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Abstract

Long-term changes in flood activity have often been reconstructed to understand their relationships
to climate changes. This requires identification of flood layers according to certain characteristics
(e.g., texture, geochemical composition, grain-size) and then to count them using naked-eye

observation. This method is, however, time-consuming, and intrinsically characterized by a low



resolution that may lead to bias and misidentification. To overcome this limitation, high-resolution
analytical approaches can be used, such as X-ray fluorescence spectroscopy (XRF), X-ray computed
tomography, or hyperspectral imaging (HSI). When coupled with discriminant algorithms, HSI allows
for automatic identification of event layers. Here, we propose a new method of flood layers
identification and counting based on the combination of both HSI and XRF core scanner analyses,
applied to a Lake Bourget (French Alps) sediment sequence. We use a hyperspectral sensor from the
short wave-infrared spectral range to create a discrimination model between event layers and
continuous sedimentation. This first step allows the estimation of a ciasification map, with a
prediction accuracy of 0.96, and then the automatic reconstructinn _€ 4 reliable chronicle of event
layers (including their occurrence and deposit thicknesses). ;*F signals are then used to discriminate
flood layers among all identified event layers based on site <p.cific geochemical elements (in the
case of Lake Bourget: Mn and Ti). This results in an ¢ utormatically generated flood chronicle. Changes
in flood occurrence and event thickness thro’.gh timc reconstructed from the automatically
generated floods chronicle are in good 27reemei.: with the naked-eye-generated chronicle. In detail,
differences rely on a larger number of (et .*2d flood events (i.e., increase of 9% of the number of
layers detected) and a more precise 'ayer thickness estimation, thanks to a higher resolution.
Therefore, the developed methou ~logy opens a promising avenue to increase both the efficiency
(timesaving) and robustne. s (hi ;her accuracy) of paleoflood reconstructions from lake sediments.
Also, this methodology can 'se applied to identify any specific layers (e.g., varve, tephra, mass-
movement turbidite, tsunami) and, thereby, it has a direct implication in paleolimnology, paleoflood

hydrology and paleoseismology from sediment archives.
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1. Introduction

Changes in flood occurrence and magnitude are expected due to climate change in many regions,
affecting an increasing number of people (Hirabayashi et al., 2013; Bloschl et al., 2019). Large
uncertainties still exist on such changes and long-term flood records are of high value to fully
understand climate-flood relationships (Merz et al., 2014; Wilhelm et al., 2019). To this end,
numerous studies are undertaken on geological records such as lake sediments to reconstruct
centennial to millennial flood records (Noren et al., 2002; Moreno et al., 2008; Giguet-Covex et al.,
2012; Wilhelm et al., 2012, 2017; Glur et al., 2013; Wirth et al., 207 3; - batier et al., 2017; Corella et
al., 2019; Rapuc et al., 2019). Flood events produce turbidity ct rren s in the lake basin that will
usually lead to a normally graded detrital layer that differs 1. >m the surrounding continuous
sedimentation (Sturm and Matter, 1978; Gilli et al., 2013’. Ho\.ever, other processes such as
earthquakes, spontaneous delta front collapses, aad i.!.e-level changes, can also produce turbidity
currents in lakes (Sauerbrey et al., 2013; Wi =lr.1 et al., 2017; Rapuc et al., 2018). In most of these
studies, to count and differentiate the eve:." layers, the sediment facies are first described visually,
then several sedimentological and gr ~ch ~iical analyses are undertaken. From those results, the
event layers are identified, allowi. @ the interpretation of a potential trigger. Then, layers with the
same characteristics are usually ‘d-.ntified and counted all along the core by naked-eye observation
to ultimately produce 4 1.09a cnronicle. Those methods are, however, time-consuming, have a low
spatial resolution potential, and they can be destructive (e.g., through grain-size measurements, total
organic carbon analyses). More importantly, naked-eye identification and counting can lead to
inaccuracy and misidentification due to human bias and intrinsic low resolution. To overcome this
limitation, an automatic layer detection method coupled to a high-resolution analysis is required and

would also allow results to be fully reproducible.

As several parameters such as color, texture, grain-size and chemical composition vary between

flood events and the continuous sedimentation in a lake, we propose to go further than Vanniére et



al., (2013) who first proposed an automatic way to detect events layers based on RGB images. In this
study, we explore the use of short-wave infrared hyperspectral imaging (HSI) applied on the Lake
Bourget (France) sediment sequence. HSI has shown potential to highlight organic matter (Butz et al.,
2017; Schneider et al., 2018; Speta et al., 2018; Van Exem et al., 2018; Jacq et al., 2019b), mineral
compounds (Lampinen et al., 2019; Tusa et al., 2019) and particle size (Jacq et al., 2019a) in lake
sediments. The partial least squares discriminant analysis (PLS-DA) was used to discriminate event
layers from continuous sedimentation, as presented in a previous study (Jacq et al., 2020). This
results in an event layer chronicle including depth and thickness for eah event layer with a 200 um
resolution. In a second step, XRF element geochemistry perform=d . 7+ an Avaatech core-scanner
analyses with a high resolution of 500 um are used to interp.t the trigger of the event layers and
create a flood chronicle. To test the accuracy of this new n.~tk.od, we compare our results to a

naked-eye flood chronicle for the same core.

2. Study Site

Lake Bourget (18 km long, 2.8 km wide 2-_ 5 m.a.s.l) is one of the largest natural lake in France (44.5
km?). This lake is a peri-alpine hard ‘- vate: lake located in the northwestern part of the French Alps
(Fig. 1) and was formed by the re:veac of Wiirmian glaciers (Nicoud et al., 1987). Three tributaries
enter Lake Bourget: Leysse . Sie. voz and the Rhone rivers (Fig. 1). The Rhone river is usually the
outflow of Lake Bourget, bu current reversal takes place during flood events and inflows in the lake.
Including the Rhéne River catchment, the catchment of Lake Bourget covers a large area (approx.
4600 km?) and diverse lithologies including granitic rocks of the Mont Blanc massif as well as
Cretaceous limestones. Lake Bourget is a monomictic lake that presents a partial reoxygenation of its
hypolimnion during winter water mixing followed by hypoxia that increases progressively during
thermal stratification (Jenny et al., 2013). For most of the year, the bottom water of the lake thus
presents low oxygen concentration compared to surface water and river water input. The sediments

of Lake Bourget have already been studied to understand the history of the lake eutrophication



(Giguet-Covex et al., 2010; Jenny et al., 2013), and regional flood activity (Chapron et al., 2002, 2005;
Arnaud et al., 2005; Debret et al., 2010; Jenny et al., 2014; Evin et al., 2019), to characterize the
evolution of erosion in the watershed (Revel-Rolland et al., 2005; Arnaud et al., 2012) or to study
seismically induced deposits (Chapron et al., 1999). From all those studies, it appears that the
northern part of the lake basin is influenced by flood events from the Rhéne River, contributing from
10 to 40% to the total sedimentation, and can generate event layers due to underflows during high-

energy flood events (Giguet-Covex et al., 2010; Arnaud et al., 2012).

The continuous background sedimentation in the Northern part of .. L ourget is mainly composed
of an alternation of very dark grey and very light grey clayey lar iinc 2 over the first centimeters with a
predominance of diatoms, authigenic calcite crystals and o~=ai.’~ matter (Giguet-Covex et al., 2010).
This upper part presents the highest TOC values, i.e., 2.5% (iv:llet et al., 2010) and results from the
eutrophication of the lake initiated in the middle cfi' e ~.0th century (Debret et al., 2010; Giguet-
Covex et al., 2010; Jenny et al., 2013). The < :dir.ent composition evolves downwards, authigenic
carbonates remain the major component -ut the concentration in detrital particles increase

associated to a progressive decrease of T( values (Debret et al., 2010; Millet et al., 2010).

The deposits linked to flood eve ~ts .~ the proximal part of the Lake Bourget basin are characterized
by a dark to very dark grey coi.r (10 YR 4/1, Munsell soil color chart) and are easily distinguishable
from the light grey continuc is background sedimentation (Giguet-Covex et al., 2010). The thickness
of these deposits varies from millimeter to centimeter scale. These fine-silty to clayey deposits are
mainly composed of allochthonous silicates and enriched in detrital elements (Giguet-Covex et al.,
2010; Jenny et al., 2014). Some homogenite-type deposits were also observed in the sediment of
Lake Bourget and correspond to light grey deposits rich in autochthonous carbonates (Chapron et al.,
1999). Arnaud et al. (2012) showed that the Ti signal, from XRF data, is the best proxy to represent

detrital input in Lake Bourget. Jenny et al. (2014) and Evin et al. (2019) evidenced that the flood-



sediment pathways are always changing in Lake Bourget, which explains why grain-size is not used as

a proxy of flood deposits.

3. Materials and Methods

3.1. Coring and lithological description

In 2017, a sediment core (LDB17-P11, length 271 cm) was retrieved from the northern basin of Lake
Bourget (45° 46.778'N, 5° 50.552'E, 113 m water depth, Fig. 1) using a UWITEC gravity corer with a
hammer. This site was selected because it is highly influenced by the de.-ital sediment input from the
Rhone River (Jenny et al., 2014). The section was cut in two par’> (" o B), split in half, photographed
at high resolution (20 pixels mm™), and described and loggea "n detail using the Munsell color chart.
Therein, the study focuses on the upper section (LDB17-P1..%. 121.5 cm) that presents the highest
number of event layers. The sediment retrieved in t.» L[ B17-P11A sediment core can be subdivided
into two different units (Fig. 2). The upper p7rt ({ - 10.4 cm depth) of the core composed of dark-
greenish-grey clay (5GY 4/4) presents a i."in alternation of dark grey, light grey and brown laminae
and is equivalent to the one observed «n f cescribed previously in Lake Bourget by Giguet-Covex et
al. (2010) and Jenny et al. (2013). Thi_ unit corresponds to a laminated organic gyttja linked to recent
eutrophication of the bottom wate, of Lake Bourget (Giguet-Covex et al., 2010; Jenny et al., 2013).
The second unit (10.4 - 12. 5 c¢'n depth) is characterized by a homogeneous clayey to silty light grey
sediment that is predomir._ntly composed of carbonate particles and a few diatoms. This unit is
often interrupted by darker deposits, rich in detrital compounds (silicate and carbonate) that were
previously interpreted as turbidite-type deposits induced by underflow linked to flood events

incoming from the Rhone river (Giguet-Covex et al., 2010; Jenny et al., 2014).



3.2. Spectroscopic analysis

Two non-destructive high-resolution spectroscopic methods were applied to the sediment core. The
Short Wave Infrared (SWIR) and XRF were used to estimate the molecular and elementary properties

of event layers.

3.2.1. Hyperspectral analysis
The SWIR sensor covers the spectral range from 1000 nm to 2500 nm with 12 nm bandwidth, so that
the spectra is composed of 144 spectral bands, and the spatial resol ition at sampling is 200 um.
Hyperspectral acquisition protocols proposed by Butz et al. (2015) ana 'acq et al. (2020) were
followed and they are composed of three main steps : (1) The £3\mp e needs to be prepared to be as
flat as possible and reveal sedimentary structures ; (2) bo'n ¢. mera and scanner must be adjusted to
obtain squared pixels and an optimal signal to noise ratic ; ana (3) the data must be calibrated with
the white (spectralon) and dark (shutter closed) r.-\rmanzations to obtain the reflectance spectra of

the sample.

Several pre-processing steps can be used : o remove noise or highlight discriminant spectral
information. Spectral detrending (B~rnes et al., 1989) was used to correct the spectra from the

baseline as chosen in a previous _*uuy (Jacq et al., 2020).

3.2.2. Geoche nic.! properties
XRF geochemical analysis was performed on the EDYTEM laboratory's Core Scanner (Avaatech XRF
Technology) to characterize the variations of major elements throughout LDB17-P11A sediment
sequence. A continuous 0.5 mm step measurement was applied with a run at 10 kV and 0.25 mA for
20 s to detect lightweight elements, such as Al, Si, K, Ca, Ti, and a second run was performed at 30 kV
and 0.4 mA for 20 s to detect Mn, Fe, Br, Rb, Sr, and Zr. The XRF core scanner results are expressed
hereafter as peak intensities by counts per second (cps). Then, a principal component analysis (PCA)
was conducted on the XRF data to identify principal sediment end-members and correlations

between the detected elements (Sabatier et al., 2010). Due to the 500 um resolution, only the layers



thicker than 0.5 mm can be detected with XRF data, and only layers thicker or equal to 1 mm will be

described to increase the reliability of the study.

3.3. The methodology of detection and interpretation of event layers

To detect and interpret the event layers present in a sediment core we used a combination of HSI
and XRF that can be summarized as follows (Fig. 2): (i) Opening and visual description of the core to
identify and count the different types of event layers; (ii) Hyperspectral analysis associated with data
treatment and the selection by the user of some event layers as reference layers to produce a
chronicle; (iii) Perform XRF analysis at high-resolution; (iv) From krow:.dge of the in-lake
sedimentary processes, using previous researches and/or sedir yent: logical and geochemical analyses
(XRD, energy dispersive X-ray spectroscopy, XRF, grain-siz.., .isutropy of magnetic susceptibility),
selection of one proxy of detrital input, one proxy of grai i-size or transport processes, and if needed
one proxy of oxygenation of the lake bottom wat~r frc..i XRF data; and (v) Combination of
hyperspectral chronicle and XRF data to crea = /vi) an interpreted flood chronicle and calculate the
thicknesses of each flood layer. The main s.on of this method will be developed hereafter. All these
steps were processed in Matlab soft*. ~re !7,2020a), using the following method:

https://github.com/JacgKevin/HS. SupervisedClassification.

3.3.1. Hyperspectal  'assification and event layer chronicle estimation
First, data need to be manu. lly labelled to create a training dataset. This requires that a user
manually select rectangles on a pseudo-RGB image that correspond to reference event layers or
continuous sedimentation layers. The selected pixels are then extracted to create a calibration set to
estimate the classification model parameters and produce a validation set to test its performances. A
PLS-DA is used for classification modelling (Wold et al., 1984; Barker and Rayens, 2003). This method
is based on the PLS approach that reduces the spectral data in latent variables maximizing the
spectral variability and the co-variability between the spectra and variables of interest. The model

performances are estimated with the calibration and prediction accuracies that estimate the ratio of


https://github.com/JacqKevin/HSI_SupervisedClassification

pixels that are successfully classified into their corresponding classes. A qualitative assessment is also
realized to check the accuracy of the prediction map. The optimal classification model allows

discriminating the event layers from the continuous sedimentation with a classification map (Fig. 3).

Based on a previous study of Jacq et al. (2020), hyperspectral classification can discriminate event
layers from continuous sedimentation with the SWIR image. A discrimination model was estimated
(Fig. 3) and presents a calibration accuracy of 0.97, validation accuracy of 0.96, and qualitative

relevance of 5/5.

Then, a summed profile of the classification map is calculated, nor nali. 2d by the number of width
pixels, it can be seen as the occurrence probability of an event Fig. 3). This profile was smoothed to
remove artifacts and mis-classifications with a Savitzky-Gclay Slter (Savitzky and Golay, 1964). A
double threshold was fixed to find the event layer bo''ncaries and to create the chronicle. The first
threshold was set at 50% of the width. It allowed ‘s to 1ind thin and thick deposits without selecting
artifacts or mis-classification, but thicker depc. ~"cs (greater than 5 mm) can result from the
amalgamation of several close layers. Tha secand threshold at 15% of the width was used to divide
the deposits. Finally, each deposit c7.n >a separated, and their depth and thickness estimated to
create an event layer chronicle i out information about event triggers. In some lake environments,
the thickness of flood layers .~ay Le informative about flood intensity (Wilhelm et al., 2013, 2019;
Sabatier et al., 2017) but 1. 's not the case in Lake Bourget. Here, thickness estimation is thus only
considered for further applications on other lakes. Hence, a cumulative sum was also calculated to
test the accuracy of an automatic model on the detection of the number and thickness of event
layers. Therein, only layers with thickness greater than 1 mm are used because this represents the
resolution limit used to build the naked-eye chronicle, and the XRF analysis resolution did not allow
for characterization of thinner deposits. Once the method is validated, the event layer chronicle can

be exploited at the limit of XRF data resolution.



3.3.2. Flood proxies derived from XRF
In a lake system, several mechanisms can trigger an event layer : (i) lake level fluctuations, (ii) snow
avalanches, (iii) eruptions, (iv) sediment overloading on slopes or deltas, (v) destabilization of slopes
and deltas by seismic shaking, and (vi) flood events (e.g., Sauerbrey et al., 2013; Rapuc et al., 2018).
Regardless of the lake system considered, to discriminate the triggering mechanisms of each deposit
it is necessary to select a combination of proxies allowing for interpretation of (1) the sources and (2)
the grain-size of the sediment composing the event layers and (3) the transport processes leading to
deposition of the sediment. Here we focused only on a way to discrimn.~te flood layers from
surrounding sedimentation using XRF signals, but this method c~.. a1y to any other triggers. Floods
induce an input of sediment rich in detrital material coming 1. ~m the watershed, and they generally
produce a turbiditic underflow in the lake, leading to sedin. >~ sorting and deposition of a graded
layer (Sturm and Matter, 1978). When the oxygen-r =t w iter, coming from the watershed during a
flood, reaches the water-sediment interface iue to a1 underflow, the Mn and Fe present in dissolved
form precipitate as Mn and Fe oxy-hydrc vides at che base of the induced turbiditic layer. Thus, a
peak of Mn or Fe can be interpreted as fl,o .-induced lake bottom oxygenation and is linked to
detrital input (Wilhelm et al., 201F; _~batier et al., 2017; Rapuc et al., 2019). However, changes in the
oxic/anoxic state of the bottom w. “er of the lake will also lead to similar changes in Fe and Mn
(Davison, 1993; Elbaz-Pnul.~het et al., 2014). Because it can be affected by oxic and reduction
processes, Fe does not ser~. to be a good proxy to trace detrital input from flood events and will not
be used in this study. Thus, ratios such as Zr/Fe, used to represent grain-size variations in lake
sediment and interpreted as a proxy of grain size (Wilhelm et al., 2013) should not be used with
much confidence when studying a flood deposit in lakes influenced by changes in the oxygenation of
lake bottom water. Depending on lake mechanics and the available knowledge, the user can select

one or several proxies to interpret event layers.
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3.3.3. XRF flood proxies and HSI chronicle combination
The selected XRF profiles were smoothed to reduced noise with a Savitzky-Golay filter (Savitzky and
Golay, 1964). Then, all the peaks were detected with local maxima. Some constraints can be used
with the peak height, prominence, width, and distance between two consecutive peaks, but no such
constraint was used in this study. Finally, a depth matching of the HSI event layers and the XRF
profiles was made. For each event layer detected by HSI, the presence or absence of XRF peaks in
this area will characterize the type of event. Thus, the instantaneous chronicle made by HSI was

interpreted thanks to the XRF to obtain a chronicle by type of each eve. *.

3.3.4. Comparison with the naked eye chronicle
The comparison of the two (HSI+XRF and naked-eye) chro nc.~s \elied on results of event frequency
and cumulative thickness calculated as the sum of the nu.nbe: of deposits counted every 10 cm and
the cumulative thickness of the deposits, respectively. Tnen correlation and standard error were
calculated to measure similarity and distancc hr cween the naked-eye and estimated chronicles. A

guantile-quantile plot was also used to con.~are the respective distributions in depth and thickness.

4. Results

4.1. Visual descriptinr, ~. the core and naked-eye chronicle

Event layers, characterizeu "y a dark to very dark grey color (10 YR 4/1), were counted visually along
the LDB17-P11A sediment core (Fig. 2). As these layers are easily distinguishable from continuous
sedimentation, we counted all the deposits with a thicknesses > 1 mm. To improve the accuracy of
our results, the counting of these deposits was repeated by another observer. Fifty-six event layers
were counted, with a maximum thickness of 11.0 mm and a mean thickness of 3.4 mm. One other
deposit, interrupting the continuous sedimentation, was identified between 31.5 and 32.1 cm deep
(Figs. 3, 4). This deposit is composed of light grey silty to clayey sediment rich in carbonates and

corresponds to a homogenite-type deposit linked to a seismic event that occurs close to the lake in
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1822 (Chapron et al., 1999). To build a flood chronicle, the homogenite-type deposit was removed,
and the sum of the number of deposits counted every 10 cm and the cumulative thickness of the

deposits was plotted against the depth of the core.

4.2. Hyperspectral analyses

On the LDB17-P11 section, 21 rectangles were selected in approximately 5 minutes, covering 1.20 %
of the total section area. From this selection, an HSI discrimination model was built on the entire
sequence, allowing the estimation of a chronicle (Fig. 4), with the de oth and thickness of each layer.
However, the model cannot distinguish between turbidite-type an 1+ hc nogenite-type deposits (Fig.
3). Thus, the hyperspectral model cannot be used directly to cl. ssify the different kinds of events
layers and discuss their origin. One hundred and ten depo.i. were counted using the SWIR camera,
86 have a thickness greater than 1 mm, and are used her :afte.. These present a mean thickness of

4.5 mm and a maximum thickness of 15.5 mm.

4.3. High-resolution XRF analyses

From the XRF analyses, Unit | shows lo\/ va. *2s of Ti [> 3 kilo counts per second (kcps)], Fe (> 100
keps), and K (> 9 kcps) and high valu »s ot Ca (> 145 kcps). From the top of the sediment section to the
base of Unit Il, the Ti, K, Fe, and n:n signals increase (Fig. 4). The Ca signal is quite constant over the
first 121 cm of the LDB17-[ 11A sediment core. The event layers present peaks of Ti, Fe, Mn, and K
and low values of Ca (Fig.4) The Zr/K ratio presents important peaks at the base of each event layer
and low values at the top (Fig. 4). The only homogenite-type deposit identified in the core section
presents relatively low values of Ti, Fe, and K and show a relatively high value of Ca and Mn signal. A
peak of Zr/K is present at the base of this deposit. The variability of the Mn and Fe signal increases

downward (Fig. 4).

From the XRF data, a PCA was conducted and provides variables and individual factor maps (Fig. 5),
which highlight the relationships between the different elements and geochemical distributions

within sediment units. Dimensions 1 and 2 (denoted as Dim1 and Dim2) represent 73.9% of the total
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variability of the signal. From the variables factor map, three end-members were identified. The first,
which is denoted as terrigenous, is positively correlated with Dim1 and yields high positive loadings
for the major terrigenous elements (Zr, Fe, Ti, Rb, Mn, Al, Si, and K). This pole can be subdivided into
two-parts, (i) the upper part including Zr, Fe, Rb, Ti, and Mn, that are particles usually linked to
coarse grains or reduction—oxidation processes in lake sediment (Davies et al., 2015 and references
therein), and (ii) the lower part including Al, Si and K. The second end-member, which is denoted as
“organic matter” yields positive values for Br and is negatively correlated with Dim1 and positively
with Dim2. The third end-member is negatively correlated with Dim1 o.~d with Dim2 (Fig. 5A). This
pole yields high positive values for Ca and is interpreted as repre<e1,:*g carbonates produced by
biologic activity in the lake, as Sr is usually present in marine ‘‘imestone that constitutes a significant
part of the outcrops in the watershed of Lake Bourget, anu is '.ere anticorrelated with Ca. The
individual factor map (Fig. 5B) identifies specific fea’ urzs in each unit. (i) Unit | is negatively
correlated with terrigenous end-members, w'iic, is uJe to its high organic matter content. (ii) Unit I
can be separated into two parts, one poritively currelated with Dim1 and, thus, to the detrital end-
member, and one part that is characte! 1z..«. “y a high Ca content. Values for the event layers
identified as turbidites by Giguet-Cc ‘ex et al. (2010) are almost exclusively positively correlated with
the terrigenous end-member ana ~specially with the upper part of this pole, while values obtained
for the homogenite-type d *pos t are closer to the carbonate pole. From previous knowledge of
sedimentary processes in L7 <e Bourget (Giguet-Covex et al., 2010; Arnaud et al., 2012; Jenny et al.,
2013), and XRF and PCA results, we selected Ti as a proxy of detrital input from the river and Mn as a
proxy of oxygenation of the water at the sediment interface. Indeed, when it is present at the base of
an event layer and combined with a peak of a proxy of detrital input, a peak of Mn can be used as a

proxy of oxygenation of the bottom water, and thus be used to detect and interpret flood layers.

4.4, Creation of interpreted flood event chronicle

The combination of Ti and Mn signals allowed to automatically provide a paleoflood record from the

HSI event layer chronicle. Sixty-one layers present both Ti and Mn peaks and are identified as flood
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events with a maximum thickness of 15.5 mm and a mean thickness of 5.6 mm. Twenty-one layers
have only a peak of Mn, three layers only present a peak of Ti, and one layer does not present any
peak of Ti and Mn. The homogenite-type deposit between 31.50 and 32.10 cm depth, linked to a
seismic event that occurs close to the lake in 1822 AD (Chapron et al., 1999) is correctly discarded by

the model (Fig. 3). Then, a flood chronicle was estimated with the 61 identified flood layers.

5. Discussion

5.1. Naked-eye versus HSI chronicles

Naked-eye observation could not be used to interpret the triggr.... 7 inechanisms of event layers
because different processes can lead to a turbiditic current in.~ a lake. Then, from naked-eye
observation, these deposits can only be considered as even. ‘ayers interrupting continuous
sedimentation. The HSI chronicle of event layers is ¢ v ap ired to the naked-eye one to test the
robustness of the developed methodology (Fig. ¢ A, B;. The comparison is made on event frequency
and cumulative thickness, both calculate.' as a sum of 10 cm. The HSI frequency is in great agreement
with the naked-eye chronicle (r = 0.86 wr 4 ¢ & = 3.04). The cumulative thickness derived from the
SWIR camera is also very close to “he ~ne obtained from naked-eye observation (r = 0.85 and SE =
1.94). Thus, HSI differentiates aver.. layers from continuous sedimentation. However, differences can
be seen at the base anr' the tor of the sediment section between the HSI and naked-eye chronicles.
From 5.0 to 10.4 cm dept!., che HSI chronicle presents a higher event frequency. This can be
explained by the presence of varves (Fig. 4). Indeed, Unit | in Lake Bourget presents laminated
sediment with a thin alternation of dark grey, light grey, and brown laminae that are hardly
distinguishable visually. From 90 cm downwards, the HSI chronicle presents values of event
frequency higher than expected compared to the naked-eye chronicle. This can be explained by the
presence of an increasing number of very thin laminae that are non-distinguishable visually (< 1 mm).
The higher number of thin layers detected by the HSI model (Fig. 4) explains higher values for the

calculated cumulative thickness at the top and base of the core. Differences between HSI and naked-
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eye frequencies are thus mainly linked to human identification bias and the intrinsic low resolution of
naked-eye observation. However, if HSI identification presents some bias, the combination with XRF
signals can correct this effect by discarding layers that do not present peaks of selected geochemical
proxies. From HSI analysis, the detected layers can only be considered as event layers interrupting
the continuous sedimentation, and the origin of those deposits cannot be discussed further as the

geochemical properties used for their differentiation are not available from HSI data.

5.2. Automatic detection of flood layers

The (HSI+XRF) flood record is compared to the naked-eye one to t st 1. e robustness of the flood
chronicle obtained (Figs. 6, 8). The frequency of this flood chro vicle ‘s highly comparable with the
naked-eye chronicle, with r = 0.92 and SE = 1.27, as well a-, u.» cumulative thickness with r = 0.88 and
SE = 1.61, respectively (Fig. 6). The (HSI+XRF) flood chror.cle p.esents a better correlation with the
naked-eye chronicle than the HSI chronicle alone (his can be explained by a potential over-detection
of event layers by the HSI model that has be. rorrected by the addition of XRF signals. Indeed, a
total of twenty-five deposits were discarded from the HSI model after incorporation of the XRF data
interpretation. Compared to the HSI _~ro.>'cle, the correlation between (HSI+XRF) and naked-eye
frequencies is also higher at the i. n and the base of the core (Figs. 6, 8). Even if a higher number of
floods are detected compare to b : naked-eye chronicle, these events are confirmed by the XRF

signals.

Twenty-one layers detected by the HSI model present a single Mn peak (Fig. 8), generally located at
their base (Fig. 3). The homogenite-type deposit located between 31.50 and 32.10 cm depth and
corresponding to the 1822 seismic event is one of them. A majority of these layers is probably linked
to destabilization of slope sediments due to earthquake shaking or sediment overloading (Chapron et
al., 1999). The slopes of Lake Bourget are enriched in authigenic carbonate and present a lower
concentration in detrital elements (Arnaud et al., 2005). During sediment flows, water from

shallower parts of the lake basin will be brought to the water-sediment interface where the
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concentration in oxygen is lower and will then lead to precipitation of Fe and Mn oxy-hydroxides
without increasing the input of detrital elements to the lake floor. Five of these layers are located in
Unit |, corresponding to a varved organic gyttja linked to recent eutrophication of the lake. The
presence of a Mn peak in these laminae can be the result of changes in the oxic/anoxic regime of the
bottom water at the period of sediment deposition. All these statements confirm that the Mn signal
alone cannot be used to distinguish the different triggering mechanisms of event layers in a lake
presenting rapid changes in oxygenation state of bottom waters, by mixing processes, and it needs to
be associated with a proxy of detrital or carbonate inputs. This also iii.’~ates that the combination of
HSI model and XRF signals allows us to distinguish different trige~rii.z *nechanisms for the detected
event layers. Three event layers present a peak of Ti signal c.*'v (hig. 8), which can be the result of the
presence of a higher content of detrital elements without . ~-rxygenation of the deep water. This can
be due to (i) a slide of previously deposited sedimer t f. o:n the delta, or (ii) a weak flood event, or
more probably to (iii) a flood event occurring au,‘ng ‘e winter period, when water mixing in the lake
occurs. At that period, underflows cannct cause \ 2a-oxygenation of deep water which explains the
lack of a peak of Mn. However, these |z yes ~resent a respective thickness of 1.7, 1.9 and 2.9 mm,
and are distributed all along the seu ment section (Fig. 8), then their removal from the chronicle will
not have a significant impact. One ~tner deposit does not present any peak of Mn or Ti and is located
at 121 cm depth. This ever * lay: r is interpreted as an artifact linked to a change in sediment color

and surface geometry at thr end of the sediment section.

The quantile-quantile plots in Fig. 7 allow comparison of the event layer distributions identified by
naked-eye logging with the (HSI+XRF) combination. The depth QQ-plot (Fig. Error! Reference source
not found.7A), similar to the event frequency (Fig. 6), shows a good agreement between chronicles.
The thickness QQ-plot (Fig. 7B) highlights differences with thicker deposits estimated by (HSI+XRF).
This can be accounted for by (i) the curvature of the deposits and (ii) the eye resolution to see
precisely the layer limits with colour variations, and this can also be seen with the millimeter steps of

the naked eye chronicle.
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Combining hyperspectral analysis and XRF data allows for a reliable semi-automatized flood chronicle
(Fig. 8). This method can easily be used on other lake sediment sections to automatically detect flood
layers as well as other types of event layers in a sediment sequence. The methodology could also be
developed by combining other types of sensors, e.g. Visible and near-infrared, XRD, SEM, EDS. For an
(HSI+XRF) combination, the only input parameters that will vary are the XRF signals chosen by the
user for the interpretation of deposit triggers, requiring a comprehensive understanding of in-lake
sedimentary processes. This method allows us to detect thinner deposits compare to a naked-eye
observation, with 24 deposits thinner than 1 mm on a 121 cm-long s« '‘ence and a more robust
thickness estimation (Fig. 8) used as flood intensity proxy in som~ la."~ systems. However, the trigger
of these thin deposits cannot be characterized due to the XR! resoiution of this study. This
methodology presents a strong advantage in that it is fast . nd non-destructive. Its limitations may be
the large amount (here 450 Mega octets for 1 mete o7 core analyzed) of data generated by
hyperspectral analysis and by the requiremer (s \ f a .omprehensive understanding of the
sedimentary processes in the studied lak=. The o.er-detection of the event layers by the HSI can be
corrected using XRF data. However, an n’e. ~sting perspective for future work would be its
development to automatically dete.* event layers related to other triggers (e.g., lake level
fluctuations, snow avalanches, er.tions, sediment overloading on slopes or deltas, destabilization of
slopes and deltas by seism - she king) and their classification by types of trigger. We think that the
proposed methodology is ur eful to more precisely documented sedimentary events and related
natural hazards, but will also improve the workflow by reducing analysis time on long sediment

sections, allowing the rapid study of a number of sequences.

6. Conclusions

This study presents the first semi-automatic method using multiproxy analyses to detect event layers
in lake sediment in a fast and non-destructive way and allowing the direct interpretation of triggers

of these deposits to create an event chronicle. One proximal sediment section of Lake Bourget was
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described visually, analyzed with a SWIR hyperspectral camera and XRF core-scanner. A naked-eye
chronicle was made to test the accuracy of the method. From HSI analysis, event layers that differ
from continuous background sedimentation were detected and counted to build an event layer
chronicle that is in good agreement with the naked-eye chronicle. From XRF analysis and previous
knowledge, Ti and Mn signals were selected to disentangle flood layers from other event layers.
Indeed, the Ti signal is directly linked to detrital inputs into the lake coming from the main
tributaries, and Mn variations are linked to water-sediment interface oxygenation during a flood
event. If the event layer detected by the HSI analysis presents a peak ¢ Mn and Ti, then they were
interpreted as flood-induced deposits and added to the flood chran,>'~. The accuracy of this flood
chronicle was then tested by comparison with the naked-eyc ~hronicle previously made on this
sediment section. The very good agreement between thes. tv.o chronicles allows validation of this
new method that can be applied to other sediment ie“.cicons to detect event layers and to produce

interpreted chronicles, and more widely usec ro, evet layer identification in other lake systems.
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Figure 1. Location of Lake Bourget in the European Alps, its bathymetry, and location of the coring

site (LDB17-P11).
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Figure 2. Summary of the methodology developed for the semi-automatic detection and
interpretation of flood event layers in lake sediments based on the combination of hyperspectral and

XRF data and the comparison with a naked eye study.

Figure 3. Details of RGB images and SWIR classification map, associated with summed profile derived
from hyperspectral imaging model. The orange line shows the detected event layers from HSI model.
In the Lake Bourget example, Mn and Ti signals were chosen to interpret flood layers. Location and

thickness of flood layers detected by the combination of HSI and XRF data are represented by purple

rectangles.

Figure 4. Main results obtained on LDB17-P11A sediment secticn : t 1e picture of the core, the
stratigraphic log with the turbidite-type deposits identifie 1 by 3 visual description of the core
represented in grey and the homogenite-type deposit in white, the main XRF data used hereafter (Ti,
Fe, Mn, K, Ca and Zr/K ratio), the picture of the cc 2 in KGB colors, the discrimination model showing

event layers identified using hyperspectral ca, ~ :ra SWIR.

Figure 5. Variable and individual factor n7, <*rom the PCA. (A) Variable factor map with three end-
members (terrigenous, organic ma'‘er, a.«d carbonates). (B) Individual factor map with

sedimentological units added as . n n.ustrative variable.

Figure 6. Comparison b tw. =n " he different models of the event layers and flood chronicles
obtained, the naked-eye r..udels are represented in blue, the HSI chronicle in red and the
combination HSI+XRF in green. (A) Frequency of events calculated as the sum of events layers per 10
cm. (B) Cumulative thickness derived from the above chronicles. N = number of event layers

detected, r = correlation coefficient, SE = standard error.

Figure 7. Quantile-Quantile plot to compare the naked-eye and the HSI-XRF distributions of the (A)

depth and the (B) thickness.
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Figure 8. Synthesis of data used to produce the flood chronicle (naked-eye description, the event
layers identified using hyperspectral camera SWIR and XRF data) and the main results obtained from
the combination of XRF and HSI data (thickness of the event layers deposits, flood layers chronicle).

Grey and blue shadings correspond to event layers identified visually.
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Highlights

e Common methods of flood detection in lake sediments present bias

e Hyperspectral and geochemical analyses allow automatic detection of flood layers
e Flood occurrence and thickness are in good agreement with previous chronicles

e This new method increases efficiency and robustness of paleoflood reconstructions
e It can be applied to identify any specific layers in lake sediments
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Visual description of the core

Hyperspectral analyses ]

v

Detection of event layers
- Manual selection of zones corresponding to
event layers and continuous sedimentation
- Test and optimization of an optimal machine
learning model to detect event layers
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Estimation of event layers

chronicle
- Reliability of the Hyperspectral event layers
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[ High-resolution XRF analyses ]

v

Understanding of lake processes

- Knowledge of the studied lake
- XRF signals along the core and PCA
- Comparision with other analyses (SEM, EDX,

XRD, etc.)

Selections of flood proxies

- Detrital inputs such as : Al, Fe, K, Rb, Si, Ti, etc.
- Oxygenation of bottom waters such as : Mn or
Mn/Fe

- Grain-size variations such as : Zr/K, Ca/Ti, etc.

Creation of interpreted

flood events
chronicle

Occurence + thickness of flood deposits
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