Figure 6). Broadly, particles in soil move via a combination of advective and
diffusive motions (Furbish et al., 2018a, 2018b). These motions are related to the granular
dynamics of creep and to external perturbations that alter soil velocity profiles and sediment
flux rate (BenDror and Goren, 2018). The quasi-random motions of sand grains eventually
lead to particles reaching the surface (Furbish et al., 2018a). When sand or silt grains reach
the surface, their luminescence bleaches due to sunlight exposure. If the grain reburies into
the sail, the luminescence regenerates by background radiation. The net effect is that the
luminescence of a single grain is a function of its surface exposure and burial history, and the
average signal of multiple grains at given depth is a function of the relative proportion of
surface exposed grains. Individual grains encode information on the time-averaged
downward velocity (Heimsath et al., 2002), and the average dose of many grains (e.qg.,
measured using multigrain aliquots) encodes information on the bulk diffusivity of the
mixing medium (Johnson et al., 2014; Furbish et al., 2018b). Both downward mixing velocity
and bulk diffusivity can potentially illuminate the various biotic and non-biotic mixing
processes occurring at a given field site and could potentially be used to validate models of
soil motions. Coupling a geomorphic process-based model of hillslope particle motions with
luminescence (e.g., Furbish et al., 2018b) produces predictions of the pattern of luminescence
at a given field site. The predictions can be tested by measuring the patterns of luminescence
and comparing with model results. This is a promising application, as quantifying these
processes remains a critical research need.

There is a considerable body of research on the effects of soil mixing on luminescence, and
on using luminescence to quantify mixing processes. For the former, soil mixing is often
referred to as bioturbation, and there is considerable knowledge on how mixing of buried
sediment affects luminescence ages (see Bateman et al., 2003). For the latter, the first
apparent applications of luminescence as a soil tracer are by Heimsath et al. (2002) and
Pillians et al. (2002). Heimsath et al. (2002) performed a groundbreaking study in which they
measured both the soil production rate using cosmogenic beryllium-10 (*°Be) and the single-
grain quartz OSL signal for a population of grains. They used their measurements to calibrate
a Monte Carlo simulation of particle motions in a creeping soil in the upper Bega Valley in
southeastern New South Wales, Australia. Their OSL measurements revealed non-saturated
single grains within the soil. For this to be true, particles in soil must undergo vertical
motions, as soil is advected downslope. From their observations, they were able to quantify
the downward mixing rate and concluded that mixing was likely independent of depth at their

© 2019 American Geophysical Union. All rights reserved.



field site. Heimsath et al. (2002) were able to make inferences that provided much needed
insight on the nature of soil transport (Wilkinson and Humphreys, 2005).

Stockmann et al. (2013) followed up the work of Heimsath (2002) by measuring the
luminescence ages of single grains in soil at Werrikimbe National Park in Australia. In
contrast to Heimsath et al. (2002), Stockmann et al. (2013) found evidence of a depth
dependence on mixing rate based on their single-grain distributions. Building on this work,
Reimann et al. (2017) calculated “soil reworking rates” for a hillslope in northern Spain using
the methods of Heimsath et al. (2002) adapted for feldspar IRSL. Reimann et al. (2017) found
that their initial soil reworking rates were constant with depth and adapted the technique to
factor in depth-dependent mixing. The tracer method underwent an important advance by
Johnson et al. (2014), who modelled the luminescence of quartz grains in soil using an
advection-diffusion equation for a field site in northeastern Queensland, Australia. In their
study, Johnson et al. (2014) compared both a linear and exponential depth profile for soil
diffusivity and found that the exponential profile best fit the field data, which let them
quantify both the diffusivity and the characteristic lengthscale of mixing. Roman-Sanchez et
al. (2019a,b) merged both the downward velocity and advection-diffusion approaches in their
comprehensive study of the Santa Clotilde Critical Zone Observatory in southern Spain.
Roman-Sanchez et al. (2019a,b) present a large body of work, including analytical solutions
to the advection-diffusion equation, a dataset spanning an entire hillslope, and careful
analysis of the mixing and transport processes at their field sites. The combined efforts of the
above work are important because quantifying the soil mixing / diffusivity and lengthscales
of movement opens the door for modeling other processes such as predicting the movement
of nutrients and other soil properties.

A concurrent thread in quantifying mixing processes started with the work of Madsen et al.
(2011). Madsen et al. (2011) quantified the vertical mixing rates of lugworms in a coastal
tidal flat using a novel method similar to the methods used in vertically mixing soils in the
section above. Their approach was to conceptualize the mixing of sediment as a process that
removed material from below and deposited it on the surface, in effect quantifying this
mixing process as an accumulation rate. A numerical model of this process matched field
observations. Kristensen et al. (2015) used a similarly novel approach to quantify the soil
mixing as a “soil conveyor” driven by termite mount construction in Ghana. Gliganic et al.
(2016) used a slightly different method by observing the proportion of light-exposed grains
versus-depth and by calculating a downward mixing rate based on soil replacement time, an
approach like those used in soil science (Wilkinson et al., 2009; Richards, 2009). This is a
promising approach because Gliganic et al. (2016) showed a depth dependence on soil
mixing and demonstrated how luminescence can directly obtain a useful and specific soil
mixing parameter. Recently, Porat et al. (2019) was able to show that one can make
inferences on the timescales of soil transport using portable OSL readers. Similarly, Stang et
al. (2012) set out to determine whether soil mixing appears in depth profiles of portable
luminescence reader measurements of the IRSL and blue stimulated luminescence (BSL) of
polymineral aliquots in the San Gabriel Mountains of southern California, USA. Stang et al.
(2012) compared their luminescence depth profiles with a simple model of uniform grain
diffusion-and demonstrated that complex mixing profiles must be occurring at this site.
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Finally, Furbish et al. (2018a, 2018b, 2018c), using a Fokker-Planck equation, a specialized
probabilistic form of the Master Equation (Fokker, 1914; Planck, 1917), demonstrated how
the random paths of particles in a soil lead to changes in the depth profiles of luminescence
ages. In, particular, Furbish et al. (2018c) demonstrated that particles in soil undergo rarefied
transport, meaning that continuum style formulations of advection and diffusion are not
applicable in soils a priori. Instead, methods from statistical mechanics, such as a Fokker-
Plank approach are necessary. This advance sets the theoretical basis for connecting
measurements of luminescence, particularly single grains, with the probability distributions
of particle motions resulting from various soil mixing processes. Importantly, it allows one to
estimate a Peclet number (a ratio of advective versus diffusive forces), which is a useful value
in studies of soils and landscape evolution.

The current (2019) state of the science of luminescence as a soil mixing tracer is as follows.
There are currently three main methods used to infer soil mixing rates from luminescence.
The first is to divide the sample’s apparent age by the depth to obtain a downward velocity
(Heimsath et al. 2002) that can be interpreted in terms of soil mixing as a soil reworking rate
(e.g., Reimann et al., 2017). The second is to apply advection-diffusion style equations on the
age versus depth structure of soil (Johnson et al., 2014; Roman-Sanchez et al., 2019a,b). The
third.is to apply a probabilistic model of rarefied sand grains and use the change in single
grain luminescence ages versus depth to infer timescales of particle motion and soil Peclet
numbers (Furbish et al., 2018a; 2018b; 2018c). An additional method is to perform a
regression of age versus depth to obtain an accumulation rate to track the movement of
sediment (e.g., Kristensen et al., 2015; Bruening-Madsen et al., 2017). The choice of method
is dependent on the question at hand. For example, the downward velocity method is
applicable to some soil mixing parameters (Wilkinson et al., 2009), whereas the
advection/diffusion approach may be more similar to other soil mixing tracers such as bomb
and cosmogenic isotopes (Kaste et al., 2007). The next steps in advancing this technique lie
in testing luminescence-based mixing rates with mixing rates quantified from non-
luminescence methods. It will be important to show that one can obtain similar values from
different methods. This verification is critical to confirm that luminescence is acting as a
tracer. In addition, how specific soil mixing processes alter luminescence depth profiles
remains an open question for many processes. These processes could include tree throw,
shrink-swell, and biotic burrowing among many others. Using luminescence as a soil mixing
tracer provides an important tool to support a wide range of potential future research needs.

5.2 Fluvial Systems and Landscapes

While there is a substantial body of literature on understanding bleaching of luminescence in
fluvial systems (see bleaching section above), there is substantially less research on directly
using luminescence to quantify fluvial transport. Most fluvial-process related research
focuses on using chronology of fluvial/alluvial deposits to quantify the rates and timescales
of fluvial processes (e.g., Rowland et al., 2005; Yanites et al., 2010; Keen-Zebert et al., 2013,
Tooth et al., 2014; Keen-Zebert, 2015; Chamberlain et al., 2017; Larkin et al., 2017;
Chamberlain et al., 2018; Quik and Wallinga, 2019) or using luminescence, measured in total
photon counts in a portable reader (Sanderson and Murphy, 2010), to infer qualitative
changes in fluvial sediment deposition through luminescence depth profiles (Mufioz-Salinas
etal. 2011; 2012; 2013; 2014, Portenga and Bishop, 2016; Portenga et al., 2016). As dating
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is beyond the scope of this paper, we will not review the former, but as the latter uses
luminescence to provide insight into sediment transport as viewed in an upstream direction,
we review it in the “provenance” section further on.

The initial suggestion of the potential of luminescence sediment tracing in rivers stems from a
review of luminescence bleaching in fluvial systems by Jain et al. (2004) who observed an
inconsistency in the residual doses (due to incomplete bleaching prior to deposition) between
the modern samples and those in a stratigraphic context. They related this observation to the
preservation potential of the deposited sediment in a given location; the greater the
preservation potential, the lesser the chance that the sediment in the stratigraphic record had
its luminescence fully zeroed prior to deposition. Thus, they suggested that the degree of
luminescence bleaching inferred from the stratigraphic record may be an indicator of the total
amount of transport of grains since detachment from the source. Thus, luminescence
potentially contains information on basin wide or smaller scale processes that controlled
sediment movement and recycling in the past.

One of the first explicit uses of directly using luminescence to quantify rates of fluvial
transport as virtual velocities was performed by McGuire and Rhodes (2015a, 2015b).
McGuire and Rhodes (2015a) conceptualized the Mojave River as an idealized channel
wherein sediment sourced from the San Bernardino Mountains undergoes a sediment
transport history marked by discrete episodes of rest time between flash flood events. In such
a system, the luminescence of sediment undergoes bleaching during transport and
regeneration during the inter-flood periods. From this conceptualization, McGuire and
Rhodes (2015a) were able to estimate a virtual velocity for fine-grained sediment in the
Mojave River. A virtual velocity is a velocity averaged over transport and rest times
(Ferguson and Wathen 1998; Haschenburger and Church, 1998; Milan and Large, 2014) and
is useful for evaluating the time needed for signals to propagate through a fluvial system
(Pizzuto et al., 2014, 2017). Following on the works of McGuire and Rhodes (2015a, 2015b),
Gray et al. (2017) used a combined conservation of mass and conservation of energy
approach to develop a theoretical model of luminescence in an idealized channel system
involving exchange with a floodplain reservoir (Figure 7). From this theoretical model, one
can fit field data and extract estimates for the virtual velocity, characteristic lengthscale of
transport, and rates of sediment exchange between channel and floodplain. Gray et al. (2017)
expanded the McGuire and Rhodes (2015a; 2015b) concept to a more detailed level of
geomorphic processes. However, both McGuire and Rhodes (2015a,2015b) and Gray et al.
(2017) largely simplify bleaching as a process that only occurs during in-channel transport. It
is not yet known how to include surface bleaching (Gray and Mahan, 2015), yet single-grain
datasets indicate that both in-channel and surface bleaching is occurring (McGuire and
Rhodes, 2015b). Although these methods require further testing and development, their
potential use to quantify sediment transport is a promising new research frontier.

The current state of the science in fluvial luminescence sediment tracing has the hallmarks of
a young research field. There are a handful of new methods offering insight into sediment
transport, yet many parameters are not fully constrained, and the field has not yet reached a
“holy grail” of predicting bulk volumetric sediment fluxes with luminescence. First, McGuire
and Rhodes (2015a,2015b) and Gray et al. (2017, 2018) have demonstrated the potential of
using luminescence as a downstream tracer in fluvial sediment to quantify virtual velocities.
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However, important problems remain open for study. For example, we must establish
whether luminescence-based transport values match those from other methods and determine
why or why not (Gray et al., 2018). Next, we must determine the conditions under which
bleaching dominantly occurs in transport or by surface exposure, and the extent to which this
is system dependent. Other important problems, such as how various luminescence signals
bleach in a subaqueous turbulent flow, include changes in subaqueous wavelengths of light
and could be amenable to flume studies using solar simulators. A flume approach could also
inform dating efforts by examining controls on beaching rates and depositional patterns.
Other problems include understanding how the rate of sediment recycling in a basin affects
the residual luminescence in channel sediment (Jain et al., 2004); how the luminescence of
channel sediment depends on scale from individual grains and bars up to basins; what the
patterns of luminescence are in a meandering floodplain; how mixtures of sediment from
various sources appear in channel sediment luminescence; and how grain chemical
dissolution, mechanical abrasion, and grain sorting may affect luminescence. Answering
these questions may help advance luminescence as a sediment tracer and potentially allow
luminescence to be used as a proxy for volumetric sediment fluxes, a key variable in
landscape evolution.

5.3 Coastal Settings

Luminescence has been used to infer coastal sediment transport (Figure 8) and deposition
since the 1990s. One of the earliest applications of luminescence as a sediment tracer appears
in Forman (1990) who discovered a correlation between the TL residuals and distance from
the outlet of a glacier in a coupled glacial-coastal system. From this finding, Forman (1990)
interpreted that TL levels and/or sensitivity may be a potential tool for constraining
depositional environments, as grains undergo light exposure during sediment transport
differently across different systems. The first major follow-up to this research was Rink
(1999), who noted that TL intensity in beach deposits were correlated with sample location
that tied to prior light exposure during sediment transport. Rink (2003) found that TL signals
decrease in magnitude with northerly distance along the Israeli coast. Rink (2003) interpreted
this finding as evidence of northward longshore drift as sediment moves from its source in
the Nile River delta and receives greater cumulative light exposure progressively reducing the
TL signals with further transport. These studies provide some of the first data on changes in
luminescence with sediment transport distance, which indicate that luminescence has
potential as a sediment tracer in coastal environments.

Later work has greatly expanded the range and methods of luminescence in coastal sediment
tracing. Keizars et al. (2008) set out to see if this observed trend of Rink (2003) was present
in the St..Joseph Peninsula, Florida. Keizars et al. (2008) found this trend was present and
produced the some of the first quantitative estimates for different grain sizes on average light
exposure, residence time, and TL loss rate per unit distance. Liu et al. (2009a, 2009b, 2011,
2013) presented an important body of research on the Tenryu—Enshunada fluvial/coastal
system in Japan. Liu et al. (2009a) observed the coastal pattern of TL measurements and
demonstrated a clear signal of elevated TL at the mouth of the Tenryu River that tapers to
lower values with distance along the Enshunada coastline. From these data, Liu et al. (2009a)
concluded that sediment from the river migrates equally westward and eastward from the
river mouth and then estimated the respective long-shore sediment flux. Notably, Liu et al.
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(2011) demonstrated one of the first practical applications of the TL tracing method in
tracking the migration of sand artificially added as erosion control. Liu et al. (2013) give a
key synthesis of the work in the region. Reimann et al. (2015) also explored this novel
application by measuring the change in luminescence in a sand nourishment site. The work of
Reimann et al. (2015) is an important advance for the quantification of sunlight exposure
over time and the consideration of the sediment transport and light exposure processes at
play. As a final note, Shirai and Hayashizaki (2013), following methods from Shirai et al.
(2008), examined the fraction of fully bleached versus unbleached grains in submarine
turbidites in a bid to determine a flooding or seismogenic origin for deposits off the coast of
Japan. While the percent of bleached grains versus depositional location did not show a clear
pattern, Shirai and Hayashizaki (2013) were cleverly able to supplement their findings with
grain rounding and make conclusions on sediment sources. These studies represent important
advancements on the use of luminescence intensity directly as a coastal sediment tracer.

Of particular note, Ahmed et al. (2013) give a fantastic example of luminescence as a means
to quantify coastal sediment transport rates. Ahmed et al. (2013) developed a quantitative
model of longshore sediment transport incorporating the sunlight exposure of grains by wave
action. Using the decrease in TL as a function of sunlight exposure time, Ahmed et al. (2013)
were.able to estimate the velocities of sand grains in longshore drift and calculate a
volumetric sediment flux, a key parameter in understanding coastal geomorphology. Their
work is exciting and an excellent example, as it represents a case where guantitative
information can be obtained from luminescence where the resulting values agree with
estimates from other methods (Ahmed et al., 2013).

The current state of the science for coastal luminescence sediment tracing is as follows. TL
has been abserved to correlate with sediment transport distance with sediment that has
traveled further appearing more thoroughly bleached than sediment less traveled (Forman,
1990) because of greater light exposure (Rink, 1999). OSL appears to deplete quicker in
response to light exposure than TL (Keizars et al., 2008), although this depends on water
turbidity and turbulence (Reimann et a., 2015). Over the scale of coastlines, the intensity of
natural TL can be observed to decrease with sediment transport distance, which can inform
direction.of longshore drift (Rink, 2003; Liu et al., 2009) and potentially the fluxes of
sediment (Liu et al., 2009; Liu et al., 2011). This was confirmed by Ahmed et al. (2013) who
developed a quantitative model for estimating volumetric sediment flux using measurements
of TL to infer exposure time. There is notable potential to use these methods to track natural
and artificial sediment introduced to control erosion (Liu et al., 2011; Reimann et a., 2015),
although some challenges remain because of the random turbulent nature of sediment
transport (Reimann et al., 2015). It may be possible to combine the approach of Ahmed et al.
(2013) with the multi-signal equivalent exposure time methods of Reimann et al. (2015) to
provide robust estimates of volumetric sediment flux. There is currently ongoing research
activity developing and applying sediment tracing methods in coastal settings (Liu et al.,
2011; Sato et al., 2011; Tajima et al., 2011; Liu and Sato, 2012; Liu et al., 2013; Sato et al.,
2015).

To advance luminescence as a coastal sediment tracer, it is necessary to quantitatively link
luminescence signals, such as OSL and TL residuals, with rates of coastal sediment transport.
There are some potential ways to accomplish this. An empirical approach comparing
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measurements of sediment flux with luminescence could provide insight into the quantitative
form of the relation. This would be very useful in guiding theoretical efforts. A theoretical
modeling.approach, coupling luminescence physics of bleaching and regeneration to
theoretical models of sediment transport in coastal settings, could give a useful general
relation for testing in natural experiments or analog wave flume studies. Possible challenges
with this approach would be accurately simulating the transport of sediment under various
conditions of wave energy and determining how bleaching of different luminescence signals
occurs during surface exposure and/or during wave/tidal transport. Developing luminescence
as a quantitative coastal sediment tracer is an important goal with applications to questions of
the effects of climate on coastlines and in coastline restoration.

5.4 Aeolian Transport

The use of residual luminescence (e.g. equivalent dose) as a sediment tracer in aeolian
systems is very unexplored. This may be because subaerial sunlight exposure times in aeolian
systems are long enough to fully bleach most luminescence signals (Wintle, 1993), such that
little transport information remains stored in the equivalent dose of a sediment grain.
However, it may be possible to use luminescence signals that bleach very slowly to perform
sediment tracing. Signals with slower bleaching include for example high-temperature post-
infrared infrared stimulated luminescence (post-IR IRSL) of potassium feldspar, with signals
remaining after several days of light exposure (Kars et al., 2014). Although outside the scope
of our review, the use of luminescence dating to quantify landscape change has been very
informative on the processes that control aeolian sediment transport in environments ranging
from arid (Signhvi and Porat, 2008; Lancaster, 2008; Stone and Thomas, 2013) to seasonal
wet climates (Murray-Wallace et al., 2002; Ballarini et al., 2003; Guedes et al., 2018). The
use of portable luminescence readers also offers the potential for high-resolution analysis of
the sequence of deposition across aeolian features (Stone et al., 2019). There has been
notably more work performed in aeolian sediment provenance as discussed further below

6 Luminescence as a Provenance Tool

In'contrast to sediment tracing, which tracks grain motions often in a downstream direction,
sediment fingerprinting observes sediment in an upstream direction to determine sediment
sources or provenance. Sediment fingerprinting can be challenging when sediment
composition is non-distinct such as when sediment is dominated by quartz and feldspar
(Soloman, 1932; Weltje and Eynatten, 2004). Fortunately, luminescence characteristics, such
as TL or OSL sensitivity, quartz LM-OSL components, and D, values among others, can
serve as useful properties to distinguish sediment from different source areas. For example,
two sand grains of quartz may be visually nondescript, but manifest very different values of
any given luminescence characteristic. In addition, luminescence characteristics do not
change the physics of sand grain transport, a facet that is beneficial for understanding natural
sediment transport (Reimann et a., 2015). Luminescence characteristics are thought to be a
function of geography and source geology as discussed in the previous sections (Jain et al.,
2003; Sawakuchi et al., 2018). The following sections describe previous research using
luminescence characteristics, especially of quartz and feldspar, to ascertain the sources of
sediment in various geomorphic environments.
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As a refresher, we discussed how provenance can be divided into geographic provenance
methods, which look for specific locations of sediment sources, and geomorphic provenance,
which seeks to define geomorphic units or processes (such as landslides) that introduce
sediment. The river basin section has the luxury of a significant body of research on
provenance, such that we can divide out geographic and geomorphic methods. Admittingly,
the lines between these distinctions are often blurred as geomorphic processes can be
geographically restricted, so the groupings can be somewhat arbitrary. Other provenance
sections have these two merged together.

6.1 River Basins: Geographic Provenance

Recently, Haddadchi et al. (2016) and Sawakuchi et al. (2018) opened a new research frontier
by applying measurements of the luminescence characteristic sensitivity and LM-OSL
components to sediment within river basins (Figure 2). Haddadchi et al. (2016), compared the
characteristics of LM-OSL components and found that sediment from hillslope soils has
significantly different luminescence characteristics than sediment derived from riverbanks.
The change is particularly noticeable for the slow component of quartz LM-OSL. Haddadchi
etal. (2016) found agreement with radionuclide tracers, which provided strong evidence for
the potential of LM-OSL as a provenance tool. This is promising because LM-OSL can be
used on quartz sand grains, which is often difficult to fingerprint despite being almost
geologically ubiquitous.

Similarly, Sawakuchi et al. (2018) found that distinct regions of the Amazon River Basin
appear to produce sediment (silt and sand) with notably different OSL sensitivities, showing a
correlation with source area and denudation rate and no correlation with transport distance at
the 1000-km scale. In this study, the sensitivity is represented by the relative contribution of
the fast component of quartz OSL. The correlation between quartz OSL sensitivity and
denudation rate is supported by proxies based on cosmogenic nuclides (\°Be) and elemental
ratios. Supporting this finding, Nascimento et al. (2015) demonstrated that the OSL
sensitivity of quartz matches with provenance signatures based on heavy mineral analysis.
These results indicate that luminescence sensitivity provides an effective sediment
provenance tool within the Amazon River Basin, and the results reveal geomorphic controls
on OSL sensitivity. Importantly, the relation between denudation rate and OSL sensitivity
warrants analysis in other systems to determine whether this correlation relates to changes in
geomorphic process induced by higher denudation rates or the correlation derives from
source lithology, which is often correlated with denudation rate. In addition, the apparent lack
of correlation between sensitivity and downstream distance appears to differ from other
research (Pietsch et al., 2008; Gliganic et al., 2017). The differences in sensitivity and LM-
OSL components among different rivers could be due to differences in basin size, source
lithology, or sediment transport mechanisms (Nian et al., 2018). Answers to these open
questions offer would provide further insight into sediment transport mechanics.

The use of luminescence characteristics as a provenance tool in river systems has substantial
potential (Haddadchi et al., 2016; Sawakuchi et al., 2018). Important next steps involve
repeating these methods in other drainage basins to understand how widely applicable these
methods are. The sensitization of quartz OSL in geomorphic systems can be attributed to
transport in sedimentary systems due to repeated bleaching-regeneration cycles (e.g., Pietsch
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et al., 2008) or to source rock weathering, where longer weathering time promotes the
increase in OSL sensitivity (Sawakuchi et al., 2018). In both cases, the OSL sensitization is
related to the period spent by quartz as grains in Earth’s near-surface settings (soils or
depositional systems). Thus, another important goal includes understanding the sensitization
of quartz grains in terms of solar exposure and near-surface radiation field.

6.2 River Basins: Geomorphic Provenance

There is a notable body of work investigating correlations between fluvial depositional
patterns and changes in luminescence with depth, with an eye towards inferring geomorphic
provenance. The papers in this section largely center around measurements made with a
portable luminescence reader (Sanderson and Murphy, 2010). Portable luminescence readers
consist of a photomultiplier tube and LED stimulation unit installed above a sample chamber.
In.contrast to a laboratory-sized luminescence reader, the units do not contain a radiation
source. As such, the portable luminescence reader makes measurements of luminescence, as
total photon counts emitted from a sample. These total photon counts are expressed as either
Blue Stimulated Luminescence (BSL) or Infrared Stimulated Luminescence (IRSL) and are
usually not normalized for sensitivity (luminescence produced per unit dose). The benefits of
these types of measurements are that they are quick, cheap, and can be made in the field at
high density relative to standard laboratory readers. The complications are that the data can
involve extra variables such as unnormalized inter-sample sensitivity, inclusion of other
minerals besides quartz and feldspar, a variable range of grain sizes, and the challenges of
ensuring a consistent sample size between aliquots. Despite these complicating factors,
measurements of total photon count likely contain information on the age structure and/or
partial bleaching of a stratigraphic profile (Sanderson and Murphy, 2010), which can then be
interpreted in terms of geomorphic processes (e.g. Mufioz-Salinas et al. (2011)).

Mufoz-Salinas et al. (2011) conducted one of the first studies explicitly using luminescence,
as measurements of total photon counts with a portable reader (Sanderson and Murphy,
2010), as a proxy for changes in fluvial depositional dynamics in three systems. In their sites,
Mufoz-Salinas et al. (2011) note correlations between changes in depositional stratigraphy,
such as sediment texture and magnetic susceptibility, with the total photon counts, which they
tie to changes in fluvial provenance. Their suggested drivers include changes in the
entrainment rates of lahar flows, sediment bioturbation, and land-use change following the
18" century colonization of Australia. Similarly, Mufioz-Salinas et al. (2012) and Mufioz-
Salinas et al. (2013) applied this approach to volcano-fluvial lahar deposits and glaciofluvial
deposits respectively and tied changes in luminescence total photon counts, such as standard
deviation, to changes in the upstream sediment transport processes delivering material to the
sampled locations. Following up on this work, Mufioz-Salinas et al. (2014) make a strong
case for the use of portable luminescence readers as provenance tools in studies of land-use
change. The key conclusion from their work is that the upstream soils developed over
metasedimentary rocks have low total photon counts and are not likely sources for post-
colonization deposits with higher total photon counts as sediment transport downstream
should either decrease or keep the total photon counts constant with transport distance. The
findings of Mufioz-Salinas et al. (2014) were later shown to be reproducible by data given by
Portenga and Bishop (2016) who agreed with interpretations by Mufioz-Salinas et al.’s
(2014). Portenga et al., (2016) would later expand the Mufioz-Salinas et al. (2014) approach
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to various other regional sites allowing for a wider-scale interpretation of river basin change.
In some systems, interpretation of fluvial sediment provenance can be challenging. For
example, Mufioz-Salinas et al. (2016) noted conflicting depth versus total photon counts in
deposits from the Usumacinta—Grijalva River Basin, which they interpreted as documenting
significant partial bleaching, similarly to many other environments (Mufioz-Salinas et al.,
2017).

Provenance interpretations based on portable luminescence reader data can be strengthened
when coupled with additional sediment fingerprinting/provenance methods such as meteoric
98¢ or ¥’Cs (Mufioz-Salinas and Castillo, 2018). Portenga et al. (2017) presented a new
method for using coupled bulk OSL and meteoric *°Be to fingerprint the sources of sediment
produced by gully erosion. Gullies are small erosional features that can arise from changes in
runoff following changes in vegetation cover (Rengers et al., 2016). Gullies are often
considered a geologic hazard and they can be a primary driver for landscape change and have
been associated with human-induced landscape changes (Rengers and Tucker, 2014;
Portenga et al., 2017). Portenga et al. (2017) were able to tie upstream sediment sources with
downstream deposits by identifying sediment with high levels of bulk luminescence in the
downstream deposits and then locating similarly high levels upstream. Their meteoric °Be
measurements provided further constraints on the likely motions of sediment. Following this
correlation, Portenga et al. (2017) inferred that erosion must have occurred to certain scour
depths to access the sediment with high bulk luminescence. Further research involving
coupled fingerprinting/provenance methods promises to be fruitful as the different mechanics
of additional methods can add nuance to interpretations.

Other useful provenance applications involve tying luminescence to landscape-scale variables
to infer landscape change. Castillo et al. (2014) observed a slight correlation (coefficient of
determination (R%) = 0.27) in the Jalisco Block of Western Mexico, between IRSL total
photon counts and average basin channel steepness index, Kg,, a normalized parameter
subsuming variables such as average rock erodibility within a basin (Wobus et al., 2006).
Following up on this observation, Mufioz-Salinas et al. (2017) performed a study comparing
BSL and IRSL total photon counts with average basin slope and found notable correlations
(R*=0.65 for BSL, R? = 0.78 for IRSL) for basins along the Oaxaca Fault in Mexico. Basins
along the Donaji Fault in Mexico did not show as good a correlation (R* = 0.26 for BSL, R? =
0.12 for IRSL). However, the Oaxaca dataset demonstrated a negative correlation between
mean basin slope and total photon counts. This result is puzzling, as one may expect a higher
basin slope to produce higher energy flows and greater delivery of unbleached sediment
downstream. Mufioz-Salinas et al. (2017) suggested that the luminescence versus basin slope
relationship is a function of the tectonic motions of the range front faults. Further research is
needed to understand how the tectonic motions result in changes in luminescence and if it is
via othervariable, such as changes in sensitivity, number of luminescence grains, light
attenuation through the aliquot, grain size, etc, are playing a role in these results. Finally,
Castillo et al. (2017) found a correlation between BSL/IRSL and Ti/Al ratios in tectonically
influenced lakes and suggested this correlation is controlled by landscape change. These
correlations indicate possible connections between luminescence and geomorphic processes
that warrant further study.

© 2019 American Geophysical Union. All rights reserved.



These observations provide an interesting new dimension to stratigraphic analysis by
incorporating burial depth versus bulk luminescence expressed as total photon counts
(Sanderson and Murphy, 2010) and open further questions for future study (Mufioz-Salinas et
al.,; 2013; 2014). In some cases, the roles of changes in luminescence sensitivity and mineral
assemblage on total photon counts may need further elucidation before stratigraphic patterns
can be converted into fluvial processes. For example, the if the total photon counts of a unit
decreases toward the surface, is this a function of a change in sensitivity, number of
luminescent grains in the sample chamber, or local dose rate? These variables could feasibly
change the total photon counts of a sample outside of a fluvially-driven change (Sanderson
and Murphy, 2010; Munyikwa and Brown, 2014; Bateman et al., 2015). It is also possible
that a pattern may be present based on the autogenic dynamics of a fluvial system without an
externally-driven change. For example, the correlation of total photon counts with magnetic
susceptibility (Mufioz-Salinas et al., 2011) may also suggest that mineralogies other than
quartz and feldspar are playing a role in the results. Is perhaps the relative concentration of
other minerals changing due to density sorting during deposition? Finally, Bishop et al.
(2010) note a correlation between grain size and total photon counts, which they tie to
transport processes, but this observation could feasibly be related to luminescence grain size
effects (e.g. Timar-Gabor et al., 2017). These questions are not to imply that interpretations
of changes in fluvial processes based on patterns of total photon counts are unreasonable, but
that total photon counts involve factors related both to luminescence and fluvial processes.
Portenga et al. (2016) carefully analyze the effects of grain size and mineral assemblage on
their measurements of total photon counts. This analysis boosts their interpretation that
partial bleaching is the primary factor in their measurements and suggests that a similar
analysis would benefit similar applications of portable luminescence readers. Other factors
that might warrant future exploration are sensitivity recorded in sediment depth profiles, the
presence of light-absorbing dark organic matter, and clay coatings on grains.

It is worth noting that the studies above could strongly benefit from an investigation
demonstrating exactly how specific fluvial processes result in specific changes in total photon
counts. A flume-based study may be ideal for addressing many of these questions, where
various fluvial transport parameters can be controlled and the resulting portable reader
measurements could be calibrated against variables such as water flow rate and sediment
transport rate. Such a study could elucidate how total photon counts should change with
fluvial transport, including not just partial bleaching, but also sensitivity and grain size
changes.

6.3 Coastal Sediment Provenance

The luminescence characteristics of sensitivity (Sawakuchi et al., 2012; Zular et al., 2015)
and LM-OSL component ratios (Tsukamoto et al., 2011) are useful as provenance tools for
assessing coastal sediment sources (LU et al., 2016) and can help answer paleoclimatic and
other research questions. Sawakuchi et al. (2011; 2012) found that the sensitivity of quartz
OSL serves as a useful provenance tool for sediments accumulated in coastal barriers from
southeastern Brazil where higher sensitivity indicates longer transport distance, which allows
one to distinguish single grains from proximal versus distal sources. From this data,
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Sawakuchi et al. (2012) inferred temporal changes in storm activity as storms deliver far-
traveled sediment to their field site. Storm activity is a key paleoclimatic variable, and the
Sawakuchi et al. (2012) study represents a clear example of luminescence sediment tracing to
infer the response of coastal sedimentation to Holocene paleoclimate changes. Zular et al.
(2015) advanced the Sawakuchi et al. (2012) method by demonstrating how it can be
combined with heavy mineral analysis (Zular et al., 2013). Furthermore, Zular et al. (2015)
demonstrated that the sensitivity of the 110 °C TL peak appears better suited than OSL
sensitivity for determining provenance. Zular et al. (2015) demonstrated agreement of TL and
heavy minerals provenance proxies, which discriminated the contribution of sediments from
local and distal sources to build the S&o Franscisco do Sul coastal barrier in southern Brazil
during the Holocene. These works demonstrate the potential of sensitivity to enlighten the
workings of coastal transport processes.

The second use of luminescence characteristics in coastal sediment tracing is the use of LM-
OSL components to distinguish sediment provenance. Tsukamoto et al. (2011) sought to
determine the provenance of sediments in the Japanese coastline hypothesized to consist of a
combination of distal aeolian sourced material and sediment from the Japanese mainland.
Previous work demonstrated that the ratio of the LM-OSL components differed based on
source area (Tokuyasu et al., 2010; Jain et al., 2005). Tsukamoto et al. (2011) demonstrated
that the ratio F/(F + M), where F is the fast component and M is the medium component, can
be used to distinguish between grains of different source lithology. This shows that LM-OSL
components can serve as a coastal sediment provenance tool.

6.4 Aeolian Provenance

A common approach in aeolian luminescence provenance is to examine the sensitivity of
quartz grains as a function of source lithology and transport history (Zheng et al., 2009; L
and Sun 2011). For example, Li et al. (2014) found that the luminescence sensitivity in a
vertical section of loess changed notably with depth. Lu et al. (2014) then concluded that
changes in sensitivity occurs as a function of climate-driven shifts in sediment provenance.
This is an interesting idea and suggests that further research into the mechanisms of
sensitivity change, either by geomorphic transport processes or irradiation during burial,
deserves further research.

A parallel approach is to use LM-OSL components and/or characteristic dose (D,; Table 1)
values to trace sediment from source to sink. For example, Gong et al. (2014, 2015)
demonstrated that sand collected from two different deserts, the Hunshandake and the
Taklimakan Deserts, had notably different relative compositions of quartz LM-OSL
components and D, values, which they attributed to the differing source lithologies for the
desert sands. Tsukamoto et al. (2011) also discovered an aeolian sediment source for their
field site using LM-OSL components. Other research into aeolian sediment provenance
involves using TL via color images (Hashimoto et al., 1989; Ganzawa et al., 1997; Shimada
et al.; 2013) and using red TL to fingerprint sediment (Yawata and Hashimoto, 2004), both of
which show promise as tracer methods. As a final note, Munyikwa et al. (2012) were able to
use a portable luminescence reader to infer a shift from aeolian sourced to non-aeolian
sourced sediments in their field sites.
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7 Conclusions and Future Research Questions

Luminescence is a dynamic property of mineral sand and silt grains that decays with sunlight
exposure and regenerates during burial in sedimentary deposits. The amount of sunlight
exposure and average duration of burial a sediment grain experiences during transport
depends on its geomorphic environment. As such, the amount of luminescence measured, for
example in a silt or sand grain, or averaged over many grains, encodes information about
prior transport history.

There is substantial research and a growing number of studies on the use of luminescence as a
sediment tracer and provenance tool. Luminescence has been used to understand sediment
transport in rivers and coastal systems, active soils, and used to evaluate model parameters
for sediment transport. Future work regarding sediment transport would benefit from a focus
on understanding the exact process of light exposure in different geomorphic systems (where
and how), the scale dependence on bleaching, and use of this understanding to build/refine
location-specific theoretical and computational models of sediment transport. Both single-
grain, multi-grain, and multi-signal approaches are important tools in this direction.

With regards to provenance studies, luminescence characteristics, such as OSL and TL
sensitivities and the number of OSL components, can reflect sediment source area
characteristics such as lithology and denudation rate. There are demonstrations of the use of
luminescence for provenance reconstruction in fluvial, coastal, and aeolian systems.
Substantial evidence exists that luminescence sensitivity changes occur during sediment
transport after quartz has been detached from the parent rock. Although the exact reasons for
this are still not understood, it appears that different catchments may imprint their unique
signature that can be useful for differentiating between sediment sources in a stratigraphic
record. Previous provenance reconstruction studies have mainly focused on quartz OSL.
Feldspar is relatively unexploited but holds important promise because of availability of
many different signal types with different physical characteristics making it a tunable
luminescence system (Jain and Ankjeergaard, 2011).

While important work has been done and much research remains, it is evident that
luminescence serves as a useful property for sediment tracer applications. In general,
previous-luminescence tracer studies have mainly focused on quartz and secondarily on
feldspar, which are major components of terrigenous sediments. However, quartz and
feldspar still have other luminescence signals showing different bleaching and saturation
behaviors that can be investigated as sediment tracers and provenance proxies. This includes
isothermal thermoluminescence (Jain et al., 2005) and thermal transfer OSL (Wang et al.,
2006) of quartz and post-infrared IRSL of feldspar (Thomsen et al., 2008). Additionally,
sediments have a diverse suite of minerals as minor components that also emit luminescence
(Marfunin, 1979; Jain et al., 2006) and whose signals can be tested for provenance analysis.
Equally there are many other signals in both quartz and feldspars related to stimulation with
higher energies (e.g., violet stimulated luminescence; Jain, 2009) or higher temperature IRSL
stimulations (Thomsen et al., 2008) or different luminescence emissions (Jain et al. 2015;
Prasad et al. 2017), which may be exploited in a multi-dimensional luminescence approach to
reconstruct sediment transport histories or provenances.

© 2019 American Geophysical Union. All rights reserved.



A clear understanding of luminescence kinetics in combination with theoretical models of
sediment movement applied to well constrained field situations will help in the development
of powerful luminescence tracers to unravel both current- and palaeo- transport histories.
Although we have not discussed pebble-sized sediments (Liu et al., 2019) as this research
front'is very new, it is becoming clear that rock surface bleaching is a powerful tool that can
give direct insights into multiple depositional-erosional events (Freiesleben et al 2015).
Future efforts may warrant a focus on multi-signal approach and understanding the physics of
luminescence decay or sensitization in a sediment-water-air matrix.
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Luminescence can quantify various mass fluxes across the earth
starting with the exhumation of quartz and feldspar from depth to
the surface (Herman and King, 2018)

Grains of quartz and feldspar can then be traced downhill
through soils using luminescence (Furbish et al., 2018b)

On entrainment in rivers, virtual velocities can potentially be estimated (Gray et

al.,2018) and luminescence characteristics used for provenance (Sawakuchi et al.,
2018).

Figure 1: Illustration of how luminescence of mineral grains can quantify the movement of
mass across the Earth’s surface.
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Figure 2: Basic conception of luminescence provenance methods. A: Various source areas
contribute with sediment in various proportions. B: This sediment is amalgamated by
sediment transport processes downstream. C: Sampling of sediment and measurement of the
luminescence characteristics of polymineral mixtures or concentrates of single mineral type
allows us to classify source terrain. For example, one source may contain more quartz than
another. D: Synthesis of the data provides insight into the contributions of various terrains.
Measurements in individual grains or unmixing statistical models allow to quantify the
contribution of each sediment source. OSL: optically stimulated luminescence, t = time.
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Figure 3: Simplified schematic of electron-hole pair creation and recombination, adapted
from King et al. (2016). A) The crystal lattice of minerals often contains defects that can trap
electrons (¢") and holes (centers of positive charge: h*). This schematic shows an alkali-
halide-like lattice with defects such as vacancies, interstitials, and impurities. B) lonizing
radiation from decaying radioactive elements (e.g. potassium, uranium, and thorium) creates
electron-hole pairs by interacting with the lattice. C) If an electron receives enough energy to
escape, say via absorbing a photon of sunlight, it can recombine with a hole, emitting a
photon in the process. We can measure these photons as luminescence and treat the number
of photons as a proxy for the trapped charge in a mineral.
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Schematic luminescence of a single sand grain in idealized geomorphic transport
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Figure 4. Demonstration of the bleaching (Equation 2) and regenerating (Equation 1) nature
of luminescence of a single sediment grain during sediment transport. Note that the
regeneration phases are on the order of tens to thousands of years, whereas the decay phases
are hypothesized to operate on seconds to days or weeks. The average luminescence of
thousands of grains or luminescence characteristics of single grains may give insight into the
transport mechanisms and rates (Gray et al., 2017). For color references, the reader is referred

to the online color version of the article.
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Figure 6: Examples of luminescence depth profiles in mixing soils and sedimentary deposits.
Note that the forms of the depth profiles are schematic and will vary based on the specific
mixing agents at any given site. A) Hillslope soils with a component of down-slope driven

velocity (Furbish et al., 2018b). B) Vertical mixing of a deposit such as a sand sheet

(Gliganic et al., 2017).
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Figure 7: Schematic patterns of the luminescence averaged over thousands of grains in an
idealized channel/floodplain fluvial system. Adapted from Gray et al. (2017).
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Figure 8: A) Illustration of luminescence as a coastal sediment tracer and hypothesized
bleaching and transport mechanism. B) Hypothesized tendency of luminescence versus
coastline distance from a sediment source, such as a river mouth, at 0. C) Similar graph to B
but with a dominant longshore drift direction.
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Table 1: List of terms used in this paper and their definitions.

Term Definition

Sediment that has had complete, or near
complete removal of luminescence.

A term referring to the removal of
Bleaching luminescence by some process such as
sunlight exposure.
How fast luminescence is removed by sunlight
exposure for a specific electron trap. Set by the
ambient photon flux (¢) and the
photoionization cross section (o), effectively a
"bleachability” or a ability of a trap to capture
a photon.
The amount of radiation dose needed to
increase the luminescence from 0 to (1 - 1/e)
(approximately 63%) of the saturated
Characteristic dose, D, luminescence value (King et al., 2016;
Equation 1). Units of Joules per kilogram, also
units of Gray after physicist Louis Harold
Gray.

The natural background rate of ionizing
irradiation that regenerates luminescence in
sediment grains over time while buried.

Dose Rate, Dy Typically created by the presence of
potassium, uranium, thorium, and other
elements in addition to cosmic radiation. Units
of Joules per kilogram per year.

Bleached sediment

Bleaching rate o

A defect in the crystal lattice of minerals that
Electron trap creates a meta-stable energy state capable of
storing negative charge.

A location of positive charge available to
combine with electrons.

Infrared stimulated luminescence.
Luminescence that is produced when a

IRSL material (such as a grain of sand) is exposed to
infrared light. Typically measured on feldspar
and usually absent in quartz.
Linearly-modulated optically stimulated
luminescence. Luminescence that is produced
when a material (such as a grain of sand) is
exposed to optical light that is linearly
increased in intensity over the measurement
interval. Can resolve components with
different bleachabilities and stabilities over
time.

Hole

LM-OSL
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Luminescence

A grouped term referring to trapped charge
phenomena such as optically stimulated
luminescence, infrared stimulated
luminescence, and thermoluminescence.

Luminescence characteristics

Properties of the luminescence of sand grains
such as sensitivity, characteristic dose, ratios
of LM-OSL components.

Luminescence decay curve

On exposure to light, luminescence is
generated, but then quickly depletes in an
exponential or power law fashion. The graph
of luminescence (OSL or IRSL) versus
exposure time is referred to as a decay curve.

Luminescence growth (dose
response) curve

A curve describing the relation between the
luminescence and absorbed radiation dose.

Luminescence sensitivity

The amount of luminescence generated per
unit mass and per unit absorbed radiation dose.
Can be specific to individual quartz OSL
components.

OSL

Optically stimulated luminescence.
Luminescence that is produced when a
material (such as a grain of sand) is exposed to
optical light. Typically measured from quartz,
but can also be measured in feldspar.

Quartz OSL components

Quartz OSL appears as the sum of multiple
exponential decay curves with varying decay
rates. Typically defined as "fast,” "medium,"
and "slow," components depending on how
fast the component decays with stimulation
light. Can be best observed with LM-OSL.

Saturation or saturated
luminescence

The point at which all luminescence-
generating electron traps are filled and no
further radiation exposure will increase the
measurable luminescence.

Sediment fingerprinting

A technique of characterizing sediment to
determine sediment source area or
provenance. Generally, looks in an upstream
direction. A classic example is locating unique
minerals that indicate erosion of a geologic
unit.

Sediment provenance

A location of a source of sediment. Can refer
to geographic locations such as outcrops or
geomorphic processes such as landslides.
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A property or characteristic of sediment used
to distinguish individual grains or populations
of grains to infer their individual or collective

Sediment tracer movement. Generally, refers to downstream
observations of sediment transport. A classic
example is painting sand grains and observing
their movement downstream.

Thermoluminescence or thermally stimulated
luminescence. Luminescence that is produced
when a material (such as a grain of sand) is
heated.

TL

Sediment that has either never had
Unbleached, or partially bleached luminescence removed, or still contains a high
sediment amount of luminescence from insufficient

exposure to a bleaching agent such as sunlight.
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