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Abstract: 
 
Abstract 

 

The high-resolution sedimentological and geochemical analysis of a sediment sequence from 
Lake Savine (Western Mediterranean Alps, France) led to the identification of 220 event 
layers for the last 6000 years. 200 were triggered by flood events and 20 by underwater mass 
movements possibly related to earthquakes that occurred in 5 clusters of increase seismicity. 
Because human activity could influence the flood chronicle, the presence of pastures was 
reconstructed through ancient DNA, which suggested that the flood chronicle was mainly 
driven by hydroclimate variability. Weather reanalysis of historical floods allow to identify 
that mesoscale precipitation events called “East Return” events were the main triggers of 
floods recorded in Lake Savine. The first part of this palaeoflood record (6–4 kyr BP) was 
characterized by increases in flood frequency and intensity in phase with Northern Alpine 
palaeoflood records. By contrast, the second part of the record (i.e., since 4 kyr BP) was 
phased with Southern Alpine palaeoflood records. These results suggest a palaeohydrological 
transition at approximately 4 kyr BP, as has been previously described for the Mediterranean 
region. This may have resulted in a change of flood-prone hydro-meteorological processes, 
i.e., in the balance between occurrence and intensity of local convective climatic phenomena 
and their influence on Mediterranean mesoscale precipitation events in this part of the Alps. 
At a centennial timescale, increases in flood frequency and intensity corresponded to periods 
of solar minima, affecting climate through atmospheric changes in the Euro-Atlantic sector. 
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1. Introduction 
 



Storms  and  floods  are  the  most  frequent  and  costly  extreme  weather  events  occurring  
in  Europe,  representing  69%  of  the  economic  losses  caused  by  natural catastrophic   
disasters  between  1980  and  2006 (CEA, 2007).  In mountain areas, river flooding is one of 
the most significant natural hazards, causing widespread damages to infrastructures and human 
and economic losses (Gaume et al., 2009). Therefore, robust knowledge about their future 
trends is one of the main scientific challenges for a worldwide sustainable development. This 
is particularly true in mountainous regions because of their high sensitivity to the ongoing 
climate warming. For the next century, a modification of the hydrological cycle is expected and 
may lead to changes in precipitation regime and flood hazard. However, the projections of flood 
risk are still highly uncertain, mainly because of the complexity in precipitation pattern 
variations at a regional scale (IPCC, 2013). A recent study, simulated a future a broad-scale 
summer precipitation reduction in the Alps, but an increase in extreme precipitations over high 
Alpine elevation areas associated with increased convective rainfalls (Giorgi et al., 2016). 
However, the spatial and temporal distribution of flood events might be rather heterogeneous 
in the European Alps (Beniston et al., 2007; Giorgi et al., 2016). But the lack of long-term 
instrumental data at high-altitude sites do not allow to identify significant trends (Beniston et 
al., 2007; Westra et al., 2013) and thus, the effects of modern climate change on the frequency 
and the intensity of extreme precipitation events are regionally difficult. However, robust flood 
hazard assessment is necessary in the European Alps with the recent demographic and touristic 
development (Beniston and Stephenson, 2004). Geological data offer opportunities to 
reconstruct long-term variability of past flood events well beyond the observational record. 
Lake sediments have been increasingly studied over the last decade to reconstruct long-term 
flood chronicle (Noren et al., 2002; Bøe et al., 2006; Moreno et al., 2008; Wilhelm et al., 2012a; 
2013 ; Vannière et al., 2013; Wirth et al., 2013; Glur et al., 2013; Swierczynski et al., 2013 ; 
Corella et al., 2014 ; Czymzik et al., 2016) because lake sediments provide a well preserved 
continuous archive of past flood events. 
This study focus on the reconstruction of the past variability in a region, i.e. the French-Italian 
Alpine border, where the climate is influenced by the Mediterranean climates. Heavy 
precipitation events triggering floods are related to either local convective phenomena (i.e. 
summer thunderstorms) or mesoscale convective systems called “East Return” events strongly 
linked to the cyclonic activity over the Mediterranean area (Garavaglia et al., 2010; Gottardi et 
al., 2010). This area is affected in the past century by extreme precipitation events with 
significant damages to houses and infrastructures and several life losses (Ratto et al., 2003; 
Arnaud-Fassetta and Fort, 2004). The main objective of this study was to identify regional flood 
patterns using historical and lacustrine (Lake Savine) archives in this region. Here, we present 
a high-resolution study, based on a multi-proxy method associating sedimentology and 
geochemistry data from a well-dated long core. Our approach focused on six main challenges: 
i) identify event layers at the mm scale, ii) distinguish those induced by flood from those 
induced by mass movements, iii) reconstruct the intensity of past flood events, iv) assess the 
potential impact of human activities on the recorded flood signal through ancient DNA, v) 
define the  type of precipitation events triggering floods through the study of weather reanalysis 
and finally vi) discuss the long term variability of paleoflood frequency and intensity in regard 
to past climatic variations. 
 



2. Study area 
 
2.1 Lake Savine and its catchment 

 
Lake Savine is located in the Haute-Maurienne massif (Fig. 1), approximately 90 km south 
from Lake Anterne (Giguet-Covex et al., 2011 Fig. 1b) and 105 km north of Lake Allos 
(Wilhelm et al, 2012a, Fig. 1b). The lake is a rectangular-shape (550 m by 175 m) high-
elevation system (2447 m a.s.l., N45°10.500, E6°54.821). Its watershed is formed by a cirque 
of 3.5 km2, limited in its south-eastern part by the French-Italian border. The watershed rises 
up to 3310 m. a.s.l. and is mainly (90%) made up by crystalline rock and Permian gneiss and 
micaschiste. The upper part of the watershed (North-eastern) is composed by Mesozoic rock 
with quartzite, cargneule, evaporate (Triassic) and marble and calcareous schist (Jurassic to 
Cretaceous) (Figure 1c). 
 

 
Figure 1: (A) Location of Lake Savine in the western Alps, (B) compared with the locations of 
the previously studied Lake Anterne (Giguet-Covex et al., 2011) and Lake Allos (Wilhelm et 
al., 2012a). (C) Geological and geomorphological characteristics of the Savine catchment 
area.  
 
The main stream of the catchment (Torrent de Savine), drains mainly the south-eastern part of 
the watershed and has built an alluvial plain (Fig. 1c), suggesting high detrital fluxes. The only 
evidence that the catchment was glaciated in the past is the moraine in the upper south-western 
part of watershed. Detrital inputs from these streams are limited to summer and autumn because 



the catchment is covered by snow and the lake is frozen from mid-November to mid-June. The 
Savine stream flows downstream into the Ambin stream and then to the Arc River at the 
Bramans village 12 km North West from Lake Savine. 
 

2.2 Hydro-climatic setting and historical flood record 
 
The Haute-Maurienne massif is located in the French Alps, bordering with the Italian border 
(Fig. 1). In this part of the Alps, the climate is influenced by both the Atlantic Ocean and the 
Mediterranean Sea. As a result, the Haute-Maurienne massif corresponds to a transition zone 
of Alpine precipitation patterns in the meteorological reanalyses between the Southern and the 
central French Alps (Durant et al., 2009). Heavy precipitation events are related to either local 
convective phenomena (i.e. summer thunderstorms) or mesoscale convective systems called 
“East Return” events occur mainly from late spring to autumn and result from Mediterranean 
humid air masses flowing northward into the Po Plain and then westward to the Haute-
Maurienne Massif (Gottardi et al., 2010; Wilhelm et al., 2016a). Numerous past flood events 
have been evidenced from studies of local historical documents (ONF-RTM database, 
http://rtm-onf.ifn.fr/). These historical information show that the Bramans village (located 12 
km downstream from Lake Savine) has been affected at least 15 times over the last 150 years 
by floods of the Ambin torrent and its two main tributaries (Savine and Etache torrents). 
 

3. Material and methods 
 
3.1 Lake coring  

 
A 775-cm-long core was extracted in March 2014 from the frozen surface of Lake Savine, using 
an Uwitec platform and piston coring devices. The core was retrieved from the deepest part of 
the lake (7 m depth, N45°10.500, E6°54.821). The SAV14 sediment long sequence (IGSN 
codes refer to an open international database, www.geosamples.org) is composed of two 
overlapping core sites, SAV14-01 and SAV14-02, made of three and two sections, respectively. 
Sections from the second hole were taken following a 1-m shift in depth to ensure a sufficient 
overlap to provide a continuous record. A short gravity core (SAV14P2) was also taken to 
provide a well-preserved water–sediment interface sample, which was subsequently correlated 
to the composite sequence. At the EDYTEM laboratory, the cores were split into two halves. 
Each half-section was described in detail and pictures were taken with a 20-pixel mm−1 
resolution. The lithological description of the sequence allowed the identification of different 
sedimentary facies. A composite sediment sequence (SI1) was built using noticeable layers 
from the overlapping sections of all cores.  

 
3.2 Sedimentary and geochemistry  

 
The grain-size distribution of the sediment was measured with a 5-mm sampling step on most 
of the graded deposits along the whole sediment sequence, using a Malvern Mastersizer 2000G 
laser particle sizer. Ultrasonics were used to dissociate mineral particles and to avoid their 
flocculation. We then used the median (D50) and the coarsest fractions (D90) to characterize 



interbedded deposits (Passega, 1964; Mulder et al., 2001; Wilhelm et al., 2013; 2015). We also 
recorded the thickness and D90max (i.e. the highest D90 value) of each interbedded deposit. 
 
The core was sampled with a 2-cm interval. These 78 samples (same sample than aDNA) were 
dried at 60 °C during 4 days to obtain its dry bulk density. Then the Loss Of Ignition LOI of 
each sample was performed using the protocol of Heiri et al. (2001). The LOI at 550 °C and 
950 °C corresponds to the organic and carbonate components of the sediment, respectively. 
 
XRF analysis was performed on the surfaces of the split sediment core with a 1-mm sampling 
step, using a nondestructive Avaatech core-scanner (EDYTEM) on the whole composite 
sequence. The split core surface was first covered with 4-μm-thick Ultralene to avoid 
contamination of the XRF measurement unit and desiccation of the sediment. The geochemical 
data were obtained at various tube settings: 10 kV and 1.5 mA during 20 s. for Al, Si, S, K, Ca, 
Ti, Mn, and Fe and, 30 kV and 0.8 mA during 40 s for Cu, Zn, Br, Sr, Rb, Zr, and Pb (Ricther 
et al., 2006). Each individual power spectrum was converted through a deconvolution process 
into relative components (intensities), expressed in counts per second.  

 
3.3 Ancient DNA (aDNA) 

 
From the sediment core, we sampled 72 slices of 2-cm thickness covering the whole core. To 
avoid potential contamination, we removed edges of slices that could contain contaminating 
DNA, in particular due to water circulation along the coring tube. DNA extraction targeted 
extracellular DNA (Pansu et al., 2015). For each sediment slice, we mixed about 15 g of 
sediment with 15 ml of saturated phosphate buffer (Na2HPO4; 0.12 M; pH ≈ 8) during 15 min. 
15 ml of the mixture was then centrifuged (10min at 10000 g). 12 ml of the resulting supernatant 
were transferred to Amicon ® Ultra-15 10K Centrifugal Filter Devices (Millipore) and 
centrifuged (20 min at 4000 g) for ultrafiltration and concentration of aDNA. Four hundred µl 
of the resulting concentrate was kept as starting material for the following extraction steps, 
using the NucleoSpin® Soil kit (Macherey-Nagel, Düren, Germany), skipping the cell lysis step 
and following manufacturer’s instructions (Taberlet et al. 2012). The DNA extract was eluted 
in 100 μl of SE buffer. Four extraction controls were performed. DNA extraction and 
amplification were performed in rooms specifically dedicated to ancient DNA studies in 
University Grenoble Alpes. 

Mammal DNA was amplified with the primer pair P007 (Giguet-Covex et al. 2014), designed 
to target a short (60- to 84-bp) fragment of the mammal mitochondrial 16S gene. To assign 
sequence reads to the relevant sample, 8 bp tags (with at least 5 differences between them) were 
added to the 5’ end of primers (Binladen et al. 2007; Valentini et al. 2009). DNA amplifications 
were carried out in a final volume of 20 μl containing 2 μl of diluted DNA extract. The 
amplification mixture contained 1.2 U of AmpliTaq Gold® DNA Polymerase (Applied 
Biosystems), 15 mM Tris-HCl, 50 mM KCl, 2 mM of MgCl2, 0.2 mM of each dNTP, 0.2 μM 
of each primer and 4.8 μg of bovine serum albumin (BSA, Roche Diagnostic). To limit the 
amplification of human DNA when amplifying mammal DNA, we also added human-specific, 
blocking oligonucleotide (MamP007_B_Hum1) After 10 min at 95°C, we performed 45 PCR 



cycles: 30 s at 95 °C, 30 s at 50 °C, and 1 min at 72 °C. A final elongation step (7 min at 72 °C) 
was performed. In addition to extraction controls, we also performed three PCR controls, 
containing PCR mix but no DNA template, and four PCR positive controls, each containing 
0.18 ng of DNA extracted from a marsupial (Dideplhis marsupialis, Didelphidae), absent in 
Europe. All samples and controls were amplified in 12 replicated PCRs (Ficetola et al., 2015). 
PCR products were then purified and mixed before sequencing. Sequencing was performed by 
2 x 125 bp pair-end sequencing on Illumina HiSeq 2500 platform, which returned 21’192’000 
reads. 

DNA sequences were filtered using the OBITOOLS software (Boyer et al., 2016), following 
the protocol described in Pansu et al. (2015). The obtained sequences were assigned to the 
relevant taxa using ecoTag program that finds highly similar sequence(s) in a suitable database. 
Here, sequences were compared to global mammal database generated by in silico PCR from 
EMBL with the ecoPCR program (Ficetola et al. 2010). In the final dataset, we kept only 
sequences with a match >97% with a mammal genus after taxonomic assignment. As it is 
difficult to disentangle rare taxonomic units from potential errors at low abundance, we 
considered a sequence as genuine in a PCR product if was detected with ≥5 reads. In 
environmental DNA studies, false detections are frequent, i.e. sporadic detections of a species 
can occur even it is absent. We discarded as contaminants sequences detected frequently in 
controls (humans and pig). Furthermore, we considered only species confirmed by multiple 
PCR analyses performed on the same sample. We used site generalized occupancy-detection 
modelling to jointly estimate the detection probability of species in environmental samples, and 
the frequency of false detections (Ficetola et al., 2015). Occupancy modelling was performed 
in a Bayesian framework, following the Lahoz-Monfort et al., (2016), and without zeroing 
single-detections. To ensure convergence, we ran three different MCMC chains each with 
10,000 iterations; the first 5,000 iterations were discarded as burnin. Brooks–Gelman–Rubin 
diagnostics were approximately for all parameters, indicating convergence (Kéry, 2010). 
Models were run using the R2jags package in R (Su and Yajima, 2015). The estimates of mean 
occupancy, detection probability and probability of false detection were then used to calculate 
the actual probability of species presence in a given sample. This approach allows successfully 
limiting the presence of false positives in environmental DNA analyses, and the probability of 
presence can be considered as a measure of the reliability of species presence in a given sample 
(Ficetola et al., 2016 ; Lahoz-Monfort et al., 2016). 

 
3.4 Chronology 

 

The chronology of the Lake Savine sediment sequence is based on short-lived radionuclide 
measurements and 12 14C measurements on terrestrial macro-remains. The short-lived 
radionuclides in the upper 12 cm of core SAV14P2 were measured using high-efficiency, very 
low-background, well-type Ge detectors at the Modane Underground Laboratory (LSM) (Reyss 
et al., 1995). The measurement intervals followed facies boundaries, resulting in a non-regular 
sampling of approximately 5 mm. 137 Cesium (Cs) were introduced into the environment at 
the end of the 1950s by atmospheric nuclear weapons tests (peak at AD 1963). The Chernobyl 
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accident in 1986 also dispersed 137Cs into the northern atmosphere (Appleby et al., 1991). 210Pb 
excess was calculated as the difference between total 210Pb and 226Ra activities (Golberg 1963). 
We then used the Constant Flux/Constant Sedimentation (CFCS) model and the decrease in 
excess 210Pb to calculate the sedimentation rate (Goldberg, 1963). The uncertainty of the 
sedimentation rate obtained by this method was derived from the standard error of the linear 
regression of the CFCS model. The 14C measurements were carried out by Accelerator Mass 
Spectrometer (AMS) at the Laboratoire de Mesure 14C (LMC14) ARTEMIS at the CEA 
(Atomic Energy Commission) institute at Saclay (Table 1). The calibration curve IntCal13 
(Reimer et al., 2013) was used for the 14C age calibration. Then, we used the R-code package 
“clam” on R software (version 3.0.2 R Development Core Team, 2011) to generate an age 
model (Blaauw, 2010).  

3.5 Weather analysis 
 
Weather analyses are realized using the 20th-century reanalysis (version 2) product by Compo 
et al (2011), which contains global atmospheric variables since 1871 on a 2◦ grid (hereafter 
20CR). The reanalysis is based on the Ensemble Kalman Filter data assimilation system of 
Whitaker and Hamil (2002) and assimilates observed surface pressure and sea-level pressure 
every 6 h. All reanalysis data used in the current study relates to the mean of the 56 ensemble 
members. The atmospheric circulation patterns associated with historical floods recorded in 
Lake Savine sediments are based on daily mean 500 hPa geopotential height anomalies (Z500) 
and vertically integrated water vapor transport (hereafter IWT). IWT is computed from the daily 
fields of specific humidity (𝑞), zonal (𝑢) and meridional (𝑣) wind. The magnitude of daily IWT 
is calculated in an Eulerian framework as follows: 
 

𝐼𝑊𝑇 = 𝑞𝑢
𝑑𝑝

𝑔
+ 𝑞𝑣

𝑑𝑝

𝑔
 

 
where 𝑔 is the acceleration due to gravity. The vertical integration is limited to the 1000 to 300 
hPa pressure interval because specific humidity in the 20CR data is negligible above 300 hPa. 
 

4. Results 
 
4.1 Core description and lithology 

 
The upper 7 meters of sediment consists of dark to very dark olive silt composed by 5+/-1.3 of 
LOI550 (organic matter, OM) and 7.5+/-1% of LOI950 (CaCO3) representing the background 
hemi-pelagic sedimentation (named BS for background sedimentation, Fig. 2). Below 7 meters 
the sediment consists of homogenous light grey clay to silt with 2+/-0.1% and 6.8+/-0.1% of 
LOI950 (SI1). As no plant marcro-remains requested for (radiocarbon) dating, was found 
deeper than 5.7 m, this study focus on the upper 5.7 m of the Savine sedimentary record. The 
upper 5.7 m of fine grained deposits are interrupted by 220 graded layers which are interpreted 
to represent short-term depositional events, i.e. turbidite (Sturm and Matter, 1978 ; Arnaud et 
al., 2002). 



 

 
Figure 2: photography, grain size and geochemical data of the three sedimentary facies of 
SAV14. (BS: background sedimentation in white, T1 in light grey and T2 dark grey).  
 
The 220 event layers are divided in two types of deposits based on their grain size and 
geochemical patterns. Type-1 (T1) deposits are light-grey graded bed with no evidence of 
erosive base (Fig. 2). These 200 T1 deposits are characterized by a silty-to-sandy base, a central 
part with a regular decrease of both D50 and D90 and a very light-grey clayey capping layer 
(Fig.2). The bottom of these T1 deposit presents relatively high sorting value (most of time > 
2, Fig. 2). The geochemical pattern of these T1 deposits is characterized by relatively high Zr 
intensities at the base of layers and high K intensities in the clay cap, suggesting Zr enrichment 
in the coarser sediment fraction and K enrichment in the finest fraction. The Zr/K is thus 
supposed to be a high-resolution proxy of grain-size (Wilhelm et al., 2013). However, the 
relation between Zr/K and grain size parameters is not well constrain and thus this geochemical 
cannot be used as high-resolution grain-size proxy, but is used to identify T1 deposit. Ca 
intensities in these deposits show high values (Fig. 2), simultaneously to high values of LOI950, 
suggesting high carbonate contents. This Ca increase probably reflects detrital calcareous inputs 
coming from the eastern part of the watershed, through torrential activity. Mn intensities also 
show high values in T1 deposits (Fig. 2) that probably reflects the oxygenation state of the water 
column (Calvert and Pedersen, 1993; Elbaz-Poulichet et al., 2014). Finally, the thickness of the 
T1 deposits varies between 2 to 170mm (Fig. 3). 
 
The Type-2 (T2, Fig. 2) deposits are made of a main homogeneous, olive to grey, silty part 
topped by a light grey mm-thick clay cap. The grain size parameters (median, D90) does not 
show any significant variations except in the clay cap where lower values of median and D90 
are observed (Fig.2). The sorting of T2 deposits always presents weak values (around 1.9) 
except in the upper samples of each deposit due to a mix between the silts of the main part and 
the clay cap because the sample size. Geochemical data present a constant and relatively high 
Zr/K ratio, except in the clay cap, and low values of Ca and Mn intensities (Fig. 2).  



Finally a remarkable 22 cm reversal sequence is observed between 196 and 218 cm of the 
mastercore overlapped by a 17cm turbidite (SI3) probably resulting from a large subaquatic 
landslide. 
 

 
Figure 3: D90max-deposit thickness diagram for T1 and T2 deposits. T1b corresponds to the 
mass-movement-induced deposit above the reversal sequence, see SI3. 
 
A deposit thickness versus D90max diagram of all T1 (n=26) and T2 (n=16) deposit thicker 
than 1 cm highlights two distinct patterns (Fig. 3). The T1 deposit named T1b in the Figure 3 
corresponds to the thicker layer (170mm) and is not taken into account in this comparison 
because it is localized at the top of the reversal sequence (SI3). A significant positive linear 
relationship between bed thickness and D90max (r=0.94, p< 10-12) is observed for the T1 
deposits (Fig. 3), suggesting that higher was the volume of sediments transported and deposited, 
higher was the grain size of the mobilized sediments. For the T2 deposits, a distinct pattern is 
observed with a high variability of deposit thickness without high variations in D90max. This 
suggests that the volumes of sediments transported and deposited to form T2 deposits are poorly 
related to the grain size. 
 

4.2 Ancient DNA 
 

We detected the DNA of four taxa of mammals: Bos (cattle), Canis (dog), Felis (cat) and Ovis 
(sheep). However, only cattle and sheep were detected in more than one sample by multiple 
PCR replicates, therefore we will focus the analyses on these two species, while we assumed 
the presence of dog and cat to be sporadic. 
Sporadic detection of cattle DNA occurred in old sediments (below 332 cm). However, in these 
cases sheep DNA was only detected in one of the 12 PCR replicates performed on each 



sediment slice, as a consequence the reliability of these sheep detections was low. Conversely, 
cattle and sheep DNA was consistently detected between 289 and 307 cm in multiple PCR 
replicates per sample, indicating high reliability of the presence of these species in this short 
period (Fig. 6e-f). 

 
4.3 Chronology 
 

4.3.1 Short-lived radionuclides 
 

 
Figure 4:  Chronology (with 1σ uncertainties) of the uppermost part of core SAV14P2 based 
on (a) the short-lived radionuclides (210Pbex and 137Cs) and (b) the application of a CFCS 
model to the event-free sedimentary profile of 210Pbex. Uncertainties of 210Pbex and 137Cs 
activities are included in dots Dates on the right-hand side correspond to historical flood dates, 
possibly associated to the most recent T1 deposits. 
 
The excess 210Pb profile showed a regular decrease punctuated by drops in 210Pbex on the profile 
(Figure 4). Following (Arnaud et al., 2002), these low values of 210Pbex corresponding to T1 
deposits and were excluded in order to construct a event-free sedimentary record because they 
are considered instantaneous deposits. 210Pbex activities plotted on a logarithmic scale revealed 
two linear trends providing two mean accumulation rates with of 1.39 +/- 0.2 mm.yr-1 above 
4.5 cm and 0.44 +/- 0.04 mm.yr-1 below this depth. Ages were then calculated using the CFCS 
model applied to the original sediment sequence to provide a continuous age-depth relationship. 
In addition, the profiles of 137Cs profile present one main peak at 4.5 cm with a very high activity 
692 +/- 6 Bq.kg-1. In this area the 137Cs activity due to maximum nuclear weapons tests in the 
Northern Hemisphere in AD 1963 present a value between 40 and 300 Bq.kg-1 (Wilhelm et al., 
2012b; Jenny et al., 2013; Alric et al., 2013; Sabatier et al., 2014; Bajard et al., 2015; Guédron 
et al., 2015). This very high activity clearly corresponds to the Chernobyl accident in AD 1986 
and the localization of the study site at the border between France and Italy strengthened this 
interpretation, because Italy present larger 137Cs fallout due to this accident. The AD 1963 peak 
is thus below this main peak and probably around 5.8cm when 137Cs activity reach the range of 
value cited above. These two artificial markers are in good agreement with the CFCS age model 
over the last century (Figure 4).  

 



4.3.2 Radiocarbon dating 

 
 
Figure 5: (A) Age-depth model of the event-free sediment record based on radiocarbon and 
short-lived radionuclides derived ages. (B) Age-depth model for the whole SAV14 sediment 
sequence. R. indicates the reversal sequence see SI3. 
 
A number of 12 samples are dated for 14C ages (table 1). Two radiocarbon ages were excluded 
because they appear too old, resulting in age inversions if included (Figure 5). The 220 deposits 
interpreted as instantaneous events and the reversal sequence (SI3, noted R. in figure 5), 
representing 391cm of instantaneous deposits, were removed. The remaining 200cm (Fig. 5A) 
are used to build an event-free sedimentary record (Bøe et al., 2006; Wilhelm et al., 2012a, 
2013, Fig. 5A). We then calculated an age-depth relationship via a smooth spline interpolation 
using the R-code package “Clam” version 2.2 (Blaauw, 2010). The age-depth model is used to 
date all instantaneous deposits. The vertical bars represent the age of each flood thicker than 5 

mm, and uncertainties (2) result from the 14C ages (Fig. 5B). The first 565 cm of the Savine 
sediment sequence cover the last 5.8 kyr BP, The mean sedimentation estimated from the event-



free sediment record varies between 0.2 to 0.4 mm.yr-1 with a short term increase to 0.6 mm.yr-

1 between 1.95 to 1.65 kyr BP, to 1.4 between 0.35 and 0.55 kyr  BP and during the last 40 
years (Fig. 6D). 

 
5. Discussion 

 
5.1  Instantaneous deposits 

 
5.1.1 Flood-induced deposits 
 

Normally graded beds as T1 deposits are common features of lake sediments, where they are 
associated with turbidity currents triggered by gravity reworking or flood events (Sturm and 
Matter, 1978; Arnaud et al., 2002; Gilbert et al., 2006). In the thickness–D90max diagram, T1 
deposits are grouped in a distinct cluster, suggesting that they result from the same trigger 
(Figure 3). In addition, the increase of both transported/deposited sediment volumes and grain 
size characterizing T1 deposits (Fig. 3) is consistent with sedimentary processes regulated by 
water currents (e.g. Wilhelm et al., 2013; 2015). Higher discharge rates would lead to a greater 
sediment supply and coarser materials to the lake system. The 200 T1 deposits are also 
characterized by Mn increases suggesting that changes in redox conditions occurred in the lake 
system. In oxic waters, Mn occurs as Mn(IV) in the form of Mn diffuses downwards where it 
can precipitate as MnCO3 or Mn–Ca carbonates (Calvert and Pedersen, 1993; Pedersen and 
Price, 1982), and upwards where it can precipitate as Mn oxides at the oxic/anoxic boundary 
(Elbaz-Poulichet et al., 2014). This process leads to Mn enrichments in surface sediments 
overlain by oxic bottom waters (Calvert and Pedersen, 1993). When the bottom waters are 
anoxic, Mn(II) diffuses to the water column and Mn is depleted in the sediments. The presence 
of Mn in the graded layers associated to Ca (Figure 2) suggests that hyperpycnal turbidity 
currents carry oxygen to the deepest parts of the basin (Wilhelm et al. 2016a) and produce rapid 
precipitation of Mn–Ca carbonates in the sediment (Calvert and Pedersen, 1993). In addition, 
we compared the historical flood calendar from the Ambin torrent and its two main tributaries 
to the instantaneous deposits recovered in the lake sediment for the last 150 years. Ten historical 
flood events occurred in AD 2000, 1993, 1987, 1957, 1920, 1914, 1908, 1906, 1888 and 1866 
and correspond well to the age of T1 deposits identified through the Zr/K ratio over the first 
13cm depth (Figure 4). All these arguments strongly support that T1 deposits are induced by 
floods. 
 
The good relationship between Q90max and thickness of T1 deposits allowed us to use flood-
layer thickness as a high-resolution proxy for stream velocity during flood events (Molinaroli 
et al., 2009; Parris et al., 2010) and therefore as a proxy for flood intensity (Wilhelm et al., 
2013; 2015).  
 

5.1.2 Mass-movement-induced deposits 
 



The thickness-D90max diagram revealed thatT2 deposits result from distinct processes than T1 
deposits. This diagram also suggested that the volume of transported/deposited sediments can 
largely vary without significant variations of grain size. The constant mean grain-size and the 
stable values of sorting are typical of mass-flow deposits (Mulder and Cochonat, 1996). T2 
deposits show only a thin fining-upward sequence followed by a thick homogenous interval 
with no inverse grading at the base. In addition, these homogeneous layers do not present any 
increase of Mn content (Figure 2). This suggests that the turbidity currents triggering T2 
deposits do not allow to carry oxygen in the deepest part of the basin and are thus probably 
related to subaquatic mass movements, reworking the material of the lake shores (Wilhelm et 
al., 2016b). A similar type of mass-movement-induced facies has been previously described 
and called ‘‘homogenites’’ or ‘‘seiche deposits’’ in lacustrine environments (Chapron et al. 
1999; Beck 2009, Petersen et al., 2014). According to these authors, a mass movement would 
induce a mass transport or slumps, which in turn form hyperpycnal (turbidity) currents with 
bed-load and suspended-load (Beck 2009). The bed-load sediment would produce the coarse 
base of the layers, whereas the suspended-load sediment would be homogenized by an 
oscillatory movement of the whole lake-water mass, i.e. a ‘seiche’ effect. Finally the remarkable 
reversal sequence topped by the T1b deposit (SI3) is also related to a mass movement. 
 

5.2 Earthquake record 
 

Earthquake shaking appeared to be one of the most common factors that triggers mass 
movements in high-elevation alpine lakes (Wilhelm et al., 2016b). To test the earthquake trigger 
of the T2 deposits, ages of the most recent T2 deposits can be compared to dates of regional 
historical earthquakes well documented over the last centuries (Lambert and Levret-Albaret, 
1996; Scotti et al., 2004). 

Over this period, one T2 deposit is recorded in AD 1755 (between 1820-1710 yr AD at 2 of 
uncertainties). At that time three historical earthquakes occurred: in AD 1808 (Valle del Pellice, 
8 MSK), AD 1785 (Valle del Susa, 7.5 MSK) and AD 1767 (Valle di Lanzo, 8 MSK) (Boschi 
et al., 2000). To discriminate which earthquake is responsible of this deposit, epicentral MSK 
intensity of all historical earthquakes were plotted against the distance of each earthquake to 
the lake (SI4). Historical earthquakes, supposed to have triggered T2 deposits, are expected to 
have generated the strongest ground motions in the lake area. This diagram clearly highlights 
that the 1785 earthquake is both the strongest and the closest to the lake (SI4). The calculation 
of the Earthquake Sensitivity Threshold Index ESTI defined by Wilhelm et al., (2016b) is 
estimated to 0.15± 0.01 for Lake Savine and is in the observed trend for other Alpine lakes.  
 
From the 5600 years of sedimentary record a total of 20 supposed earthquakes-induced deposits 
were identified through T2 deposits and are spread in 5 clusters of seismicity over time (Figure 
6A) with periods of an increased occurrence of earthquakes around 5220, 4250-3800, 3100-
2000, 1450-1050 and 350-150 yrs cal BP. Interestingly, most of T2 layers (10 of 20) present no 
background sediment between deposits that could be interpreted as the record of both 
earthquake and their respective aftershock. The earthquake-induced deposit recorded around 

5220 yr cal BP (5060-5335 at 2) could correspond to an event record at a regional scale in 
three other lakes located more than 115km away in the Northern French Alps (lakes Le Bourget, 



Paladru and Blanc Huez; Chapron et al., 2016). This suggests the occurrence of a high 
magnitude earthquake.  
It should be pointed out that the ESTI value was found to be highly dependent on the 
sedimentation rate (Wilhelm et al., 2016b). Because of the high variations in the Savine 
sedimentation rate (Fig. 5), the Lake Savine sensitivity to record earthquake may have changed 
over time. But, in spite of the last cluster, these periods of relatively high earthquake 
occurrences correspond mainly to low sedimentation rate and could be thus associated to a 
clusters of seismicity in this region, as suggested by Ratzov et al. (2015) in the west Algeria 
area.    
 

5.3 Human activity 
 
The climatic information from Savine flood record can be considered relevant over the last 
5600 yrs cal BP (Figure 6B, C) if no major changes occurred in erosion processes. Erosion 
processes in the Savine catchment may be affected by geomorphological modifications and/or 
by land-use changes link to human activities (i.e. grazing). 
Even if the modern watershed is not glaciated, during past clod period such as the Little Ice 
Age (LIA) substantial activity of small glaciers can modify the sediment availability (Koppes 
and Hallet, 2002; Hodder et al., 2007). However, the conservation throughout the considered 
period of the grain-size versus thickness correlation suggests that the relationship between the 
intensity of flood events and the volume of transported material remained constant and not 
affected by glacial cover (Fig. 3, Wilhelm et al., 2012b, 2013; Fouinat et al., accepted). 
Moreover no glacial moraine is present in the watershed. Finally, the main transported sediment 
stream is oriented toward the South, thus limiting the effect of permafrost activity during 
Holocene cold periods. 
 



 
Figure 6: Comparison of (A) reconstructed earthquake events (light grey bands represent 
period of high seismic activity with the associated number of earthquake during these periods), 
(B) flood frequency (101 yrs running average) and (C) flood intensity (thickness of flood 
deposits), (D) average sedimentation rate without instantaneous deposits (earthquake and flood 
> 5mm), (E) Ovin and (F) Bovin presence probability on the watershed, all these data are 
produced from Savine record. (G) Anterne flood frequency (101 yr running average) from 
Giguet-Covex et al., (2011), the vertical grey band is the period of high human activity both in 
Savine and Anterne lake sedimentary record. 



 
Lake sediment aDNA is used in this study to trace relationships between past landscape changes 
in relation to past agro-pastoralism activities (mammal DNA) and erosion. At this altitude, the 
presence of aDNA from domestic animals may be considered as a proxy of that mainly 
corresponds at this altitude to changes in grazing intensity (Etienne et al., 2013; Giguet-Covex 
et al., 2014 ; Wilhelm et al., 2016a). An increase of grazing pressure may make soils more 
vulnerable to erosion during heavy rainfalls leading to an increasing erosion rate and, thereby, 
an increased sensitivity of the catchment-lake system to record floods (Giguet-Covex et al., 
2012). Mammal aDNA show the presence of ovin and bovin in the Savine catchment only 
during the restricted period between 2050 and 1750 yrs cal BP, known as the Roman Period 
(Figure 6E, F). This Roman Period with high pastoralism activity is synchronous in Anterne 
lake record with presence of both ovin and bovin herds (Giguet-Covex et al., 2014). Such 
increase in human activity during the Roman Period was already recognized at the scale of the 
Northern French Alps at low (e.g. Lake Moras, Doyen et al. (2013), Lake Paladru, Simonneau 
et al. (2013), medium (Lake La Thuile, Bajard et al., 2016) and high altitude (Lake Anterne, 
Giguet-Covex et al., 2011) sites. This resulted in a drastic rise in erosion fluxes in all these 
lakes. In Lake Anterne, Giguet-Covex et al., (2011) showed that this drastic change of landuse 
also resulted in the highest flood frequency recorded over the Holocene (Figure 6G) and in a 
distinct pattern in grain size versus deposit thickness of flood layers. 
In Lake Savine, during the first part of the period marked by high grazing pressure, the flood 
frequency is relatively high, but lesser than during periods without grazing pressure, e.g. 5.3, 
2.6, 1.7 or 0.3 kyrs BP (Figure 6B). Moreover, there is no changes in the grainsize versus deposit 
thickness pattern during this period (Figure 3) as observed in Lake Anterne due to grazing-
induced changes in erosion processes (Giguet-Covex et al., 2011). Hence, it seems that that the 
presence of ovin and bovin in the watershed had a minor influence on erosion processes and, 
thereby, on the reconstructed flood chronicle.  
The unique influence of pastoralism on Savine catchment is the observed increase of mean 
sedimentation rate (without flood layers) during this period, suggesting that herds and sediment 
source transported during flood event are not at the same location on the watershed. The 
sediment source during flood events is located in the South-eastern part of the lake with the 
presence and probably the reactivation of alluvial fan in this part of the catchment (Figure 1). 
While the pastoralism activities are probably more restricted to the flat and grassed part i.e. 
close to the Eastern part of the lake shore and on the delta, as suggested by modern observations 
(Giguet-Covex and Walsh, pers. com.). 
 

5.4 Paleoflood activity 
 
The comparison between ages of the recent flood deposits and dates of historical floods showed 
a good agreement (Fig. 4). Moreover, the absence of evidence about significant changes in 
erosion processes, due to changes in geomorphological and/or human activities, in the Savine 
catchment makes us confident to interpret the Savine flood record from a paleoclimate point of 
view. 
 

5.4.1 Historical floods 



 
Weather reanalysis of the last 8 historical floods recorded in the Savine sediment sequence have 
been performed to better understand the atmospheric circulation patterns (e.g. Rimbu et al., 
2016). Two main groups of flood-related synoptic configurations have been identified from 500 
hPa geopotential height and Integrated Water Transport (IWT) analysis (Fig. 7). The first group, 
name Group-1, corresponding to 6 out of 8 flood events (15/10/2000, 24/09/1993, 12/06/1957, 
24/09/1920, 23/07/1914 and 20/06/1908) and the second, named Group-2 with 2 out of 8 of 
events (24/08/1987 and 03/07/1906). All these floods occurred between mid-June to mid-
October. The 500 hPa geopotential height for Group-1 events shows a low pressure anomaly 
over the Bay of Biscay at D-2 that moves south-eastern wards over the north Mediterranean 
area at D-1 and D. This pattern triggers a cyclonic circulation around the low pressure anomaly 
that is expected to pick-up moisture from the Mediterranean Sea and favor rainfall into the Po 
Plain. This pattern resembles at the weather pattern "WP6" identified from 1000 hPa 
geopotential height in Garavaglia et al. (2010). The IWT for Group-1 events shows an increase 
of moisture in the north-western Mediterranean area at D-2, followed by a moisture maxima 
and a marked advection northward into the Po Plain at D-1 and D. This atmospheric circulation 
pattern is typical of the late spring to autumn, mesoscale events called “East-return” events 
circulation associated with heavy rainfalls along the Italian border (Garavaglia et al., 2010; 
Gottardi et al., 2010; Lionello et al., 2012). The warm humid air masses are thus vigorously 
uplifted with the steep Alps orography causing an abrupt cooling of the air masses and intense 
precipitations, typical of the in the Mediterranean climate. Two of the recorded Group-1 events 
(June 1957 and October 2000) are regional catastrophic floods having affected many areas in 
the French and Italian Alps (Ratto et al., 2003; Arnaud-Fassetta and Fort, 2004). It clearly 
appears that Group-1 event is the dominant mechanism to produce historical floods recorded in 
Lake Savine sediment sequence. The geopotential height for Group-2 events show a generalized 
high pressure anomaly over Europe, with two main centers located over north-eastern Eurasia 
and northern Atlantic Ocean. This pattern triggers an anticyclonic circulation over the area of 
interest, which hampers rainfall in this area. It resembles the weather pattern "WP8" identified 
from 1000 hPa geopotential height in Garavaglia et al. (2010) that is associated with a lack of 
rain over Europe. The IWT for Group-2 events is null around the study site during D-2 and D-
1, while low values of IWT are observed in a much more restricted continental area at D. The 
weak activity of the atmospheric circulation at the synoptic scale and the event occurrence at 
the summer season suggest that these two floods events result from localized phenomena like 
thunderstorms.  



 
Figure 7: Composite map of both 500 hPa geopotential height (contour) and anomalies 
(shaded) and of IWT at the day of the historical flood (D) and the two days before (D-1 and D-
2). Analyzed events are those recorded in Savine lake sediment. Red star is the Savine lake 
location. 

 
5.4.2. Savine flood chronicle and climate forcing 
 

Because floods recorded during the last centuries were mainly triggered by mesoscale 
precipitation events, we assume, in a first step, that the Savine palaeoflood record mostly 
represents the variability of such events over the whole studied period (figure 8A, B). At multi-
centennial timescale the Savine record shows five periods of high flood frequency between 5.6-
4.85, 3.9-2.35, 2-1.5, 1.15-1.05 and 0.65-0.05 kyr BP. These increases in flood frequency are 
associated to the occurrence of the most intense floods (Figure 8B). Only one extreme flood 
occurs during a period of low flood frequency around 900 years BP. Over the last millennium, 
this corresponds to a high flood frequency and intensity during the long and cool Little Ice Age 
(LIA, AD 1300 – 1900) and a lower flood frequency and intensity during the Medieval Climate 
Anomaly (MCA, AD 800–1300). Similar trends in flood frequency were observed in the 
European Alps (e.g. Glur et al., 2013; Swierczynski et al., 2013; Wirth et al., 2013; Wilhelm et 
al., 2013) and in the north-western Mediterranean area (Moreno et al., 2008; Arnaud-Fassetta 



et al., 2010; Wilhelm et al., 2012a; Benito et al., 2015; Wilhelm et al., 2016a). An increase in 
flood intensity during the LIA was also observed in Lake Allos, a site located 100 km south and 
also strongly influenced by the Mediterranean climate (Wilhelm et al., 2012a).  

Over the whole studied period, the Savine record show similarities with the stacked flood-
frequency records of the southern Alps, also strongly influenced by the Mediterranean climate, 
from Wirth et al. (2013), (Figure 8C). This record shows a relatively low flood activity during 
the early Holocene followed by a sharp increase of flood frequency at 4.2 kyr BP that lasts over 
the entire Late Holocene. This main change at 4.2 kyr BP is also recorded in Lake Ledro 
(Vannière et al., 2013) and Lake Savine, but here dated at 3.9 kyr BP. This time lag between 
records may be linked to i) the respective age-model uncertainties (3.8-4.02 kyrs BP for Savine) 
or ii) to the northernmost position of Lake Savine, that might explain a latter impact latter of 
Mediterranean climate change. Vannière et al., (2013) and Magny et al., (2013) attributed this 
transition to a nonlinear climate response to the orbitally driven gradual decrease in summer 
insolation at 60°N (Figure 8E, Berger and Loutre, 1991). This would control the millennial 
trend toward wetter conditions during the late Holocene (Mayewski et al., 2004). In the Savine 
palaoflood record, the flood frequency also shows a generally high level after 4.2 kyr BP. 
However, periods of increased flood frequency are still observable at the millennial timescale 
at 3.9-2.35, 2-1.5, 1.15-1.05 and 0.65-0.05 kyr BP. These periods are synchronous with the 
stacked S-Alps records (grey bands Figure 8A, C) and mainly corresponds to Holocene cold 
events (Bond et al., 2001; Mayewski et al., 2004; Wanner et al., 2011). These periods are known 
to have produced a stronger meridional temperature gradient and thus a southward position of 
the westerlies with higher storm activity in the Western Mediterranean area (Sabatier et al., 
2012). During this same period, at the centennial timescale, this synchronism is still remarkable 
(dotted line in Figure 8A, C) supporting the hypothesis that dominated precipitation pattern is 
the same in these two areas, as shown from historical events reanalysis. Before 4.2 kyr BP 
Savine flood frequency presents a main increase between 5.6 and 4.85 kyr BP that is not 
recorded in the Southern Alps, this may suggest that these records are decoupled before 4.2 kyr 
BP. The Lake Anterne (Northern French Alps) paleoflood record also presents an increase in 
flood frequency between 5.6-4.6 kyr BP (Figure 6B, G) (Giguet-Covex et al., 2011). This 
increase in flood frequency is also observed in other paleohydrological record as in the lake du 
Bourget (centered aroud 5.5 kyr BP, Arnaud et al., 2012) and in Centrale Europe (between 5.5 
and 5 kyr BP, Czymzik et al., 2016). This increase is also shown in the stacked palaeoflood 
records produced in the northern Alps by Wirth et al., (2013). Thus, the flood frequency at 
Savine seems to be in phase with Northern Alps paleoflood reconstruction before 4.2 kyr BP 
and with Southern paleoflood reconstruction after this period. Over the last millennium, the 
Northern French Alps is mostly dominated by localized summer convective precipitation events 
(Wilhelm et al., 2013). As the study site could also record summer thunderstorms, we propose 
that before the 4.2 kyr BP climate transition, this atmospheric event could be the dominant 
precipitation pattern. 

 



 
Figure 8: Comparison of (A) reconstructed Savine flood frequency (101 yrs running average) 
and (B) intensity (thickness of flood deposits) with (C) stacked S-Alps flood frequency (100-
year low-pass filtered) Wirth et al., (2013), (D) Total Solar Irradiance (TSI) Steinhilber et al., 
(2012) and (E) June and Dec. insolation at 60°N (Berger and Loutre, 1991). Vertical gray 
areas mark high frequency and intensity flood periods record in Savine on multi-centennial 
timescale. Dotted line try to correlate, on secular timescale, period of high flood frequency 
record in Savine with both high S-Alps flood frequency and of low solar activity period, all 
these correlation are in the age model uncertainties. 
 
The Savine flood frequency presents 22 short term increases (dotted lines in Figure 8) mostly 
associated with high intensity. Each of these sharp increase seems synchronous to well-marked 
increases in TSI (Figure 8A, D; Steinhilber et al., 2012), suggesting increasing flood frequency 



and intensity during periods of solar minima. Over the last 1400 yrs BP, Wilhelm et al., (2012a) 
show that major multi-centennial changes in extreme precipitation patterns (frequency and 
intensity) in the Southern Alps occur during cooling phases, such as the LIA and are associated 
to solar activity. Similarly, Wirth et al., (2013) suggested a strong solar influence on the 
Mediterranean precipitation regime because they observed a synchronous variability between 
low TSI cycles the high S-Alpine flood frequency. In the same way, in Central Europe (southern 
Germany), Czymzik et al., (2016) found that flood frequency is higher when solar activity is 
reduced. Hence, large changes in solar radiation (grand solar minima) indirectly affect climate 
by inducing atmospheric changes in a large European Atlantic sector (Martin-Puertas, et al., 
2012) resulting also in higher flood frequency but also intensity in the Savine area. Several 
studies show that periods of a long-term reduction in solar radiation induce a North Atlantic 
storm tracks shift further south with a maximum over the Mediterranean Sea, carrying more 
humid air masses to Central and Southern Europe (e.g. Raible et al., 2007; Martin-Puertas, et 
al., 2012). In this scenario, the part of the Alps influenced by the proximity of the Mediterranean 
Sea climate likely experienced an increase in flood frequency and intensity because of an 
increase in moisture advection from the North Atlantic.  

Finally, our results suggest that the occurrence and the intensity of extreme precipitation events 
triggering mountain-river floods may be influenced by both lower temperature on millennial 
timescale and solar forcing through change in atmospheric pattern on a centennial scale. Even 
if, we cannot rule out future changes in TSI and its effect on flood occurrence,  the current 
global change with higher temperatures lead to less extreme precipitation events in this area. 
But, higher temperatures lead also to more efficient convection (Beniston et al., 2007; Giorgi 
et al., 2016), thereby producing very heavy local rainfall events and, in turn, high intensity flood 
events. As this type of precipitation pattern account for a small a part of historical record events, 
we can not exclude with an unprecedented warming a future increase of this type of event. 
 

6. Conclusion 
 
The high-resolution sedimentological and geochemical analyses of the Lake Savine sediment 
sequence allowed to identify 220 turbidites over the last 6000 years. Twenty of the 220 
turbidites can be differentiated by grain size parameters and geochemical features (low Mn 
contents) and are most probably results from mass movements. These events are disturbed in 5 
clusters over this period and are possibly related to earthquakes in regard to their correlation to 
historic and paleo earthquake in this region. For the other 200 turbidites we found a strong 
relationship between deposit thickness and coarse fraction content (Q90max), suggesting that 
these turbidites were produced by floods and that deposit thickness can be used as a high 
resolution proxy for palaeoflood intensity. The local human activity is reconstructed through 
ancient DNA and reveals that ovin and bovin are present in the catchment only during a 
restricted period between 2.05 and 1.75 kyr BP. But no changes is observed in the grainsize 
versus deposit thickness pattern during this period suggesting a minor influence of human 
activity on erosion processes and, thereby, on the reconstructed flood chronicle.  
 
 



Weather reanalysis of historical floods record in the Savine sequence show that floods represent 
past variability of mainly mesoscale events called “East-return” events (75%) and at lower 
extend local summer convective events (i.e. thunderstorms). At multi-centennial timescale the 
Savine flood chronicle shows five periods of high flood frequency and intensity between 5.6-
4.85, 3.9-2.35, 2-1.5, 1.15-1.05 and 0.65-0.05 kyr BP. These periods correspond mainly to 
Holocene cold events and are in good agreement with previous reconstructed flood frequency 
reconstructed from northern Alpine region between 6 to 4 kyr BP and from southern Alpine 
region between 4 kyr BP and today. The paleohydrological transition at 4 kyr BP may result 
from an abrupt change from Atlantic to Mediterranean climatic influences on the flood activity 
in this Alpine area and could correspond to the observed transition in Mediterranean area during 
this period. At centennial timescale increase in flood frequency and intensity at Savine occurs 
during periods of solar minima. These long-term reduction in solar radiation probably affect 
indirectly the climate in a large European Atlantic sector through atmospheric changes with a 
southward shift in the North Atlantic storm tracks and a maximum over the Mediterranean Sea. 
During these periods more humid air masses are transported to the Alpine region influenced by 
the proximity of the Mediterranean Sea and induced an increase in flood frequency and 
intensity. 
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Supplementary Information: 
 

 
Figure SI1: Savine composite sediment sequence built from noticeable layers (depth of these 
layers indicated in dark form the top of section and in red from the lake sediment interface) 
from the overlapping sections of all cores. The utile section to build the master core is indicated 
in grey.   
 



 
Figure SI2: Lithological description of the Savine master core with geochemical variations for 
selected elements (K, Zr, Ca, Mn) expressed in kcps. 
 



 
Figure SI3: Photography and sedimentology interpretation of the remarkable 22 cm reversal 
sequence observed between 196 and 218 cm of the mastercore overlapped by a 17cm turbidite 
(T1b). T2.X and T1 correspond to the 2 main deposits described in the result part of the 
manuscript, X correspond to the chronology of the deposit (1 older than 3). R suffixes denote 
the reversal position of previous described deposit. 
 



 
Figure SI4: (A) Diagram “distance of earthquakes to the lake versus epicentral MSK intensity”, 
grey dots indicate all historic earthquakes closer than 250 km to the Lake Savine  with epicentral 
MSK intensities ≥IV. Orange dots with dates correspond to historic earthquakes correlated to 
the most recent T2 deposit. The limits of sensitivity (continuous lines) are placed to delimit the 
recorded from non-recorded earthquakes, with upper and lower limits, the slope is define by 
Wilhelm et al., (2016b). (B) Probability distribution frequencies of the first T2 deposit ages and 
possible correlations to the 1785 historical earthquake (vertical line). (C) The Lake Savine 
sedimentation rate and ESTI index (black rectangle, link to the uncertainties of ESTI calculation 
and the variation of the sedimentation rate) plotted with previous results from Wilhelm et al. 
(2016b).  


