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Abstract Quantifying sediment transport and storage in fluvial systems is fundamental for understanding
the transfer of eroded materials from source to sink. Here, we investigated the potential of a combined approach
using a luminescence measured in modern fluvial sediments and numerical simulations to quantify transport
and storage in rivers. We acquired luminescence data at the single-grain scale on feldspar sediments of
Waimakariri and Rakaia braided rivers (New Zealand) using a post infra-red infra-red stimulated luminescence
protocol. We considered three metrics from the analysis of luminescence equivalent dose (D,) distribution: the
percentage of bleached and the percentage of saturated grains, and the mean D,. All three metrics show similar
longitudinal trends along both rivers. To derive quantitative information on sediment transfer from these data,
we developed a numerical model that simulates the longitudinal evolution of D, distribution of a population

of grains during transport and storage in floodplains. The model considers four main parameters: the transport
length of grains during floods, their resting time between successive transport events, the bleaching probability
(probability of the luminescence signal to be reset due to sunlight exposure during transport or rest), and the
likelihood of partial bleaching. Identification of model parameters that best reproduce natural observations
allowed estimating transit time of sediments between 2.1 and 10.3 Kyr (mean of 6.9 + 2.9 Kyr), corresponding
to mean virtual transit velocity of 20-95 m.yr~! (mean of 46 + 28 m.yr~!). Our study illustrates the potential
of the combined single-grain luminescence and modeling approach to quantify sediment transfer in fluvial
systems.

Plain Language Summary In river systems, sediments are generally transported downstream

via successive steps during floods. Relatively little is known about the time it takes for sediments to travel

the full distance from their upstream source to downstream. Most techniques are applicable on the scale of a
few years, whereas we are dealing with transfers that occur on much longer time scales, exceeding hundred

or thousand years. This transfer is complicated by the temporary storage of grains in floodplains for varying
durations before remobilization and the continuation of their journey. We explore this issue by measuring the
luminescence of modern sediments. Luminescence is a quantity measurable within minerals that increases
when they are buried and resets when exposed to sunlight. We modeled theoretically how the luminescence
signal varies alongstream in response to transport and storage along two braided rivers in New Zealand. We
found that the way the signal varies in sediments of the two rivers implies a transfer time of ~7,000 years on
average, corresponding to a mean velocity of sediments over this period of ~50 m.yr~!. It will be interesting in
the future to use this method to understand the transfer of sediments according to tectonic and climatic contexts
and river flow patterns.

1. Introduction

The downstream displacement of sediments in rivers occurs through discrete episodes of transport during floods
that alternate with periods of temporary storage in floodplains that range from the hydrological (10~'=10? yrs) to
the geological timescale (>103 yrs). Cumulative storage periods can result in a long transit time of sedimentary
particles, defined as the time required for all sedimentary particles supplied to a fluvial system to reach the
outlet (Repasch et al., 2020). As a consequence, input erosive signals can be delayed, damped, or even erased
during their transfer from source to sink (Allen, 2008; Jerolmack & Paola, 2010; Métivier et al., 1999; Straub
et al., 2020), which complicates the interpretation of sedimentary archives in terms of records of climatic or
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tectonic forcing on continental surfaces (Fiilop et al., 2020; Sinclair et al., 2019). Insights in transit and storage
times also have many other implications. Carretier et al. (2020) show for example, that long temporary storage of
some particles may significantly increase the mean residence time of a whole population of fluvial grains, which
may bias proxies measured in sediments to reconstruct paleoenvironmental conditions. Repasch et al. (2021) also
show that transit time plays a key role in determining the fate of particulate organic carbon in rivers and whether
the organic carbon will be, for example, oxidized and released into the atmosphere as CO, or efficiently trans-
ported to sedimentary sinks and buried geologically, resulting in a drawdown of atmospheric CO,.

Many studies have addressed sediment transport during transport episodes, for example, using tracers
(Véazquez-Tarrio et al., 2019). For longer timescales, the lack of dedicated methods has limited the investigation
of fluvial transport on a scale integrative of these single events, at the transit time scale. Some methods have been
developed or are under development, but none have yet been fully validated and are sufficiently easy to imple-
ment so that they are not commonly used yet. They are all developed for silt to sand-sized grains, so the informa-
tion they can provide does not apply to the full range of the particle size distribution. Among the first attempts to
approach transit times, studies based on U series isotopes measured in sediments allow to estimate comminution
ages, the time since investigated grains were reduced to <63 pm in size and interpreted at the time since particles
formed in the source area (Dosseto et al., 2006). These data are used to estimate the residence time of particles
in the source to sink system, which is only a crude estimate of the transit time as it integrates both hillslope stor-
age and fluvial transport. In addition to being limited to very small grain sizes, this method also presents many
problems in translating the measurements into age terms (Martin et al., 2019). A second family of methods that
considers the cosmogenic isotope concentrations in river sediments succeeds in providing data for filling the
knowledge gap on transit times, first by providing estimates of sediment transport velocities at the millennial
time-scale (Carretier & Regard, 2011; Carretier et al., 2019; Nichols et al., 2005). Recent developments comple-
ment these studies by considering novel isotopes such as in situ cosmogenic '“C (Hippe et al., 2012) or meteoric
(i.e., produced within the atmosphere) cosmogenic '°Be (Repasch et al., 2020) and succeed in providing valuable
information respectively on storage in floodplains and transit times. The paired “C-!°Be method considers the
ratio of in situ, short-lived “C to longer-lived cosmogenic isotopes °Be, measured in fluvial sediments. This
method allows estimating storage over 103-10* yr time scale, provided that the initial ratio of short- to long-lived
isotopes is known. This prerequisite can be an issue in source areas where soil mixing is important or where
the erosion rate has changed recently (Hippe et al., 2012). Repasch et al. (2020) recently estimated transit times
by measuring upstream to downstream accumulation of cosmogenic '°Be of meteoritic origin (!°Be,) in the
suspended sediment load, 1°Be, being adsorbed on mineral surfaces and incorporated into the secondary mineral
coatings. This method is quite complex to implement because it requires establishing a full, depth-integrated,
inventory of '°Be_ in the sediment load and estimating potential loss in the floodplain; however, it allows esti-
mating transit times over 10°~10° yr time scale. Repasch et al. (2020) then provide detailed estimates of transit
time for the Rio Bermejo (Argentina), being of 8.4 + 2.2 Kyr for a 1,220 km-long river, corresponding to a mean
virtual velocity of sediment of ~145 m yr~!. They also document a higher virtual velocity in the upstream braided
segment of this river than in its downstream, meandering one.

A number of recent studies have suggested that insights on sediment transfer could also be gained by consid-
ering the natural luminescence signals of fluvial silt and sand sediments (see synthesis in Gray et al. (2019)).
This luminescence signal is reset by light exposure, and accumulates through absorption of energy from the
background ionizing radiation. Luminescence is widely used to determine the burial age of sediments, but could
also provide complementary information on sediment transport, regarding for example, characteristic trans-
port length or storage duration of particles, or frequency of flooding events (Gray & Mahan, 2015; McGuire &
Rhodes, 2015a, 2015b). Natural luminescence signals of modern sediments have been shown in a few examples
to decrease downstream (Gray et al., 2018; Guyez, Bonnet, Reimann, Carretier, & Wallinga, 2022; McGuire &
Rhodes, 2015a; Stokes et al., 2001), which implies that the related signals are progressively reset (zeroing) by
exposure of grains to sunlight during their transit in the fluvial system. McGuire and Rhodes (2015b) show that a
simple model of progressive signal resetting linked to successive floods can reproduce the observed longitudinal
trends of feldspar luminescence signals from modern sediments of the Mojave River. They proposed for the first
time that such data could be used to extract the virtual velocity of sediments from the luminescence of modern
deposits and proposed a first model for this purpose. Gray and Mahan (2015) considered two end members theo-
retical models that could result in the longitudinal decrease in luminescence signals: (a) progressive zeroing of
the signal by sunlight exposure of the grains at bar surfaces in the floodplain in between floods (“episodic flood
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case”) and (b) continuous zeroing during transport of sediments due to subaqueous light exposure (‘“‘continuous
flow case”). Based on the continuous flow model, Gray et al. (2018) estimated that the zeroing of particle lumi-
nescence occurred over a distance of 15-23 km in the South River (USA). The authors combined this with an
independent estimate of the storage timescale of the particles in the floodplain (~8 Kyr) from the literature to
derive a mean virtual velocity of particles of 1.8-2.8 m yr~'.

Here, we propose that the luminescence of modern sediments is a valuable tool for constraining not only fluvial
transport but also storage and transit times in fluvial systems. For this purpose, we acquired a comprehensive lumi-
nescence data set of modern sand sized sediments along two New Zealand braided rivers. Building on earlier work
by McGuire and Rhodes (2015b), Bonnet et al. (2019), Guyez, Bonnet, Reimann, Carretier, and Wallinga (2022),
we measure luminescence signals of individual feldspar grains. The specificity of our approach is that we use
several metrics based on the single-grain equivalent dose (D,) distribution to derive proxies for transport and
storage processes. Our new single-grain data are combined here with results from a newly developed numerical
model that simulates the gain and loss of the luminescence signal of sediments in response to episodic fluvial
transport and storage. The combination of field data and modeling allows us to estimate the characteristic trans-
port length of particles and their mean temporary storage time in the floodplain and finally to evaluate the transit
time and virtual velocity of grains in the two studied rivers.

2. Background: Luminescence of Fluvial Sediments

Luminescence is a property that is commonly used for dating Quaternary deposits: Optically Stimulated Lumi-
nescence (OSL) for quartz (Murray & Roberts, 1997) or Infrared-Stimulated Luminescence (IRSL) for feldspar
grains (Reimann et al., 2012). When deposited, mineral grains are constantly exposed to ionizing radiation, from
the mineral itself, surrounding material and cosmic rays when close to the Earth's surface, at a rate referred to
as dose rate (in Gy.Kyr™!). These radiations create charge that may be trapped in defects of the crystal lattices
potentially until a saturation state is reached with no further accumulation (some traps are actually unstable
and never get to saturation). The absorbed radiation dose of grains, referred to as the D,, can be determined by
comparing the natural luminescence signal to laboratory-induced ones through their optical or thermal stimula-
tion (Aitken, 1998; Preusser et al., 2008). When the mineral is exposed to heat or light, a process called bleaching,
charges are evicted from their traps and the quartz OSL signal, or feldspar IRSL signal, is reset. Complete bleach-
ing under subaerial conditions takes some seconds for quartz and several minutes for feldspar (Godfrey-Smith
et al., 1988; Murray et al., 2012; Smedley & Skirrow, 2020). For elevated temperature post infra-red infra-red
(pIRIR) signals measured on K-feldspar, complete bleaching can take up to several days of full daylight exposure
(Kars et al., 2014; McGuire & Rhodes, 2015a). Subaqueous bleaching is slower, due to reduced intensity and light
spectrum in water, especially when sediment concentration and turbidity are high (Berger, 1990; Davies-Colley
& Nagels, 2008; Ditlefsen, 1992).

Although several studies have shown near-complete bleaching in downstream reaches of major rivers (Chamberlain
et al., 2018; Wallinga, 2002), heterogeneous bleaching of quartz and feldspar is common for smaller systems and
upstream reaches (Bonnet et al., 2019; Chamberlain & Wallinga, 2019; Wallinga, 2002). Such heterogeneous
bleaching may be due to attenuated bleaching efficiency in turbid flow (Ditlefsen, 1992), luminescence signal
bleachability (Kars et al., 2014), fast erosion rates (Bonnet et al., 2019), alongstream supply of unbleached grains
(Guyez, Bonnet, Reimann, Carretier, & Wallinga, 2022), or dose regeneration due to temporary storage in flood-
plains (Goehring et al., 2021). The few studies that have investigated D, variations of modern sediment alongstream
(Gray et al., 2018; Guyez, Bonnet, Reimann, Carretier, & Wallinga, 2022; McGuire and Rhodes, 2015a, 2015b;
Stokes et al., 2001) document longitudinal decreases in mean D, interpreted as the signature of a progressive D,
reduction of the sediment mix due to cumulative bleaching. Nearly all these studies are based on measurements
made on the whole populations of multiple grain aliquots, which limit thorough understanding of actual bleach-
ing, lateral supply, or regenerating mechanisms accounting for the observed longitudinal decrease in D,. To tackle
this problem, some authors used several feldspar luminescence signals by stimulating samples under Multiple
Elevated Temperatures (MET) protocol (McGuire and Rhodes, 2015a, 2015b; Reimann et al., 2015; Rhodes &
Leathard, 2022). Because of contrasted bleaching rates, these different signals yield complementary information
for understanding alongstream transport. In some cases, these MET protocols have been used for single-grains,
yielding multiple signals from the same grain (e.g., McGuire & Rhodes, 2015b). Another approach is to use
single-grain D, distributions of heterogeneously bleached samples. It consists of measuring D, for each grain
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independently (see Reimann et al. (2012) for feldspar), allowing for instance to identify bleached grains within a
whole grain population. Applying a single-grain protocol to investigate bleaching related to fluvially transported
sands is thus potentially a powerful way to advance our knowledge of processes related to sediment transport
(Bonnet et al., 2019; Guyez, Bonnet, Reimann, Carretier, & Wallinga, 2022; McGuire & Rhodes, 2015b).

3. Luminescence of Modern Deposits of the Waimakariri and Rakaia Rivers
3.1. Setting

The Waimakariri and Rakaia rivers originate from the central part of the Southern Alps of New Zealand and
flow eastward from the Southern Alps Foothills (SAF) to the Pacific Ocean through the Canterbury Plains
(CP) where they form wide gravel-bed braided rivers (Figure 1). The Southern Alps constitute a tectonically
active orogen that arises in response to the ongoing collision between the Australian and Pacific plates (Kamp
& Tippett, 1993; Norris & Cooper, 2001). It is actively uplifting and eroding, with exceptionally high rates of
exhumation and erosion, in particular in the western side of the orogen where they locally exceed 10 mm yr~!
(Herman et al., 2009; Hovius et al., 1997). Although less evident, exhumation in the eastern side of the Southern
Alps drained by the Rakaia and Waimakariri rivers still reaches several mm yr~!' (Adams, 1980), while geodetic
data indicate active surface uplift at similar rates (Beavan et al., 2010). Bedrock of the mountainous area of the
Waimakariri and Rakaia catchments is dominated by quartz-feldspathic sandstones interbedded with siltstones
and mudstones referred to as Triassic Greywackes of the Rakaia Terrane (Cox & Barrell, 2007). These areas
have glaciated several times during the Quaternary (Barrell et al., 2011). At the front of the Alps, up to 650 m
of glaciofluvial sediments accumulated in the CP during the Quaternary (Browne & Naish, 2003), the most
recent ones having accumulated during the Last Galcial Maximum (LGM, 37-18 Kyr: Rowan et al., 2012). The
Waimakariri and Rakaia rivers have a braided pattern both in the large glacial valleys of the SAF and in the CP,
except at the transition between these two domains where they flow in narrow gorges (Figure 1a). Both rivers
widen important as they exit these gorges and are currently entrenched into LGM deposits that form the surface
of the CP. Entrenchment into the CP reaches a maximum near the SAF, being of ~100 m, and it gently decreases
downstream.

The mean catchment-scale annual precipitation is 3,000 mm on the Rakaia and of 1,900 mm on the Waimaka-
riri (Griffiths, 1981). The Rakaia drains a 3,065 km? catchment. Its average flow is about 200 m? s~! with
peaks that can reach 2,000 m3.s~! during floods (Table S1 in Supporting Information S1; Griffiths, 1981). The
Waimakariri drains a 3,200 km? catchment. Its average annual flow is 120 m?.s~! with a peak at 1,700 m? s~!
(Table S1 in Supporting Information S1; Griffiths, 1981). These two rivers transport massive amounts of sedi-
ments, of respectively 4.15 and 3.14 Mt yr~! for Rakaia and Waimakariri (Table S1 in Supporting Informa-
tion S1; Hicks et al., 2011), among the highest worldwide sediment yields given their catchment size (1,641
and 1,669 t km~2 yr~!: Griffiths, 1981). The two rivers have a similar bed slope gradient, of 0.004-0.005 m m™!
(Mosley, 1983). No significant tributaries connect to these rivers in the CP, making them interesting natural labo-
ratories to test innovative ways for investigating sediment transport.

3.2. Sampling and Luminescence Measurements

We measured the luminescence signal of single-grain of feldspar (212-250 um) of 14 samples of modern sedi-
ment of the Waimakariri and Rakaia using the post-Infrared IRSL (pIRIR) Single Aliquot Regenerative dose
(SAR) protocol of Reimann et al. (2012) at 175°C (pIRIR,5; see Text S1 and Table S2 in Supporting Informa-
tion S1). Samples were collected in February 2020 during low flow conditions allowing access to sand bars in the
active floodplain (Figures 1c and 1d; Figures S1 and S2 in Supporting Information S1). On each river, we took
two samples upstream of the gorges and four (Rakaia) to six (Waimakariri) in the CP, distributed from the gorge
output to the river mouth (Figure 1a). From 200 to 400 individual feldspar grains were measured for each sample.
All samples were prepared and analyzed at the Netherlands Center of Luminescence Dating using an automated
Risg thermoluminescence/OSL reader (DA 15) fitted with a dual (infrared and green) laser single-grain attach-
ment (Bgtter-Jensen et al., 2003). In the adopted SAR procedure, regenerative doses between 0 and 240 Gy are
applied to generate a test dose corrected dose response curve. Natural pIRIR signals are projected on this curve
to obtain D, values. Anomalous fading may affect the pIRIR,,s signal, although its impact was shown to be
limited in previous studies in the Rangitikei catchment (northern Island NZ, Bonnet et al., 2019; Guyez, Bonnet,
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Figure 1. (a) Map of the Rakaia and Waimakariri catchments (South Island, New Zealand; see inset map) with localization
of the samples for luminescence analysis. Both rivers are braided in their upstream (Southern Alps Foothills (SAF)) and
downstream (Canterbury Plains (CP)) reach. Note the presence of a gorge section at the transition between the SAF and the
CP and the absence of tributaries in the CP sections. (b) Google Earth view (CNES/Airbus) showing the gorges and a braided
section of the Rakaia river in the CP (see location on panel (a)). (c) Aerial view of the Waimakariri river at the location of
sample SOM_09. Upward view to the North West. With the Southern Alps in the back. (d) Close view of sample SOM_09.
Samples were taken in the modern floodplain by hammering PVC tubes into sand bodies.

Reimann, Carretier, & Wallinga, 2022). No fading measurements or corrections were used for this study, as the
pIRIR data is not used for estimating burial ages. Additional details on luminescence measurements and tests are
provided in Text S1 in Supporting Information S1.

3.3. Longitudinal Trends in Luminescence Signals

From the 200 to 400 individual feldspar grains measured in each sample, 75 to 199 provided sufficient signal to
estimate D, (Table 1). We analyze the longitudinal distribution of single-grain D, by considering three subgroups
(Figure 2).
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Table 1
Luminescence Data From the Rakaia and Waimakariri Rivers

Distance from Total Grains with
gorges output measured  Grains that gavea  Saturated D, <10 Gy Mean D,
River Sample (km) grains measurable signal  grains (%) (%) (Gy)

Rakaia SOM_01 -42.2 189 180 6 40 20.95 +2.04
SOM_02 =225 117 116 3 45 27.13 +4.74
SOM_03 0 122 108 16 45 19.96 + 3.50
SOM_04 17.2 102 96 10 42 28.41 +4.17
SOM_05 35.0 96 95 1 52 15.64 +2.19
SOM_06 65.0 120 120 2 68 10.35 £ 1.36
Waimakariri SOM_14 —69.8 125 113 16 36 43.01 + 6.04
SOM_13 —53.6 199 172 17 31 37.17 £ 4.21
SOM_12 0 116 106 15 22 44.95 +6.22
SOM_11 5.1 75 75 1 99 0.85 £ 0.05
SOM_10 17.7 174 165 35 32.09 +3.68
SOM_09 31.6 167 163 37 35.46 +3.73
SOM_08 42.0 140 136 48 20.88 +2.68
SOM_07 65.6 112 112 68 9.75+1.20

N B~ W oo

Note. Note that SOM_11 was considered as an outlier and removed from the study as it shows a mean D, close to 0. This
sample has possibly been light exposed accidently during sampling or preparation.

First, grains with a D, below a threshold of 10 Gy are considered as bleached. This threshold is based on residual
D, measured after 65 hr of light exposure in a solar simulator (see Figure S3 in Supporting Information S1; resid-
ual D, values between 0 and 17 Gy for the Waimakariri grains and 0 and 10 Gy for the Rakaia). These residual
doses presumably correspond to a hard-to-bleach component (Kars et al., 2014). Considering the 10 Gy thresh-
old yields percentages of bleached grains from 22% to 68% on the Waimakariri and 42%—68% on the Rakaia
(Table 1). As the threshold is somewhat arbitrary, we tested whether similar results would be obtained with lower
(e.g., 5 Gy) of higher (e.g., 20 Gy) threshold. Although the percentages of bleached grains are different with these
thresholds, the relative downstream trends, however, remain similar (Figure S4 in Supporting Information S1).

We define a second group of grains with very high D, close to a saturation threshold (Figure 2). Such a grain is
defined as saturated when its natural signal is too elevated to be projected on dose response curves or is above a
2%Dj criterion (Wintle & Murray, 2006) where D is a characteristic constant in the exponential fitting of the dose
response curve that is determined for each grain (see Figure S5 in Supporting Information S1; see also Guyez,
Bonnet, Reimann, Carretier, & Wallinga, 2022). Here, these saturated grains represent 1%—17% of the grains of
the Rakaia and Waimakariri samples (Table 1) and have on average a D, above 350 Gy (2*D,, criterion).

Considering a common dose rate of ~3—4 Gy.Kyr~! (Rowan et al., 2012), these saturated grains yield apparent
ages of at least 90—100 Kyr, and thus are mainly sourced from the bedrock or old glacial or fluvial deposits with-
out posterior significant bleaching. Finally, the third subgroup contains the other grains that are not bleached nor
saturated, that is, having D, between 10 and 350 Gy (Figure 2). These grains may be partially bleached grains
that yielded a saturated signal prior to erosion, or they may originate from deposits of intermediate age with
unsaturated signals.

The longitudinal patterns of bleaching (% of bleached grains) on both rivers are very similar (Figure 3). The two
data sets show a strong increase in the proportion of bleached grains from the gorge output to the river mouth,
where almost 70% of the grains are bleached in the two rivers. These data give mean bleaching gradients of 0.7%
and 0.4% km~"' 1 for Waimakariri and Rakaia, respectively. In contrast, the amount of saturated grains decreases
downstream in the CP for both rivers, from ~15% at the gorge outputs to 1%—2% near the river mouths (Figure 3).
We complement these data with alongstream analysis of the mean D, of the samples, computed considering only
unsaturated grains. As for saturation, the mean D, decreases downward for both rivers in the CP (Figure 3).

GUYEZET AL.

6 of 21

858017 SUOWWOD ANealD 3(dedldde ayy Aq pausenob ale sapie YO ‘s J0 Sa|ni 4oy Areiq) 8ul|UQ /8|1 O (SUORIPUD-PUE-SWBI WD A8 | IMAR1q | U1 |UO//Sd1Y) SUOIIPUOD PUe SWB | 8L 88S *[£202/90/7T] Uo ArIqI]8ulluO A8]IM ‘SpUe|RURN 8UeI0D Aq £2/900402202/620T OT/I0pAW0D" A8 1M Akeiq 1 pul|uosgndnBe//:sdny wouy papeojumoq ‘Z ‘€202 ‘TT0669TZ



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface

10.1029/2022JF006727

al Upstream (Sample SOM_12)

4 Saturated grains (n = 4)
A 10< D, <350 Gy (n=78)

0 D,<10 Gy (n =25)
100 <.
2
AMAA A
A Al 10
2 o 3.29
5 ©
5E o
T
§9 20 10 6.7 5
@ 0 5 10 15 20
Precision
b] Downstream (Sample SOM_07)
A 10< D, <350 Gy (n=34) )
o D,<10 Gy (n =76) 4554350 %
100 =

Standardised
estimate
0

20 10 67 5
0 5 10 15 20
Precision

Figure 2. Radial plots of samples SOM 12 (a) and SOM 07 (b) taken
respectively upstream and downstream the course of the Rakaia River in

the Canterbury Plains (see location on Figure 1a). Each symbol shows the
measured equivalent dose (D,) of a single feldspar grain. Colors and shape
differentiate the three types of grains considered in the study: saturated
grains (D, > 350 Gy; red field), bleached grains (D, < 10 Gy; blue field)
and grains in-between (green field). Lines in blue domain indicate the
Bootstrapped-Minimum Age Model (BS-MAM) paleodoses. Note that for
each sample, some saturated grains for which it was not possible to estimate D,
(see text) is not shown on the diagrams. The comparison of the two diagrams
illustrates the better bleaching of samples downstream.

We characterized the longitudinal trends in bleaching, saturation and mean
D, by using the following exponential fits:

—X

y =100 — aels  for bleaching )
y = yo—a.elsa  for saturation @
y = yo — a.elwean  for mean D, 3)

and L

with x the downstream distance, Ly, L, mean the characteristic length
of longitudinal variations, y, the intercept and a a constant. Each charac-
teristic length is very similar for the two rivers (Figures 3a and 3b). In

and L

the following section, we will consider values of Ly, L, mean 1TOM
a fit on a data set that combines the data from both rivers (Figure 3c),
which is conceivable because of the geographic proximity and high
similarity of the two rivers. When merged together, fit on these data
give values of Ly = 106.12 + 29.33 km, L, = 24.93 + 3.54 km, and
L, o = 72.29 + 32.35 km (Figure 3c). In line with previous studies (Gray &
Mabhan, 2015; McGuire and Rhodes, 2015a, 2015b), we assume that these
longitudinal trends in signals reflect the transport and storage of grains in
the fluvial systems. To test this hypothesis, we built a model that simu-
lates single-grain luminescence signals during transport and we will use
the values of characteristic lengths for evaluating the performance of the

model.

4. A Simple Model to Simulate Along Stream
Luminescence Signals

We built a simple model for simulating the evolution of single-grain lumines-
cence signals of fluvial sediments to evaluate how transport influences the
longitudinal distribution of D, and then whether we can inverse observed D,
trends to infer sediment transfer. The model (Figure 4a) considers the input
of 400 grains upstream a fluvial reach and their subsequent course down-
stream. Half of the grains are assigned an initial dose of 50 Gy, which is about
the average dose of the Waimakariri and Rakaia grains entering the CP, and
the other half have a saturated signal, chosen at 500 Gy here. For the sake
of simplification and in order to apprehend in priority the role of transport
parameters, we do not further consider along stream supply of additional

grains from river flanks, channel bed and tributaries in the model. This assumption is justified for the systems

of interest, as the Waimakariri and Rakaia rivers are only slightly entrenched in the CP, without any connection

of tributaries.

In the model, alternating steps of transport, deposition and storage are repeated for each input grain until it

reaches the river mouth. This mimics episodical transport of grains during successive floods. First, the grain

is transported over a distance (Figure 4a) defined randomly using an exponential distribution, consistent with

studies on grains travel length distribution (Lajeunesse et al., 2010). This distribution is centered here on a mean

value (<L;>) that we have varied from 0.2 to 20 km. <L,> represents the average distance of transport of grains

in the flow from their erosion to their redeposition and may be related to the sediment transport length used in
landscape evolution models (Carretier et al., 2020; Davy & Lague, 2009; Davy et al., 2017; Guerit et al., 2019).
For convenience, we ran the model for river lengths of 100-400 km depending on <L,>, because for short <L;>,

the luminescence signals quickly stabilize longitudinally.

After each transport event, grains stop during a period of time, hereafter referred to as the Resting time R

t

(Figure 4a), defined randomly using a Pareto distribution, consistent with recent observations that the resting

GUYEZET AL.

7of 21

858017 SUOWWOD ANealD 3(dedldde ayy Aq pausenob ale sapie YO ‘s J0 Sa|ni 4oy Areiq) 8ul|UQ /8|1 O (SUORIPUD-PUE-SWBI WD A8 | IMAR1q | U1 |UO//Sd1Y) SUOIIPUOD PUe SWB | 8L 88S *[£202/90/7T] Uo ArIqI]8ulluO A8]IM ‘SpUe|RURN 8UeI0D Aq £2/900402202/620T OT/I0pAW0D" A8 1M Akeiq 1 pul|uosgndnBe//:sdny wouy papeojumoq ‘Z ‘€202 ‘TT0669TZ



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface

10.1029/2022JF006727

E] Waimakariri

SAF

y» <«

CcpP

60
40/

204

grains [%] D, < 10Gy [%]

Saturated Grains with

Mean
D, [Gy]

» <

Gorges

y=100-81.0e

x

878

b/ Rakaia |

SAF CP

> <€
Gorges

<
<

%
y= 100 - 59.4 '31®

Grains with
grains [%] D,<10Gy [%]
(o)}
o )

N
o

N
o

Saturated

o
Q

Mean
D, [Gy]
N
o

-50 -25

0 25
Distance from gorges output [km]

50

River

D,<10 Gy
(%)

Saturated
grains (%)

Mean
D, (Gy)

-50 -25 0 25 50 65
Distance from gorges output [km]

[C[Merged dataset

Canterbury Plain

Waimakariri <* < <
Rakaia () @ o

y [%]
o
o

.-y

| Ee '3 X
| ® ®---~ y= 100 - 70.3 %!

e
\

Grains with
D <10G

N

o

\

\

N
o

L 4

o

Saturated
grains [%]
o
¢
.l
i
s

4 y=35.3¢€
40 }

Mean
D, [Gy]

Distance from gorges output [km]

Figure 3. Along stream luminescence data. Longitudinal trends of percentages of bleached (D, < 10 Gy; blue) and saturated
(D, > 350 Gy; red) grains and of mean D, of modern sediments of the Waimakariri (a) and Rakaia (b) rivers. Southern Alps
Foothills (SAF) and Canterbury Plains (CP) respectively indicate river courses in the SAF or CP (see Figure 1a). Note that the
origin of distances has been chosen at the boundary between these two domains. Dashed lines show exponential fit on data in
the CP. Graphs in (c) show combined data for both rivers for the CP section.

time of particles in rivers is heavily tailed (Bradley, 2017). The corresponding probability density function has
the form:

am®

df(< R, >,0) = —
p ! < R, >a+1

“

with a the shape parameter and m the scale parameter that represents the smallest value that the distributed
random variable can take. The lower the a value, the longer the tail of the distribution of R,, that is, the higher the
probability to have grains with high R,. a values of 2 and 3 were tested and do not significantly affect the results
(Figure S6 in Supporting Information S1) and we used a value of 2 in the following. R, may correspond to a rest
period during two successive floods or to storage in the floodplain due for instance to river wandering. We used
mean values of <R > between 2 and 1,000 years, considering that the lower value would represent transport and
rest linked to flood at the annual-scale, while higher values could correspond, for example, to temporary aban-
donment of part of the floodplain due to river wandering. We did not use <R > longer than 1,000 years because
it induces extremely long burial times of grains in the floodplain. As we will discuss below, even <R > > 200 yrs
are already very high in the context here.
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Figure 4. (a) Schematic representation of the model operations in a simulation run and (b) schematic representation of the algorithm of treatment of each grain that is
computed by the model.

In association with the two successive steps of transport and rest, a Bernoulli test of probability Py, is used to
define whether the grain is bleached (Figure 4a). In the model, bleaching due to sunlight exposure may occur
implicitly in the water column during transport or at the surface of the floodplain during R,. Nevertheless, because
of light attenuation in turbid flows (Ditlefsen, 1992), the effectiveness of bleaching during transport is questioned
and it has been proposed that the cumulative downward bleaching is dominated by bleaching at the surface
during R, as in the episodic flow model of Gray and Mahan (2015). This parameter is qualitatively similar to the
bleaching efficiency of Gray et al. (2018). However, to the best of our knowledge, the range of values that Py,
could take is largely unknown. As it is defined here, this probability includes a large variety of processes which
are themselves poorly constrained, such as light exposure and bleaching of particles in turbid and turbulent water
flow (Ditlefsen, 1992; Mey et al., 2020), variations in sunlight intensity during rainfall events (Gray et al., 2018),
variations of grain exposure due to eolian deflation (Laity, 2003; Liu & Coulthard, 2017), biological activity in
floodplains (Trimble & Mendel, 1995), etc. which all could be first order here. We consequently considered a
large range of Py, values from 0.01 to 0.5 for simulating respectively partial to complete bleaching conditions.
Higher values would simulate a bleaching efficiency that would be inconsistent with observed poor bleaching in
modern deposits of the Waimakariri and Rakaia rivers (Table 1).

We will additionally consider two ways of modeling bleaching in relation to Py, depending on whether the lumi-
nescence signals of light-exposed grains are completely reset (full bleaching model) or only partially for part
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of the grains (partial bleaching model). Full bleaching conditions are likely, for example, for grains that are
exposed at the surface of bars in the floodplain during R,, because of the range of values used for <R > (years),
much longer than the time necessary to fully bleach the signal (some minutes to tens of minutes). Under full
bleaching conditions, the dose of a light-exposed grain in the model decreases instantaneously to 1 Gy, regard-
less of its initial dose. Note that we chose a dose of 1 Gy for bleached grains instead of 0 Gy to take into
account the hard-to-bleach components of pIRIR signals (Kars et al., 2014). Under partial bleaching conditions,
a light-exposed grain (following the probability Pp)) can be either fully bleached as previously (and its D, is reset
to 1 Gy) or partially bleached, resulting in a reduction of its D, by a factor of two (Figure 4b). We applied partial
bleaching to 80% of the light-exposed grains and full bleaching to 20%. The estimate that 80% of the grains are
partially bleached and 20% are well bleached, is based on two independent lines of evidence. First, McGuire and
Rhodes (2015b) estimate that all grains are partially bleached in the Mojave River (USA). The Mojave River
is ephemeral and sediment transport mainly occurs during decadal extreme flood events. On the contrary, we
deal here with rivers with a very different hydrologic regime, where flow is permanent with pluriannual floods.
Therefore, we expect better bleaching conditions in our rivers. Hence, we assume that part of the grains is fully
bleached during fluvial transport and temporary subaerial exposure on banks. Second, we tested our methods
with different percentages of grains being partly bleached. We found a limited effect on modeling results when
assuming 30% of the grains partially bleached, and then settled for a percentage of 80%. Moreover, we assume
that partial bleaching causes a 50% reduction in the equivalent dose. We acknowledge that additional work is
needed to improve these estimates of river-specific bleaching characteristics, for example, using luminescence
data on modern deposits from the system.

Finally, if Py, in the model indicates that a grain is not light-exposed during a given event of transport and
deposition, it implies that it is not exposed at the surface during R,, then its signal grows proportionally to the
environmental dose rate during its storage time in the floodplain (Figure 4a). Here, we used a common dose rate
of 3 Gy.Kyr~! (Rowan et al., 2012).

We show in Figures 5a and 5b some chronicles of grain displacement and temporary rest as well as the related
time-evolution of their D,. In the following, to foster comparison of natural and simulated data, results from
our simulations are analyzed as natural data, by using bleaching and saturation thresholds of 10 and 350 Gy,
respectively.

5. Modeling Results
5.1. Influence of Input Parameters on Longitudinal Trends of Luminescence Signals

Our model simulates various longitudinal trends of the investigated signals linked to transport and deposition of
individual grains (Figure 6), with patterns consistent with natural data, where the percentage of saturated grains
and the mean D, decrease downstream, while the proportion of bleached grains increases. We cross-tested the
effect of <L>, Py, and <R,> on these patterns and observed that their combinations resulted in a large range
of Ly, L., and L, values, from less than 1 km to more than 1,000 km in extreme cases. These latter values
are observed for very long transport distances <L;>, in association with small chances of light exposure (low
Py, value). This results in extreme solutions that clearly do not apply to the fluvial systems studied here. In the
following section, we will first present results from modeling under full bleaching conditions and then consider

the effect of partial bleaching.
5.1.1. Full Bleaching Conditions

In all our 1,036 simulations under full bleaching conditions, the proportion of grains in saturation decreases
downstream due to successive bleaching events, with L, values from 1 to 2,475 km depending on model parame-
ters. Short transport lengths <L,> favor bleaching opportunities over short distances and thus result in more rapid

downward decrease in saturation that is, in lower values of L, (Figure 6a). By definition, an increasing Py, value

sat
also increases bleaching opportunities and acts in a similar way (Figure 6a). We do not observe any influence of
<R > on the saturation trends (see saturation trends for <R,> values of 2 or 200 yr in Figure 6a), which is probably
due to the range of <R,> used that, combined with the dose rate of 3 Gy.Kyr~!, do not cause burial long enough
to overpass the saturation threshold of a majority of particles. We estimate that the saturation trends would be
affected by burial only for long-time storage of grains in the floodplain corresponding to <R,> values higher than

thousands of years in our model.
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Figure 5. Graphs in (a) and (b) show two examples of chronicles for a grain in a simulation with <R > = 200 yrs,
<L>=2km, and Py = 0.1 (in a) and with <R> = 2 yrs, <L;> = 10 km and Py, = 0.3 (in b). Cyan bars show successive
elementary displacement of the grain, with cumulative displacement shown in blue (solid line). Green bars show the duration
of rest of the grain in the floodplain between the two transport events. The cumulative rest time defines the transit time.
Pinkish circles and red dotted lines show time-evolution of the equivalent dose D, of the grain. It grows proportionally to R,
if the grain is buried during rest (not bleached), and decreases if bleached due to exposure to sunlight. Results shown here are
under full bleaching conditions (see text).

The percentage of bleached grains (which are defined as the grains with a D, < 10 Gy), generally increases
downstream due to the successive transport episodes (Figure 6a). The corresponding Ly, values vary from 1 to
1,745 km, with strong longitudinal increase in number of bleached grains (i.e., low L)) being enhanced by low
<L;> and high Py,. For short values of <R > (Figure 6a), longitudinal trends of bleaching mirror saturation, with
100% of the grains being bleached downstream. However, for higher <R > values, signal regeneration of some
grains during burial with long R, compensates the longitudinal bleaching and the proportion of bleached grains
equilibrates and forms a plateau at a lower level than 100% (Figure 6a).

The mean D, decreases downstream with L, values from 1 to 1,269 km in our simulations. As for saturation,

mean
small transport length <L;> and/or high bleaching probability Py, result in a sharper decrease in mean D, and

lower L_ ., (Figure 6a). However, in contrast with saturation that is not affected by R,, the mean D, decrease is

frequently affected by temporary storage of grains, especially for long R,. This results in a slower decrease in

mean D, and higher L, However, even in simulations with long <R >, the effect of regeneration during burial

‘mean”

can be annihilated if bleaching is very efficient (high Py, Figure 6a).
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Figure 6. Graphical representation of simulation results showing the longitudinal evolution of the percentage of saturated grains (D, > 350 Gy; left column), mean
D, (middle column) and percentage of bleached grains (D, < 10 Gy; right column) for various mean transport length <L;> (color gradient), bleaching probability Py,

(rows) and resting times <R> of 2 (top) and 200 years (bottom) under full (a) or partial (b) bleaching conditions. (c) Comparison of characteristic lengths L, L, ...
and Ly, from simulations considering partial versus full bleaching conditions.
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Our simulations highlight fundamental differences in behavior between saturation, bleaching and mean signals,
which make them complementary proxies. Unless very long storage times are considered (>100 Kyr), saturation
only decreases longitudinally and can be seen as a passive marker that reflects transport conditions in the absence
of lateral supply of saturated grains (Guyez, Bonnet, Reimann, Carretier, & Wallinga, 2022). On the other hand,
the longitudinal evolution of bleaching and mean D, not only reflect transport conditions but also depends on
storage in the floodplain, which make them reactive markers. For example, when some bleached grains are buried
such that their signal builds up to 10 Gy or more, it decreases the proportion of bleached grains, resulting in a
more gradual longitudinal increase in the percentage of bleached grains, that is, in higher L. Similarly, regener-

ation during storage will affect the mean D, and therefore the L__, .

5.1.2. Partial Bleaching Conditions

In the way we implement it in the model, partial bleaching has the same effect on the proportion of saturated
grains in the river as full bleaching, and consequently partial versus full bleaching results in similar L,
(Figures 6b and 6¢). However, by limiting the drop in D, value related to Py, partial bleaching slows down the
downward increase in percentage of bleached grains, resulting in longer Ly, values (Figure 6¢). In concert, the
mean dose of sediments also decreased more slowly, resulting in longer L__  values than under full bleaching
conditions (Figure 6c).

values

‘mean

5.2. Comparison Between Natural and Simulated Data

Our model of loss or gain of luminescence signal in response to episodic transport shows similar longitudinal
patterns of luminescence signals as those observed along the Waimakariri and Rakaia in the CP. To evaluate the
performance of simulations in reproducing these data and identify simulation parameters <L;>, Py, and <R >
that provide results that resemble them most closely, we used a Chi-square test between natural and simulated

characteristic distance data (L), L., and L, ) with the additional constraint of a percentage of saturated grains

sat? mean

at the outlet of 1 + 1%, as observed on the Waimakariri and Rakaia rivers (y, = 1 + 1% in Equation 2).

Under full bleaching conditions, the lowest Chi-square obtained for our 1,036 simulations is 9.52 with six simu-
lation results within 68.3% confidence level (1-sigma confidence interval; Table 2). Simulations involving partial
bleaching of the grains give significantly lower Chi-square values, the lowest being 1.04, and 15 simulations give
results within the 68.3% confidence level (Table 2). These significantly lower Chi-square values indicate that
taking partial bleaching into account allows better reproduction of natural data. This can be illustrated by visually
comparing the simulated and natural results (Figure 7). Figure 7c shows for example, that with partial bleaching,
Ly, and L, that are in the range of
values fitted to the field data (see also Table 2). In contrast, the best-fit simulations for full bleaching conditions

the fifteen best-fit simulations all correspond to simulated values of L

sat® mean

provide no solutions where all three parameters are inside the range of values fitted to the field data (Figure 7b,
Table 2). In general, we observe that models with full bleaching fail in reproducing the data because they always
Ly, and L,
the values of Ly, are three to four times higher than L

give values of L that are very close, all in the same range. In contrast, on the rivers studied here,

sat® mean

< that is, longitudinally, the number of bleached grains
increases more slowly than the decrease in the number of saturated ones. Only simulations with partial bleaching
allow decoupling the longitudinal trends of saturation and bleaching. Only these will thus be considered in the

following discussion.

6. Discussion: Insight Into Transport and Storage on the Waimakariri and Rakaia
Rivers From Luminescence

The 15 simulations of the partial bleaching model that best perform in simulating the Waimakariri and Rakaia
data correspond to a set of combinations of input parameters <L;>, Py, and <R> with a large range of values
(Table 2). Together, these input parameters draw a planar surface in a 3D <L;>—Pp—<R> space (Figure 8),
which illustrates that multiple combinations of parameters can explain our observations in the natural systems.
Overall, we observe a trade-off between the transfer length <L,> and the bleaching probability Py, because long
<L,> necessarily implies high bleaching efficiency to fit the data. We also observe that high Py, values allow
almost all the <R > that we considered, from 1 to 800 yrs, contrary to low Py, values that are only associated
with short <R>. Indeed, it seems that when bleaching is very efficient, any dose acquired during <R,> is most
likely bleached during the following transport event. Thus, when Py, is high, the storage history of the grains has
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Table 2

List of the Input Parameters and Results From Simulations That Best Explain Data From the Rakaia and Waimakariri Rivers Considering a Chi-Square Test at
1-Sigmas for the Full Bleaching and Partial Bleaching Models

Residence time Virtual velocity (m/

Model <L>(km) <R> (yrs) Py () (yrs) River length (km) yr) L, (km) L, .., (km) Lg, (km) Chi-2
Full 4 100 0125 5,200 200 38.5 275406 255+14 293+08 9.52
sllendlning 4 20 0125 980 200 204.1 284+08 25006 31.1+04 987
7.5 100 025 5479 400 73 268+09 262+09 298+05 992
7.5 20 030 1,094 400 365.6 253+06 260+09 281+06 10.14
3 2 0.10 199 200 1,005 288+06 237+09 299+06 10.52
2 20 0075 2,135 200 93.7 246+03 227+1 276+ 04 1052
Partial 2 100 0.075 9,908 200 20.2 257+0.6 89.5+45 96+38 104
Rleach ue 7.5 100 025 5,668 400 70.6 252406 814+23 941+14 108
3 150 0.125 10,259 200 19.5 259409 753+25 91+33 135
7.5 300 030 16,633 400 24 260+06 774+37  888+26 147
2 50 0.075 5,047 200 39.6 239405 813+43 843+12 152

10 800 040 35,038 400 114 251+08 680+26 798+35 16
7.5 400 030 21,899 400 183 247+04 654+25 82223 172
2 20 0075 2,128 200 94 250+04 845+53 835+13 174

100 020 8,167 400 49 269+04 775+27  859+1.6 18I
5 200 020 17,515 400 22.8 23.8+03 769+53 817+23 182
15 800 050 21,720 400 184 281+16 780+34 993+46 1.88
20 20 050 442 400 905 287+17 922+25 111.7+25 194
3 100 0125 7,032 200 284 251405 748+43 775+1  1.96
0.5 20 002 4,191 100 23.9 259405 978+134 905+25 197
15 2 0.50 83 400 4819.3 271+15 62.9+19 82+17 199

Note. Lines in italic are simulations whose results are however hardly conceivable with regard to setting (see text).

a minor influence on longitudinal data, because of the efficient “erasing power” of bleaching. This effect does
not apply to simulations with low Py, which only succeed in reproducing data for low <R> values (Figure 8).

Although the fifteen best-fit simulations all statistically represent valid solutions to reproduce natural data, some
combinations of parameters are more difficult to conciliate with the context of the Waimakariri and Rakaia rivers,
than others. We discuss in the following the relevance of model parameters <L;> and <R > in this context. First,
regarding transport distances, <L,> values in our best-fit simulation range from 0.5 to 20 km (Figure 8 and
Table 2).

As a reminder, in each simulation <L,> is the mean of all grain displacements (see Section 4). The distribution
of these event transport distances is positively skewed (Figure 9a), with a lower median value than the mean
and some maximum values that exceed 100 km in the simulations with the <L,;> of 15-20 km. In braided
rivers, sediment travel length over a single flood event is estimated to be first order by considering the distance
between confluence-bifurcation couplets (Kasprak et al., 2015; Pryce & Ashmore, 2003). This distance is about
0.5-1 km for the Rakaia and Waimakariri rivers (Carson & Griffiths, 1989; Hundey & Ashmore, 2009; Pryce &
Ashmore, 2003) and in principle, it could be considered here as a basis for discussing the relevance of the best-fit
simulations. These gravel-bed rivers have a median diameter D, of about 25-30 mm (Hundey & Ashmore, 2009),
significantly larger than the grain size used for our analysis, so we can assume that most travel distances of our
particles are longer than 0.5-1 km (Church & Hassan, 1992). However, we assume that it does not exceed this
range too much because changes between erosion and deposition related to braided patterns (Kasprak et al., 2015)
influence transport and redeposition of the majority of grain sizes. Sandy layers in coarse grained braided systems
are indeed found in chute channels and bar tails (Bluck, 1979), where all our samples were obtained (see Figure 2
and Figures S1 and S2 in Supporting Information S1). Thus, we propose to exclude simulations with the highest
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Figure 7. Graphical representation of characteristic lengths L., L .., and Ly, calculated from simulations and comparison
with natural values (L = 106.12 + 29.33 km, L, = 24.93 + 3.54 km, and L, =72.29 + 32.35 km). The characteristic

‘mean

lengths measured on natural system data are shown with the red lines and their standard errors with pink area. (a) 3D plot

of data under full (blue circles) or partial (green circles) bleaching conditions. For each data set, red symbols show best-fit
data (Chi-square test, simulation results within 68.3% confidence level; see text). (b) 2D plots of simulation results under full
bleaching conditions. (c) 2D plots of simulation results under partial bleaching conditions. See text for comments.

<L;> of 15-20 km, which are characterized by a median of 8-13 km (Figure 9a), which are quite high distances
compared to the size of the braided elements of the Waimakariri and Rakaia rivers. In the same way, the median
of transport length distribution for the best-fit simulation with the lowest <L;> of 0.5 km is 0.3 km (Figure 9a),
so we also suggest that this simulation is not relevant to the studied rivers. To conclude, among the fifteen best-fit
simulations, we propose to restrain the preferred solutions to simulations with mean transport distances <L>
between 2 and 10 km, for which the majority of unit transport distances at the event transport scale are respec-
tively of 0.4-2.0 km (Figure 9a).

Regarding resting times <R,>, the fifteen best-fit simulations show a large range of values, from 2 to 800 yrs
(Figure 8 and Table 2). Here again, we recall here that for each simulation, <R,> is the mean of event-scale values
whose distribution is positively skewed with a long tail, with maxima that exceed 103 years in some simulations
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® Simulation
® Best fit simulation

Figure 8. Graphical representation in 3D-space of input parameters <R,>, Py, and <L;> of all the 555 simulations (gray
dots) performed under partial bleaching conditions. Simulations that succeed in reproducing natural data (Chi-square test,
simulation results within 68.3% confidence level) are shown by red balls. A plane drawn by interpolating these best-fit data is
shown in green colors.

(Figure 9b). Although the resting times of particles in the Rakaia and Waimakariri floodplains are unknown,
evidence suggests that simulations with the longest <R> values hardly apply to rivers in the CP. Reinfelds and
Nanson (1993) estimate, for example, that the Waimakariri River is capable of reworking its entire floodplain
over a period of 250 yrs, including the remobilization of vegetated surfaces developed at 30-50 yrs timescale.
Indeed, at a scale of 20-30 years, comparison between satellite time series and aerial views of the rivers shows
that some bars in the floodplain are vegetated and that at the same time, some vegetated bars are reworked. This
implies that a non-negligible number of grains spends several decades in the floodplain between two transpor-
tation events, as also proposed by Reinfelds and Nanson (1993). However, the studied rivers are very mobile at
the annual scale (Lane et al., 2003) and the exceptionally high load that they carry (3—4 Mt/yr; Griffiths, 1981)
indicates a very high transport capacity. This suggests that most grains are remobilized in the floodplain at a
time-scale that ranges from a year to several decades. On this basis, we propose that the three best-fit simulations
with the longest mean resting time <R> of 200-800 yrs are not representative, given the median of their storage
time distribution longer than 100 yrs (Figure 9b). The same conclusion arises if one considers the mean residence
time of particles in these simulations (Table 2), estimated from the cumulative time that each grain spends in
storage in the floodplains, with regard to geological constraints on the development of the river floodplain. For
simulations with <R > of 200-800 yrs, the mean residence times of the grains in the floodplain range from 16
to 35 Kyr, respectively (Table 2), which are regarded unlikely. This is indeed of the same order as the age of the
upper deposits of the CP in which the Rakaia and Waimakariri are entrenched (18-37 Kyr: Rowan et al., 2012).
Thus, in the following we propose to exclude the best-fit simulations with longest <R > of 200-800 years.
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(see insets for legend).

On the basis of the above discussion, among the fifteen best-fit simulations, we propose to exclude those with the
highest values of <L;> and <R > because we consider them likely not consistent with the setting. As explained
previously, best-fit simulations with the high values of <L > and <R,> only succeeded in reproducing data
because of the systematic association to very good bleaching conditions, that is, to high values of Py,. In fact,
discarding the best-fit simulations with high values of <L, > and <R > thus excludes all solutions with the highest
Py, values of 0.4-0.5 (Figure 8). This supports our hypothesis that such high Py, values are unrealistic for fluvial
settings, where poor bleaching is commonly observed (Wallinga, 2002). Whether this range of Py, values is
specific to braided systems and could still be applied for rivers with different fluvial styles, as well as in contexts
of lower sediment flux, would however deserve to be considered in future studies.
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Finally, the mean residence times of the seven remaining best-fit simulations vary from 2.1 to 10.3 Kyr (Table 2),
with a mean value of ~6.9 + 2.9 Kyrs. It corresponds to mean virtual transit velocities of 20-95 m.yr~! (Table 2),
with a mean value of 46 + 28 m.yr~! This range of values is lower than virtual transit velocities estimated using
cosmogenic isotopes in the study by Repasch et al. (2020). In the upstream part of the Rio Bermejo (Argentina),
also a braided system, they measured virtual velocities of 386 + 168-586 + 157 m.yr~'. However, their estimates
have been obtained on a system that is much larger (>400 km against ~70 km here) and has much greater sedi-
ment flux (104 Mt.yr~! against 3-4 Mt.yr~! here). Whether the difference between our respective estimates is
due to the difference in river dynamics and settings or to methods used deserves to be investigated in future work.
However, it is encouraging to note that the two methods, although based on completely different approaches, give
results within an order of magnitude.

Finally, our estimates are an order of magnitude higher that virtual transit velocities of 1.8 + 0.1-2.8 + 0.1 m.
yr~! deduced from luminescence by Gray et al. (2018) for the South River (USA). Again, this river is in a very
different setting and has a very different river style (gently sloping meandering river); we can expect different
<L,/> and <R>. The method developed by Gray et al. (2018) is based on multigrain luminescence data and
resolves longitudinal bleaching related to transport. The method requires input information on characteristic
storage timescales of fine sand, obtained from sediment budgeting and geochronology. The advantage of the
method we present here is that it does not require such additional data, which is made possible by the use of
single-grain data and the possibility of taking into account different terms in the distribution of the D, for each
sample, each with its own sensitivity to transport and storage. A potential way for improving our approach could
be to combine the analysis of single grain D, distributions (this study and McGuire & Rhodes, 2015b), with the
analysis of multiple signals with different bleaching characteristics (e.g., MET-IRSL; McGuire & Rhodes, 2015a;
Reimann et al., 2015). Combining both approaches could provide more natural constraints to restrict the range of
model solutions. It is worth noting that contrary to our probabilistic approach of the bleaching process, McGuire
and Rhodes (2015b) developed a model in which the intensity of bleaching is defined by the duration of grain
exposure to sunlight during transport, coupled to a kinetics bleaching law constrained from laboratory data. This
approach has the advantage of considering full or partial bleaching in a unique way depending on the duration
of grain exposure to sunlight during flooding events. However, this duration is very difficult to evaluate for all
grains in transit in a natural river. In the absence of such data and a hydro-sedimentary model, we chose here to
simplify the complexity of bleaching during transport by considering only probability, in a similar way as the
dimensionless coefficient “p” in Bailey and Arnold (2006). Understanding and being able to quantify bleaching
in rivers is one of the greatest challenges to push forward the capability of luminescence data to retrieve informa-
tion on Earth surface processes.

7. Conclusions and Outlook

This study presents a new approach to obtain quantitative insight into fluvial transport and storage in floodplains
from luminescence characteristics of fluvial sediments combined with numerical simulations. For this purpose,
we provided a first comprehensive data set of the longitudinal distribution of single-grain luminescence signals
measured in feldspar from modern fluvial sediments, in the case of the Waimakariri and Rakai braided rivers
of New Zealand. Features such as the percentages of saturated and bleached grains and the mean equivalent
dose show very similar longitudinal variations, consistent with a progressive bleaching of grain populations
during their downstream transport. Using an original numerical model, we show that the longitudinal evolu-
tion of saturation, bleaching and mean equivalent dose are related to fluvial transport and temporary storage in
floodplains. This model simulates the progressive bleaching and/or regeneration of the luminescence signal of
grains in response to successive steps of fluvial transport and storage in the floodplain, considering two different
bleaching dynamics of the grains depending on whether they are fully or only partially bleached. The model
succeeds in qualitatively reproducing the observations by using a range of forcing parameters within boundaries
that seem realistic for the systems of interest. From a comparison between model outputs and observations, we
show that the model is able to reproduce natural data only when partial bleaching is taken into account and under
a restricted range of combinations of sediment transfer length, storage duration in the floodplain and bleaching
efficiency. From this approach, we show sediment transfer in the investigated rivers may take place at a time scale
of 2.1-10.3 Kyr, with a mean value of ~6.9 + 2.9 Kyr, which corresponds to mean virtual transit velocities of
20-95 m.yr~!, with a mean value of 46 + 28 m.yr~'.
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We expect our approach to be applicable to other river systems, and to open new opportunities to investigate
sediment transport, transit and storage. A next step will be to test our model on other geomorphic, tectonic and
climatic settings and for different river patterns, with distinct storage dynamics, which requires the acquisition
of stream single-grain luminescence data from such systems. With regard to the model, we suggest that further
improvement with respect to partial bleaching and scaling of bleaching with transfer length should be prioritized.
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