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Abstract

River terrace s are archives of the landscape. Indications of ¢ limate change, tectonic activity and
avulsions can all be  present in the river terraces. The Allier river, located in the Limagne rift valley

in the Central Massif, France, has a well -researched terrace stai rcase, but the evolution of the
catchment during formation of some of the terrace levels remai ns unclear. One of these terrace

levels , Fx i, is recognisable by its darker coloured alluvial sediments due to basaltic material. In

contrast with former resear ch, thisstudy look s at the longitudinal differences within one terrace level,

to determine when and how the river landscape of the Allier catchment evolved during the form  ation
of terrace level Fx .

Six samples of the Fx  terrace are studied with Optically Stimulated Luminescence ( OSL) dating and
tracing techniques, using quartz Single Grain OSL and feldspar SG p ost-IR IRSL measurements. The
Landscape Evolution Model LAPSUS was used to complement the OSL data, by determining where

erosion and sediment ation took place. The OSL dating resulted in an average age of 16.9 ka, with

individual samples ranging from 15.4 -18.7 ka. This age can be linked to multiple volcanic eruptions

within the Allier catchment. Furthermore, a decreaseinquartz  OSL sensitivity was found downstream
and the amount of bleaching was similar for all six samples. LAPSUS showed thatt wo sub catchments
provide the mo st sediment to the Allier river, one in the southwest sandstone area and one in the
northeast granite area. These areas pr ovide an explanation for the decrease in OSL sensitivity: the
upstream samples are affected by the sensitive sandstone sediments, while the downstream samples

are affected by insensitive granites and saprolites from the eastern rift shoulder. The change in
transport distance between the source areas and the sampling locations also can have an influence
on the sensitivity. Furthermore, both a change in river dynamics and the change in sensitivity
combined with a similar amount of bleaching for all samples indicates that bleaching might not
happen in transport, but on erosional slopes or after deposition.
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1. Introduction

River terraces are important archives for landscape evolution. Different than erosive landforms,

terraces have registered a separate or completed era of aggradation in th eir sediments. Examples of
processes that can be traced in the sediments of fluvial terraces are climate change, tectonics, sea

level rise and fall, piracy of rivers and avulsions (e.g. Boenigk, 1995; Harmand & Cordier, 2012;
Litchfield & Clark, 2015) . To understand the evolution of the landscape, the terraces should be dated

properly, which can be done with multiple techniques. Organic r ich sediments and pieces of charcoal
can be dated with  1#C-dating (Veldkamp & Kroonenberg, 1993; Berendsen & Stouthamer, 2000) and
when tephra layers are present these can be dated with 14 Caswell (Eden etal. ,2001) . Travertines,
limestone formations deposited by (hot) springs, can be dated with Uranium Thorium decay series

(Veld kamp & Kroonenberg, 1993) . Other examples of dating methods which are useful for uncovering
landscape evolution are Potassium - Argon dating on volcanic material (lava flows, basalts (Arm strong
et al. , 1975) ), pollen (Tayloretal. , 1994) and Optically Stimulated Luminescence (OSL) on quartz

or feldspar minerals  (Wallinga, 2002)

The Allier river is presumably one of the best researched showcases for river evolution providing a

long research history  (Pastre, 1987, 2004, 2005; T. Veldkamp, 1991; Broers MSc thesis, 2016) . The
Allier is a large tributary of the Loire, located in the Massif Central, France (figure 1) . The Allier has
alength of 410 kilometres and has several tributaries of its own, of which the Dore, which confluences

in between the measurement points shown in figure 1, isthe largest one.

The Allier river drains the Limagne rift valley, which is filled with Oligocene clays , marls and
sandstones , and part of the  western and eastern  rift shoulder s, with Hercynian basement system
plutonic and high metamorphic rocks, dominantly granites . In addition  the western rift shoulder is
covered and influenced by Miocene, Pliocene and Quaternary volcanics ,see figure 1 (Cubizo lle etal.,
2001; Lucazeau et al., 1984) . Lava flows, which are often basaltic, from old eruptions  run from the
rift shoulder into the g raben. Due to the ir low erosivity they are preserved in the landscape
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Figure 1. Left: Allier Catchment (dark blue)trébutary of the Loire (light blue). Located in the Massif Central, France.
tributaries and sampling locations from terrace level frare indicated (Dore and La Morge). Order of samples upstr
to downstream (from south to north): NGR515-177,-182,-180,-190,-188 and-187. Right: Geological map of the Mas
Central. Reddish colour indicates volcanics, yellow indicates Oligocene sediment infill. Light pink indicates grani
dark pink indicates the Hercynian basement. The Allier river is thark blue and the Dore the light blue line.

The Allier river has an extensive terrace st aircase dating back from early Pleistocene till Holocene
deposits (Pastre, 2005) . The terrace staircase i s coded in French literature from Fz (current
floodplain) till Ft (>2 Ma) (Pastre, 2005) , as shown in figure 2 (Veldkamp & Kroonenberg , 1993;

Pastre, 2005; Veldkamp et al., 2016) . The youngest terrace levels (z, y, x, and w, figure 2)are dated
with 14C (on travertines and organic rich sediments), U/Th (on travertines) and OSL (on quartz and
feldspar minerals) (Veldkamp, 1991; Broers, 2016 ; unpublished NCL report ). In the past,



subdivisions were made within the terrace levels to distinguish bet ween different aggradational
phases, for example Fw 5 and Fw . For the late Pleistocene terrace level Fx this is even further
debated : it can be subdivided in morphological units  Fxa and Fx p, but also in | ithostratigraphical units
Fxi, Fxu, Fxm and Fxw (figure 2) (Veldkamp & Kroonenberg, 1993)

This research focusses on terrace level F xm . This terrace level can be recognised for its darker
appearance compared to other terrace levels , resulting from a high percentage of dark minerals most
probably of volcanic, basaltic origin (Veldkamp & Kroonenberg, 1993) . This material is dominantly
produced and found on the western rift shoulder throughout the Late Quaternary.
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Figure2. a) Terrace staircase of the Allier river (Pastre, 2005); b) Morphology and schematical lithostratigraphy Fx
level (Veldkamp & Kroonenberg, 1993)pstream teriace level Fxlll overlies cryoturbated soils of thel karrace layer
Downstream terrace level FxIV can be found, which is also rich in volcanic matégllies on a lower leve{Veldkamp &
Kroonenberg, 1993).

Previous research investigated the burial age of the alluvial sediments associated to this terrace level

(Broers MSc thesis 2016 ; unpublished NCL report ) ( figure 3). The result of this dating infers younger
ages of bu rial -deposition stream upwards, which is uncommon, and t he spread in between
measurements is large. The OSL dates also do not agree with the expected age of this terrace based

on “C-dating of charcoal and organic lacustrine sediments from a nearby marais (Veldkamp &
Kroonenberg, 1993) . The Fx y terrace is thought to be coeval with the formation of the lake
sediments, because both the lacustrine sed iments and the Fx y terrace are intercalated between a
Middle Pleniglacial cryoturbated surface and an Allergd trachy -andesitic ash  (Veldkamp &
Kroonenberg, 1993)

Usually multiple  stacked terrace levels are dated to establish a conventional chronostratigraphy
(Veldkamp, 1991, Pastre, 2005; Schumm, 1993) . In this research the longitudinal profile of only one
terrace level is studied, to investigate the temporal and process related uniformity . This can provide
information on the processes lead ing to terrace formation. In the case of terrace level Fx m the change
in age to the downstream part raises questions. It could mean that aggradation of the terrace
happened in multiple events, while till now it is assumed to be of one age and thus origin ating from
only one aggradational event (Broers MSc thesis , 2016) .

In the case of a single event and considering the age as found by Broers (2016) and NCL (Nederlands
Centrum van Luminescentie) , itwould mean that the aggradation phase started downstream and the
upstream part  of the catchment responded later to for exam ple climatic change, which makes it a
diachronous aggradation event (Bull, 1990) . In the case of multiple aggradation events it might be

that the ages are correct, but that the terraces in the two locations were built up during two different

events , for example volcanic eruptions. Ac cordingto Nowell etal. ( 2006) volcanic events happen in
clusters, so it might be possible that multiple eruptions are the cause f or the formation of the terrace
level. Since the assumed age of the terrace is still within the ice age, this could have provoked rapid
melting of ice sheets overlapping the volcanoes, which could transport large amounts of volcanic

(basaltic) material to the Allier river.  Another possibility would be mixing with older tributary
sediments. Tributary sediments can seem older than the main  river sediments due to differences in
signal resetting (see Chapter 2.1 , OSL page 9) because of differences in turbidity (L6pez et al.,
2018) . When the sediments from the tributary are not fully reset and still get deposited together

with the younger sediments from the main river, it will influence the dating of these terrace
sediments. If this is the case, it would mean that the ages downstream are probably overestimated.
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To summarize, the following hypotheses are considered for the formation of the  Fxy terrace of the
Allier river:

A) Synchronous terrace dev  elopment, due to multiple events (e.g. volcanic eruptions).

B) Synchronous terrace development, due to a single event (e.g. tributary mixing).

C) Diachronous terrace development, due to a single event (e.g. climate change).

Since OSL measurements will probably not be enough to deduce which hypothesis will most likely be

true, Landscape Evolution Models (LEMs) will be used in this study to complement the OSL data
These models show where erosion and sedimentation takes place on the basis of a digital elevation

mo del. In the LEM LAPSUS (Landscape process modelling at multi  -dimensions and scales ( Schoorl,
Sonneveld, & Veldkamp, 2000 ) one can change the forcing, such as the intensity or length of rai nfall
events, to simulate climatic conditions. The combination of LEMs and OSL has to my knowledge not

been done before. This new approach will be useful to derive where the sediments occurring in the

terrace originate and whether the terrace can be relate d with certain events or not.

1.1 Research objectives

Some of t he ages as presented by Broers (2016) and NCL are doubtful or questionable (appendix
Al) . Therefore the first objective of this research is to improve the chronology for the Allier river

terr ace level Fx . Next to that, | will use different OSL techniques in combination with the LEM
LAPSUS to better constrainri  ver landscape dynamics. The tracing techniques  using OSL will provide
information on sediment transport in the Allier, on the possib le source of the sediments and on the
transport distance (Pietsch et al., 2008; Reimann et al., 2015; Lopez et al., 2018) . The LEM will
contri bute to this by providing the source area s and showing which areas contribute most to the
sediment supply to the Allier river (Schoorl, Sonneveld & Veldkamp ,2000) . This knowledge is needed

to understand  the evolution of the Allier catchment at the time of the Fx m terrace level deposition.

The renewed dating of the terrace will be complemented with a new OSL approach called tracing. |
will use the following three OSL tracing techniques:

1) Bleaching rate analysis (Reimann etal. , 2015)

2) Sensitivity analysis  (Pietsch etal. , 2008)

3) Heterogeneity ofthe D -distribution (Lépez et al., 2018)



These tracing techniques  are relatively new and have to my knowledge not been used in combination

with a LEM before. The three techniques are different in spatial and temporal scales ( figure 4). Since
the techniques are not widely used yet, their performance was first checked on the Allier river terrace
samples, with promising results.
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Figured. Temporal and spatial scales of the three methods. Size of the boxes does not represent 1
1. Sensitivty, 2. Bleabing rate, 3. Heterogeneity. LAPSUS (not in this figure) provides informatic
catchment scale, from one till multiple years.

1.2 Research questions
The main research question is:

When and how did the river landscape of the Allier catchment corresponding to terrace level Fx i
evolve?

Previous research showed that quar tz grains were non abundant (Broers MSc thesis , 2016) , so to

impro ve the chronology | will use single grain (SG) post -IR infrared (pIRIR) feldspar dating . With the
SG data | will study the heterogeneity of the sample, the amount of bleaching and the possibility of
post -depositional mixing of river sediments, since these subjects are not sufficiently researched yet

(Broers MSc thesis , 20 16) .
I will use the three OSL tracing techniques and LAPSUS to complement the new chronology and to

be able to get a clear overview of the river dynamics and river landscape evolution.

The following sub questions will help answering the main question:
1. s it possible to use the three OSL tracing techniques on the F « terrace level of the Allier
river?
Can we observe differences in fluvial dynamics between the six sample d locations?
What information can the LEM LAPSUS provide to this research?
Howdothe met hodds (O8LsandlLEM) compare to each other?
What is the age of the Fx river terrace?

gk wn



2. Introduction to OSL dating and tracing of river sediments

2.1 Optically Stimulated Luminescence (OSL)

OSL is used for age determination of the burial of quartz and feldspar  minerals (Huntley et al., 1985;
Preusser et al., 2008) . Quartz and Feldspar minerals receive ionizing radiation in the form of alpha,
beta, gamma and cosmic radiation, wh ich result s in electrons populating electron traps, located
between the valence and the conduct ion band . When patrticles are stimulated with light or heat, the
electrons exit the electron trap and move to a recombination centre and the corresponding energy
is released in the form of a luminescence photon . The total resetting of the signal to zero due to
exposure to light or heat is called bleaching. The amount of luminescence light stored as trapped
charge by quartz and feldspar minerals can be measured ina  laboratory and can be related to the
time of burial of the particles.

0Q@dd —F——— (1)

Equation 1 shows that paleodose and the dose rate are needed for age determination . Paleodose ,
which is the best estimate of the amount of trapped charge stored during burial, can be reconstructed
from a distribution of equivalent dose values (D e) by comparing the  natural luminescence intensity
emitted by a sample  to the intensity emitted subsequentto a known laboratory dose. The dose rate
is the amount of radiation the particle s received per year, which can be measured in the laboratory

by determining the amount of 40K and using the U/Th decay series (Preusser et al., 2008) . OSL can
be measured on quartz and feldspar, with possibility to date up until 150 ka and 500 k a, respectively
(Wallinga, 2002) . Dating is not without assumptions. The dose rate is calculated as an average over

time per sample, so for smaller sub samples this dos e rate might not be representative . Also
anomalous fading and bleaching should be taken into account. Anomalous fading is a thermal loss of
charge over time in feldspar minerals (Wintle, 1973; Preusser et al., 2008) . Studies show that the
amount of anomalous fading can be reduced by using a post -infrared infrared (pIRIR) protocol
(Thomsen et al. , 2008; Reimann et al. , 2012) . Fading can also be measured in the labora tory, but
Wallinga ( 2007) shows that these fading rates may underestimate natural fading rates due to
preferential trapping.

For correct age determination the grains shou Id be fully bleached before burial , otherwise the age
will be overestimated (figure 5). In fluvial environments the chances of incomplete bleaching
increase, since the particles are less frequent subject to direct sunlight (Wallinga, 2002) . There are
several techniques to look whether a sub-sample (aliquot ) is incompletely bleached. Usually these
incomplete bleached aliquots are not used for age determination  because they give overestimated
ages, but lately new techniques are developed that are able to use these insufficiently bleached
samples. Itis though tthatitis possible to determine transport rates or transport distances with the

amount of bleaching samples received during sediment transport prior to deposition (Reimann et al.,
2015; Chamberlain et al., 2017; Bonnet et al., In Review) . This we call fitracing 0, in contrast to
fidating o for which OSL normally is used.

Erosion

Transport

Sedimentation

(ETS) ETS Sampling

Intensity of luminescence signal

a) OSL-age
b) Real age

Time (ka)

Figure5. Schematic overview of poor bleaching (after Preusser et al., 2008).

Tracing can be performed in several ways, for example by determining the heterogeneity due to
bleaching in equivalent dose distributions . Those distributions contain information about the

10



transport dynamics in the last cycle of irradiation and burial (Cunningham et al., 2015; Lopez et al.,
2018; Bonnete tal., In Review)

A second method is the utilization of the difference in  bleaching rates of quartz and feldspar. With

this technique it is possible to distinguish different amounts of bleaching, which helps determining

the source of the samples and the way of transport  (Reimann et al., 2015; Chamberlain et al., 2017)
Furthermore, the sensitivity of quartz and feldspar to luminescen ce can also be measured  (Pietsch
et al., 2008; Sawakuchi et al., 2011, 2012, 2018) . Sensitivity of quartz is thought to increase with
each irradiation -bleaching cycle (Pietsch et al., 2008; Sawakuchi et al., 2011, 2012) . The higher the
sensitivity compared to a source sample, the longer the transport distance of the quartz (Pietsch et
al., 2008; Sawakuchi et al., 2011, 2012) . Sensitivity is also dependent on the source material
(Sawakuchi etal., 2018) . This makes it also suitable to determine where a sample originates (sample
provenance) .

2.2 Bleaching rate analysis

Bleaching rate differs for quartz and feldspar (Chamberlain et al., 2017; Reimann et al., 2015) . The
bleaching rate of IRSL (infrared stimulated luminescence) and pIRIR (post -infrared IRSL) feldspar
signals de creases with increasing measurement temperatures (Reimann et al., 2015) . Because the
rate differs, it is possibl e to compare the different rates in one sample, to determine the bleaching

in all components. Itis thought that it would be possible to gain information about transport dynamics
through the differences in bleaching (Reimann et al., 2015) . This method provides information on

the last bleaching cycle of qua rtzand slow -bleaching feldspar. Therefore this method will give results

over short to intermediate spatial and temporal scales ( figure 4).

Previous research used the different bleaching rates to assess the amount of bleaching in a sample.

Reimann etal. (2015) determined the age of beach samples with blue light OSL on quartz (BSL), at

different measurement temperatures for feldspar, and the very slow bleaching thermoluminescence

(TL). Since quartz bleaches very fast, this will be the most certain age. A r atio with the BSL age is
calculated for the slower bleaching IRSL and pIRIR measurements. The form of th e resulting graph
then tells how well a sample is bleached ( figure 6). Chamberlain et al. (2017) use d the same
technique , but they normalized to the BSL equivalent dose , since their samples did not have a
common primary depositional age (equation 2)

80 ——— (2
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Figure 6. Example of BSL age ovefi@sation ratio. Numbers in this graph ai
fictional (After Reimann et al., 2015).

11



Pietschetal. (2008 )descri be sensitivity as the fAefficiency with

as emitted photons during the measurement processts.

thought to  increase with each irradiation -bleaching cycle (Pietsch et al., 2008; Sawakuchi et al.,
2011, 2012) . Therefore this method can be used to determine the source of the grains and the total
transportation distance. This method provides thus information on the largest temporal and spatial

scales ( figure 4).

First experiments have been conducted using quartz sensitivity. For example, Pietsch et al. (2008)
determined the sensitivity of quartz in an ephemeral river in Australia. They discovered that
sensitivity increases  downstream. They simulated the irradiation -bleaching cycles in the laboratory
and found that this indeed increases the sensitivity of the quartz grains. The more sensitive a quartz

grain is, the more  erosion -transportation -deposition cycles it experienced , the larger the transport
distance probably is. Sawakuchi et al. (2011, 2012, 2018) did multiple studies on sensitivity of quartz
in Brazil (e.g. Amazonas basin) . They found that the sensitivity is not only dependent on the burial
cycles, but also on the s  ource material. They also found that sensitivity and denudation rate are
linearly correlated, so sensitivity can be a proxy for erosion as well. Feldspar sensitivity is not yet
investigated.

Heterogeneity is the distri  bution of the equivalent dose s per sample . This method is normally used

on quartz minerals (Bailey & Arnold, 2006; Cunningham et al., 2015; Lopez et al., 2018) . Feldspar
heterogeneity has not been studied  extensively , but might prove  interesting as well.

This method will provide information on the shortest temporal and spatial scales ( figure 4).

For well bleached samples, the log-normal De distribution willlook G aussian, while for poorly bleached
samples this distribution will look skewed (Bailey & Arnold, 2006) . There are several ways for
describing the heterogeneity of such distributions . Cunningham et al. (2015) developed a so called
poor -bleaching score , and Loépez et al. (2018) used over -dispersion (OD), which is a quant itative
measure of the scatter of the dose distribution . Lopez et al. (2018) used OD as a proxy f or
sedimentary chaos to determine whether sedimentary layers were deposited by storms or tsunamis

A higher OD, so more partially bleached grains, means a high -energy way of transport, because
there is less light due to t urbidity or a high sand density
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3. Methods

Figure 7 below shows a summary of the approach used in this research.

Heterogeneity Bleaching rate Sensitivity

Sediment

Overdispersion Bleaching Delivery Ratio Slope Net Erosion

(OD) Index (BI) (SDR)

Sediment Source
Poor Bleaching &
River Dynamics

Landscape
Evolution

Figure 7. Flow chart of approach used in this research.
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3.1 Experimental details

The six samples used for this research were already taken by Broers ( 2016) . The correct order of the
samples is shown in table 1, with  sample -177 closest to the source and -187 furthest . In figure 8
the sampli ng locations are shown.

Tablel. Correct sample order from upstream to downstreaof the Allier river.

UTM 31T UTMO
177 176.4 516953 5067324
182 181 .9 520445 507 4042
180 190.1 525162 5078400
190 205.8 536103 5088600
188 215.8 537433 5097093
187 216.5 536692 5097786

The OSL measurements were done using an automated Risg TL/OSL reader at the Netherlands Centre

for Luminescence. The heterogeneity and sensitivi ty experiment were both done using single grain
(SG) measurements for quartz and feldspar (L6pez et al., 2018; Pietsch et al., 2008) . The bleaching
rate experiment was done on polymineral samples  (Chamberlain et al., 2017; Reimann et al., 2015)

Figure 8. Sampling locations (Broers, 2016).

3.1.1 Polymineral measurements

The polymineral samples were not pre -treated yet by  Broers (2016) . The samples were sieved to
retrieve a grain size fraction of 250 -300 um and received a p re-treatment of 40 minutes of HCI and
30 minutes of H 0, to remove carbonates and organic material. After this the aliquots were prepared

with an 8 mm mask.

The following measurements were done in this experiment: Quartz 125°C , IRSL-25, pIRIR -90, pIRIR -
155, pIRIR -225 and TL (after Chamberlain et al., 2017; Reimann et al., 2015). The polymineral
samples were measured with interchangeable filters. For quartz a U -340 filter (7.5 mm) and for
feldspar a blue filter package was used. The samples were irradiated with a %081/ %Y beta -source
providing a dose rate of 0.0821 + 0.003 Gy/s

The measurement protocol for this experiment, the so -called MS -SAR approach, is shown in table 2
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Table2. MSSAR protocol fothe polymineral measurement.
Step PMS-SAR protocol
Natural/Regenerative Dose*
Preheat of 250°C for 10.0s (5.00°C/s)
IR LED at 50°C for 108.0s (2.00°C/s)
IR LED at 90°C for 108.0s (2.00°C/s)
IR LED at 155°C for 108.0s (2.00°C/s)
IR LED at 225°C for 500.0s (2.00°C/s)
Blue light OSL at 125°C for 20.0s (2.00°C/s)
Test dose (8 Gy)
Preheat of 250°C for 10.0s (5.00°C/s)
10 IR LED at 50°C for 108.0s (2.00°C/s)
11 IR LED at 20°C for 108.0s (2.00°C/s)
12 IR LED at 155°C for 108.0s (2.00°C/s)
i3 IR LED at 225°C for 108.0s (2.00°C/s)
14 Blue light OSL at 125°C for 20.0s (2.00°C/s)
i5 TL up to 300°C
Repeat from step 1
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*Irradiation in the following order:
Natural - 20Gy - 40Gy - 96Gy - 0Gy - 20Gy

3.1.2 Single grain measurements

The grain size fraction used to fill the SG -aliquots was 212 -250 um . The quartz and feldspar of this
fraction were already pre  -treated by Broers (2016) . For quartz measurements a U -340 filter was
used, for feldspar measurements an | -410 filter . The samples were irradiated with a 90Gr/ Y beta -
source providing a dose rate of 0.1002 + 0.004 Gy/s.

The quartz was measured once (green light OSL), while feldspar was measured thrice: IRSL-50,
pIRIR -150 and pIRIR -225. The measurement protocols are shown in table 3.

These measurements are used for the sensitivity analysis, the heterogeneity of D e-distribution and

for age determination. F  orage determination  dose recovery and fading tests arerequired ,tomeasure
residual dose and fading rate respectively. The explanation of the measurements for these tests can
be found in appendix A2.

Table 3. Measuranent protocols for Single Grain measurements. Left: Feldspar measurement. Right: C
measurement.

Step Feldspar SG protocol Step Quartz SG protocol
1 Natural/Regenerative Dose* 1 Natural/Regenerative Dose*
2 Preheat of 250°C for 120.0s (5.00°C/s) 2 Preheat of 260°C for 10.0s (5.00°C/s)
3 SG IRSL at 50°C for 2.0s 3 IR LED at 50°C for 100.0s (2.00°C/s)
4 SG IRSL at 150°C for 2.0s 4 SG Green light OSL, 125°C for 1.0s
5 SG IRSL at 225°C for 2.0s 5 Test dose (10 Gy)
6 IR LED at 225°C for 500.0s (5.00°C/s) 6 Preheat of 240°C for 10.0s (5.00°C/s)
7 Test dose (10 Gy) 7 IR LED at 50°C for 100.0s (2.00°C/s)
8 Preheat of 250°C for 120.0s (5.00°C/s) 8 SG Green light OSL at 125°C for 1.0s
9 SG IRSL at 50°C for 2.0s 9 Blue light OSL at 270°C for 40.0s
0
10 SG IRSL at 150°C for 2.0s (2.00°C/s)
Repeat from step 1
11 SG IRSL at 225°C for 2.0s = e F -
. . Irradiation in the following order:

12 IR LED at 225°C for 500.0s (5.00°C/s) Natural - 10Gy - 20Gy - 40Gy - 0Gy -

Repeat from step 1 10Gy

*Irradiation in the following order:

Natural - 10Gy - 20Gy - 40Gy - 80Gy -

160Gy - 0Gy - 10Gy
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3.1.3 LAPSUS

LAPSUS uses a DE M to calculate erosion and sedimentation for a catchment (Schoorl et al., 2000)
A digital elevation model (DEM) of 25x25m was used (figure 9), which was the smallest grid size that
could be used to run the whole Allier catchment in LAPSU S. Smaller grid sizes resulted in to o large

data files that could not be used by LAPSUS.

In LAPSUS the sediment ation and erosion rate were determined for low and high rainfall intensity

(250 and 800 mmy  -1). Other parameters  such as sedimentation , soil dep th and erodibility =~ were set
to default values  for simplicity reasons

With the resulting  first and second order DEM derivatives, and third order erosion and sedimentation

maps (figure 10) the following variables were calculated in ArcGIS ( version 10.4.1 ): Flow
accumulation, slope , net erosion and sediment delivery  ratio for low as well as high r ainfall intensity.
The flow accumulation  tool in ArcGIS (Jenson & Domingue, 1988; Tarboton et al., 1991) calculates
accumulated flow based on a slope map where all sinks have been removed. The slope map is a

raster dataset, providing a direction in which the water will flo w per cell. The flow accumulation tool
sums all cells flowing into each downslope cell in the output raster (Jenson & Domingue, 1988) . The
resulting map show s all the places in the catchment where water accumulates , i.e. creeks and rivers
Since all sinks are removed from the DEM , all cells flow eventually towards the catchment outlet
which thus has the highest flow accumulation value.

To get a better grip on the sediment delivery the Allier catchment was divided into sub -catchments,
following the protocol by Parmenter & Melcher (2012) (figure 11). The absolute (net) erosion per sub
cat chment is calculated by subtracting the absolute value of total sedimentation of the absolute value

of total erosion  within the sub catchment (equation 3).

Ol €1 Q&8 0@iaé i SQE¥E O WRQQA Qe3P O Q€ €

The s ediment delivery ratio shows the balance between total erosion and total sedimentation  for an
area, in this case the sub catchments . Originally the SDR is calcula  ted as the sediment yield divided
over the total erosion in an area (Lu, Moran, & Prosser, 2006) . LAPSUS does not calculate sediment
yield, but total sedimentation. Therefore SDR is calculated with equation 4

VA" s $
YOY p s s (4)

The SDR values range between zero and one. SDR = 1 means there is no sedimentation, i.e. all

eroded sediment s leave the sub catchment. SDR = 0 means the opposite, i.e . all eroded sediments

are deposited within the sub catchment.

DEM

Legend
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Figure 11. Sub catchments of the All

Figure 9. DEM of the Allier catchment. Figure 10. Erosion and sedimentation mag
catchment.

the high rainfallintensity scenario. The lo
rainfall scenario shows the same patterr
but with less amounts of erosion ar
sedimentation.
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