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a b s t r a c t

A set of sedimentary cores, high resolution swath bathymetry and subbottom profiler data provides new
insights on sedimentary processes in meromictic maar Lake Pavin, France. Three sedimentary environ-
ments (i.e., littoral, plateau and basin) have been identified in the lake from sediment composition using
bulk organic geochemistry and the analysis of hydroacoustic images. Various forms of rapidly deposited
layers (RDLs) have been identified and radiocarbon dated. An up to date stratigraphy of sedimentary
events matching coeval RDLs across the lake is presented and illustrates a wide range of natural hazards
linked to Lake Pavin during the last 2000 years. In AD 600, a sudden lake outburst triggered a slump
deposit along with a 9 m lake-level drop that drove shifts in sedimentary organic matter composition.
Outside the lake, outburst flood deposits have been described downstream and provide sedimentary
evidence for this event. The lake-level drop also favored the generation of gravity reworking processes, as
shown by (1) a regional earthquake-triggered large slope failure on the plateau connected to a mass-
wasting deposit in the basin dated to AD 1300, and (2) a succession of turbidites in AD 1825 and AD
1860 contemporaneous to two historic earthquakes, suggesting that this lake is sensitive to earthquakes
with a minimum epicentral intensity of V. Finally, past observations of lake water color changes in AD
1783 and AD 1936, similar to reports in other meromictic lakes, match iron-rich deposits identified in
maar lake sediments and suggest that Lake Pavin could have undergone limnic eruptions.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Volcanogenic lakes represent a high diversity of inland surface
waters. Among them, maar lakes (or crater lakes), resulting from
crater filling by meteoric and ground waters after a phreato-
magmatic eruption, constitute peculiar lacustrine environments
where a variety of natural hazards can occur, such as phreato-
magmatic eruptions, lahars, limnic gas burst (or limnic eruption),
acid gas attack andwater contamination after seepage of acidic lake
t).
waters (Caracausi et al., 2009; Rouwet et al., 2014; Tassi and
Rouwet, 2014). Hydraulic-related hazards are also common in
many volcanic and intra-caldera lakes around the world and could
represent substantial hazards to local residents (Manville, 2010,
2015).

Limnic gas burst occurred in lakes Monoun and Nyos in
Cameroon in AD 1984 and AD 1986, where they caused 37 and 1746
casualties, respectively. Thirty years later, the scientific community
now supports the theory of a sudden release of gas stored in the
hypolimnion during lake overturn to generate a carbon dioxide
eruption (Cotel, 1999; Mott and Woods, 2010). Such events happen
when lakewater stratification is disturbed. They can be triggered by
subaquatic or subaerial landslide into the deep waters (Sigurdsson
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et al., 1987; Chapron et al., 2010), seasonal mixing (Kling et al.,
1987), supersaturation of dissolved gases (Evans et al., 1993,
1994) and/or a combination of these factors (Rouwet et al., 2014).

Shortly after the Nyos eruption, questions were raised in regards
to the potential hazard for a similar event in Lake Pavin, an anal-
ogous maar lake in France. Many studies have documented the
physical and chemical properties of its water column and report the
presence of a dense body of permanent anoxic, sulfidic and iron-
rich waters (Viollier et al., 1995; Assayag et al., 2008) with an
accumulation of dissolved gases of both volcanic and biogenic
origin (Aeschbach-Hertig et al., 1999; Olive and Boul�egue, 2004).
Hazard for a gas burst today is existent but not elevated under
normal conditions (Camus et al., 1993).

Despite this limited hazards today, sedimentary events with the
potential to have triggered catastrophic lake overturns have
occurred in the past, as evidenced by two large mass-wasting de-
posits (MWD) documented at different sites in Lake Pavin (Chapron
et al., 2010, 2012). These results highlight the need to evaluate the
impact of past extreme events within the sedimentary record in
order to better assess the natural hazards in this specific environ-
ment. Moreover, sedimentary investigations are sparse for this
volcanic area, where little is known about the potential hazards. For
instance, previous studies in Lake Pavin described its sedimenta-
tion, essentially made of annually laminated diatomite and docu-
mented the record of climate change over the last 700 years using
pollen and diatom assemblages (Stebich et al., 2005), geochemical
data (Schettler et al., 2007) or the evolution of carbon cycling since
the formation of the lake (Alb�eric et al., 2013).

The present paper proposes a synthesis of previous limnogeo-
logical studies performed in Lake Pavin and presents a new stra-
tigraphy of sedimentary events related to abrupt environmental
changes. This work is supported by hydroacoustic mapping along
with multi-proxy analyses and radiocarbon dates performed on a
new long piston core (PAV12) collected in the deepest part of the
lake, complementary to previous sedimentary cores detailed in
Chapron et al. (2010, 2012). Identification of rapidly deposited
layers (RDLs) lead to the establishment of a novel event stratig-
raphy of past extreme events and for further assessment of past and
present natural hazards in such volcanic environments.
2. General setting

2.1. Geological setting and historic regional seismicity

Lake Pavin (N45�2904500; E2�5301800; 1197 m above sea level
(a.s.l.)) is located in the volcanic area of theMont Doremassif, in the
French Massif Central (Fig. 1A). The Mont Dore volcanic province is
flanked east and west by two major but barely active faults
(Houiller and Limagne faults). Consequently, the seismic hazard is
today considered as moderate compared to the Alps and the Pyr-
enees. Several earthquakes with epicenter MSK intensities ranging
from IV to VIII have been, however, reported for the last 500 years
according to SISFRANCE and AHEAD databases (Fig. 1B; Lambert
et al., 1997; Stucchi et al., 2013). In chronological order, the
largest seismic events have been felt near the city of Clermont-
Ferrand during the late XVth century in AD 1477, with a moment
magnitude (Mw) of 5.8 ± 0.5 and an epicenter intensity (Io) of VII,
and AD 1490 with a Mw of 6.1 ± 0.3 and an Io of VIII (Baumont and
Scotti, 2011). Twomoderate seismic events stroke the southern part
of the Limagne fault in AD 1833 (Io ¼ VI and Mw ¼ 5 ± 0.3) and AD
1892 (Io ¼ VI½ and Mw ¼ 5.5 ± 0.3). Finally, limited earthquakes
have also been perceived in AD 1844 (Io ¼ V½ and unknown Mw),
AD 1863 (Io ¼ V and Mw ¼ 3.4 ± 0.6) and AD 1921 (Io ¼ IV and
unknown Mw), all clustered beneath the Mont Dore massif.
2.2. Lake Pavin

Lake Pavin lies inside a crater formed ca. 7000 years ago, when
an ascending magma met surface waters to create a phreato-
magmatic explosion, along with ejection of pumices, volcanic
bombs and other basaltic fragments (Bourdier, 1980). The cavity
was then fed by meteoric and groundwater to create the present
small maar lake Pavin (0.44 km2). Almost circular in shape with a
diameter of 750 m, its maximum water depth reaches 92 m at the
center part (Fig. 1B). A subaquatic plateau documented on the
northern side reaches 55 mwater depth (Chapron et al., 2010). The
topographic catchment area (0.36 km2) encompasses the crater rim
made of Pavin volcanic material whose edges culminate at 1253 m
a.s.l, with steep inner slopes (>45�). It also includes in the southern
part the summit of the Puy de Montchal volcano at 1407 m a.s.l., a
former structure cut by the Pavin crater during the phreato-
magmatic explosion (Fig. 1B).

Due to the higher elevation of the crater rim, the lake waters are
protected from winds, inhibiting seasonal mixing. Thus, two water
bodies can be distinguished in Lake Pavin. The first corresponding
to the upper 60 m (i.e. mixolimnion), is oxygenated and frequently
covered by ice during winter months. The second represents the
deep, permanently anoxic and iron-rich waters below 60 m depth
(i.e., monimolimnion), where gases of both volcanic and biogenic
origin typical of lake meromixis accumulate (Aeschbach-Hertig
et al., 1999; Olive and Boul�egue, 2004).

Several springs occur along the rim in the terrestrial crater.
Along with seasonal snowmelt, they are considered as the main
suppliers for inflows (Fig. 1B). At about 45 m depth, sub-lacustrine
springs have also been inferred to balance the lake water budget
(Assayag et al., 2008) and maintain the current meromixis
(Bonhomme et al., 2011). Accordingly, the hydrologic drainage ba-
sin differs from the topographic catchment area and still remains
poorly defined. Water escapes from the lake by surface and sub-
aquatic outlets (Chapron et al., 2010), both located on the northern
side, where a spillway flows from a deep crater incision down-
stream to the couze Pavin, a tributary of the Allier River in the
drainage basin of the Loire River (Fig. 1B).

3. Methods

3.1. Hydroacoustic mapping and coring operations

During a spring campaign in 2008, lake floor morphology was
investigated using a Reson Seabat 8101 multibeam echosounder on
a vessel equippedwith a differential GPS to provide detailed images
and three dimensional views of submerged topography (Fig. 2A).
This data was used to generate a high-resolution (50 cm � 50 cm)
digital elevation model (DEM) and a slope map with ArcGIS soft-
ware (Fig. 2B). In addition, and to illustrate the basin fill geometries,
a high-resolution acoustic stratigraphic surveys was carried out in
2009 using a 12 kHz Knudsen 320 BP subbottom profiler with a
conventional GPS (Figs. 3 and 4). Combination of these two
hydroacoustic mapping techniques allowed us to well define the
sedimentary sequence above the bedrock, except in the deep basin
where gas-rich sediment prevents acoustic signal penetration.
Sediment thickness and volume calculations have been made from
the seismic dataset using The Kingdom Suite software (HIS) and
considering a P-wave velocity of 1500 m.s�1 in lake sediments.

Coring campaigns have been conducted during summers 2008,
2009, 2010 and 2012. Two long piston cores have been collected
using an UWITEC coring device (PAV08 on the plateau and PAV12
on the central basin, Figs. 1 and 5). Additionally, three short gravity
cores have been sampled along the slopes on a North-South tran-
sect from the lake shore to the deep central basin (PAV09-B1,



Fig. 1. (A) General location and Digital Elevation Model of the studied area with seismo-tectonic setting (HF: Houiller Fault - LF: Limagne Fault) and volcanic lakes discussed in this
study (A: Aydat - C: Chauvet - G: Gu�ery - M: Montcineyre - P: Pavin). Dates and location of historical earthquakes are indicated by circles. (B) Geomorphologic map of the Montchal-
Pavin volcanic complex with simplified lake bathymetry (Fig. 2) and coring locations (Fig. 5).

Fig. 2. (A) 3D bathymetric view of maar Lake Pavin showing the subaquatic floor morphology with a wide range of mass-movement morphologies, modified after Chapron et al.
(2010). (B) Slope map of Lake Pavin illustrating the flat central basin surrounded by steep slopes, with a plateau on the northern side.

L. Chassiot et al. / Quaternary Science Reviews 141 (2016) 9e25 11



Fig. 3. Grid of high-resolution subbottom profiler data (12 kHz) along the plateau on the northern side of Lake Pavin (A) with transversal surveys illustrating main acoustic facies of
sedimentary deposits above the plateau (B, C, and D, after Chapron et al. (2012)).

Fig. 4. High-resolution subbottom profile (12 kHz) along a North-South transect inside Lake Pavin showing the acoustic stratigraphy of deposits over the littoral, plateau and basin
environments, after Chapron et al. (2012). Dotted lines correspond to the locations of perpendicular profiles given in Fig. 3B, C and D. Note that the slide scar affects the distal part of
the slump deposit on the plateau.
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Fig. 5. Long piston cores and short gravity cores collected in the littoral (PAV10-E and PAV09-C5), plateau (PAV08) and basin (PAV12 and PAV09-B1) environments. Lithological facies
have been synthesized into sedimentary units, in agreement with acoustic facies (Fig. 3). Rapidly Deposited Layers (RDLs) are also shown and labeled from 1 to 14.
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PAV10-E and PAV09-C5, Figs. 1 and 5).

3.2. Sediment analyses

New analyses have been carried out to complement previous
investigations conducted on cores PAV08 (Chapron et al., 2010) and
PAV09-B1, PAV09-C5 and PAV10-E (Chapron et al., 2012). Sections
from core PAV08 were photographed following the method
described in Chapron et al. (2010). For the entire dataset, hand-held
measurements were performed each half centimeter with a Min-
olta CM-700d for sediment diffuse spectral reflectance (DSR).
Combined with visual descriptions, this data set allowed us to
characterize sediment composition (Debret et al., 2011 and refer-
ences therein). Magnetic Susceptibility (MS) measurements were
carried out with the same resolution using a BartingtonMS2E point
sensor. Finally, bulk sediment was sampled to estimate organic
carbon content by Rock-Eval (RE) pyrolysis (Talbot and Livingstone,
1989; Meyers and Lallier-verg�es, 1999; Ariztegui et al., 2001;
Simonneau et al., 2014). By progressive heating, this method
quantifies the amount of hydrocarbon and carbon dioxide contents
in the sediment (Behar et al., 2001). Hydrogen Index (HI, expressed
in mg.HC.g�1 TOC) and Oxygen Index (OI, expressed in mg.CO2.g�1

TOC) are two parameters derived from pyrolysis results and related
to the origin of organic matter. This multi-proxy approach is rele-
vant for describing a wide range of lacustrine sedimentary units
and distinguishing background sedimentation from rapidly
deposited layers (named hereafter RDLs).
3.3. Dating methods

Past studies have underlined the complex evolution of carbon
cycling in Lake Pavin during the last 7000 years (Alb�eric et al.,
2013). Comparison between radiocarbon ages on bulk sediment
and leaf debris provides an offset of 14C representing a contempo-
rary reservoir age of approximately 2500 years. Dating sedimentary
sequence and sedimentary events with bulk sediment is therefore
excluded, except to discuss this specific carbon cycling aspect. Thus,
organic macroremains have been used for AMS radiocarbon mea-
sures (Table 1). After removing RDLs, age-depth models have then
been calculated with CLAM software (Blaauw, 2010) using the
IntCal13 calibration curve (Reimer et al., 2013). For cores retrieved
in the central basin, age-depth models have been improved with
former calendar age resulting from varve counting performed on
cores collected in 1999 and 2001 near the location of cores PAV12
and PAV09-B1 (Stebich et al., 2005; Schettler et al., 2007).



Table 1
Material sampled for AMS radiocarbon analyses with conventional (BP) and calibrated (cal. BP) radiocarbon ages using IntCal13 reference curve (Reimer et al., 2013). The
number in brackets represents the probability for two-sigma calibration.

Location Core Depth (cm) Laboratory reference Material Radiocarbon age (BP) Calibration with two sigma ranges (cal. BP)

Basin PAV09-B1 96.5 Poz-33126 Leaf 150 ± 30 Plateau
PAV12 137 Lyon-10961 Leaf 220 ± 30 Plateau
PAV12 288 Beta-336272 Leaf 2210 ± 30 2230 ± 90 (1)
PAV12 645.5 SacA34984 Leaf 1730 ± 30 1635 ± 70 (1)
PAV12 827 Beta-335372 Leaf 3400 ± 30 3645 ± 70 (1)
PAV12 978.5 Lyon-10962 Leaf 5250 ± 35 5980 ± 55 (0.63)

Plateau PAV08 23 Poz-31851 Leaf 1210 ± 30 1125 ± 65 (0.87)
PAV08 71 Poz-27046 Leaf 1290 ± 35 1235 ± 60 (1)
PAV08 97 Poz-27047 Leaf 1430 ± 21 1330 ± 30 (1)
PAV08 476e479 Poz-27052 Bulk 6090 ± 40 6940 ± 90 (0.84)

Littoral PAV09-C5 9 UCIAMS-92406 Leaf 855 ± 15 760 ± 30 (1)
PAV09-C5 18 Poz-27052 Leaf 1355 ± 35 1285 ± 50 (0.92)

Couze Pavin River UCIAMS-92407 Peat 1825 ± 20 1765 ± 55 (1)
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4. Results and interpretations

4.1. Morphology and sedimentary environments

Lake Pavin is an almost circular and bowl-shaped basin with
steep slopes, a common feature of lakes residing inside hydro-
magmatic explosion craters (Anselmetti et al., 2009; Moernaut
et al., 2010; Zolitschka et al., 2013). Detailed 3D lake floor relief
images from multibeam bathymetric data allow the identification
of a wide range of gravity reworking processes in many parts of the
lake (Fig. 2A, Chapron et al., 2010). Localized vertical cliffs along the
lake slopes are related to the submerged parts of outcropping
subaerial lavas. Scattered boulders are associated with previous
rock falls deposits. All around the lake, numerous incised channels
(i.e., canyons) correspond to subaquatic continuities of terrestrial
springs, gullies and stream flows (Fig. 1B). The slope map (Fig. 2B)
illustrates the flat central basin (0e6�) surrounded by steep slopes
(>36�). The asymmetric aspect of maar Lake Pavin is underlined by
gentle slopes (0e12�) on its northern side creating a plateau (Fig. 2).
On the northern side of the lake, one significant feature of the basin
is the 350 m wide fresh slide scar clipping the edge of a plateau
characterized by more gentle slopes. These 3D bathymetric views,
combined with high-resolution subbottom profiler images from a
dense grid survey (Fig. 3A, Chapron et al., 2012), allow us to define
four main environments in the lake. The littoral environment cor-
responds to the area between the shoreline and 26 m water depth
where slopes are mid to high (12e30�). On the subbottom profiler
data, a specific acoustic facies can be characterized by a downslope
thickening transparent facies capped by a high-amplitude reflec-
tion at the water interface (Figs. 3B and 4). On the northern side of
the lake, between 26 and 55 mwater depth, the crater material has
an irregular morphology with gentle slopes (0e12�) draped by an
up to 5 m thick sedimentary sequence made of two contrasting
acoustic facies: (1) a stratified and continuous facies with low-
amplitude reflections locally on top of (2) a chaotic to transparent
unit (Fig. 3B, C and D). This sequence reaches the southern part of
the plateau where it is interrupted by a slope failure related to the
slide scar. Between 55 and 90 m water depth, the slopes are very
steep (>36�) and prevent any sedimentation, but erosion and
transport processes are indicated by the presence of series of can-
yons. Over 90mwater depth, acoustic waves (12 kHz) were not able
to penetrate the basin sedimentary fill due to high gas contents in
the sediment but the 3-D bathymetric view exhibits a circular and
flat basin, with low relief areas on the south-eastern side. The best
subbottom images of this flat basin have been provided by previous
studies using a 3.5 kHz acoustic source. During this campaign, 1 m
of diatomite has been described by developing a stratified facies
with low amplitude and continuous reflections (Chapron et al.,
2010).
4.2. Littoral sedimentation (0e26 m water depth)

At 20 m water depth, core PAV09-C5 (N45�29.930; E2�53.320;
Figs. 5 and 6A) shows a massive brownish unit matching the littoral
acoustic facies (Fig. 4). Two erosive layers have been identified
(sandy layers at 9 cm depth and leaf debris with sands at 18 cm
depth, Chapron et al., 2012) and dated cal. AD 1190± 30 (RDL1) and
cal. AD 665± 50 (RDL2), respectively (Table 1).

Core PAV10-E (N45�29.920; E2�53.350; Figs. 5 and 6B) collected
at 17 m water depth shows two contrasting units in this sedi-
mentary environment that have been identified with DSR and,
primarily, with first derivative spectra analyses (FDS) represented
by color changes in the spectral map. From top to bottom, unit
PAV10-I is similar to PAV09-C5. Spectrophotometric analyses reveal
high a* values (red/green band spectra), indicating a high iron
content, in accordance with iron oxy-hydroxides proxies d445 and
d525 (Debret et al., 2011). However, this unit shows weak to me-
dium MS values and a TOC content between 5 and 8%. A sharp
transition is observed by the presence of a sandy layer underlined
by a peak of MS (RDL3). The bottom of the core is made of more
than 50 cm of laminated brownish facies (in-situ diatomite) with
low MS values but up to 11% TOC content (unit PAV10-II). At this
level, the transition from diatomite to littoral unit with an inter-
calated sandy layer is interpreted as the result of an abrupt envi-
ronmental change at this site. Its stratigraphic position around
20 cm depth is close to RDL2 identified in the nearby core PAV09-C5
at the same depth.
4.3. Plateau sedimentation (26e55 m water depth)

At the location of core PAV08 (N45�29.860; E2�53.240; Fig. 5),
subbottom profiles illustrate the superposition of a stratified facies
with a draping geometry on a chaotic to transparent facies (Figs. 3
and 4). As detailed in Chapron et al. (2010, 2012), this composite
sedimentary sequence corresponds to two main units identified in
PAV08 (Fig. 7A). Firstly, a 97 cm thick in-situ diatomite (PAV08-I)
corresponding to the stratified acoustic facies with low-reflectivity
(Fig. 3) and then a massive dark brownish deposit rich in leaf debris
with a volcanic sandy layer (PAV08-II), corresponding to a mass-
wasting deposit (MWD) or slump following the classification of
Mulder and Cochonat (1996), hereafter labeled RDL6. This instan-
taneous deposit covers a thin unit again made of diatomite (PAV08-
III, not visible on seismic images) laid on volcanic gravels and
pebbles in a volcanic sandy matrix corresponding to the Pavin



Fig. 6. (A) Ages of RDL1 and RDL2 reflected by erosive sandy and leaves layers within the core PAV09-C5 are estimated by calibration results of two radiocarbon ages (Tab.1). (B)
Multi-proxies analyses for core PAV10-E highlighting a sharp transition from diatomite toward littoral sedimentation with an intercalated erosive sandy layer (RDL3), as shown by
DSR measurements, either a* parameter or iron oxy-hydroxides proxies (d445 or d525), and also by measurements of organic content (TOC).
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crater material and matching the acoustic substratum on acoustic
profiles (Fig. 3, PAV08-IV in Fig. 7A). This onset of diatomite sedi-
mentation has been dated 6940 ± 90 cal. BP (Table 1, Chapron et al.,
2010), suggesting that lake formation and sedimentation processes
started soon after the Pavin eruption around 7000 years ago. Along
the core, TOC values are medium to high inside the diatomite units
(4e8% in PAV08-I and around 8% in PAV08-III) whereas the MWD
shows TOC values up to 20%.

Fig. 7B and C illustrate the upper diatomite deposit above RDL6.
The close-up of PAV08 top-core (i.e. PAV08-P1 in Fig. 7C) highlights
two light brownish layers (4e6 cm depth and 16e23 cm depth),
indicated by color changes in the spectral map, high iron content
proxy values (a* parameter, d445 and d525, Debret et al., 2011 and
references therein) and lower TOC and HI values than the actual in-
situ diatomite. Such remarkable differences are uncommon in
diatomite sedimentation in Lake Pavin and lead us to interpret
these layers as reworked units (RDLs) originating from the littoral
environment. Within the in-situ diatomite, two radiocarbon dates
(Table 1) allow us to compute an age-depth model for the upper
sequence of PAV08 (Fig. 7B), and date these light brownish layers at
cal. AD 1915 ± 5 (RDL4) and to cal. AD 1700 ± 15 (RDL5). The age of
RDL6 has also been calculated from leaves and plant debris sampled
above it, at the transition with the in-situ diatomite that dated cal.
AD 620 ± 30 (Fig. 7B, Chapron et al., 2010).
4.4. Basin deposits (>90 m water depth)

Due to the high gas content in the lake basin sediments, no
12 kHz acoustic image is available for the study of sediment ar-
chitecture (Fig. 4). However, one long piston core (PAV12, Fig. 5) and
one short gravity core (PAV09-B1, Fig. 5) have been collected in the
center part of the basin (N45�29.440; E2�53.180, Fig. 1). For core



Fig. 7. Signatures of RDLs in core PAV08. (A) TOC content in sedimentary units of core PAV08 with calibrated age for the onset of diatomite sedimentation as detailed by Chapron
et al., 2010. (B) Age-depth model for PAV08-I with calibrated ages for RDL4, RDL5 and RDL6. (C) Top core PAV08-P1 with RDL4 and RDL5 underlined by drop in TOC and HI content,
but higher values for iron content proxies. Note RDL5 is clearly identified by a light brownish unit on core photograph.
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PAV12, visual observations and multi-proxy analyses highlight four
main lithozones (Fig. 8) whereas core PAV09-B1 contains laminated
sediment (in-situ diatomite) characterized by fluctuations in iron
proxies, with highest values for a*, d445 and d525 on the top-core
(Fig. 9). In this core, MS exhibits generally low values except for
three centimetric peaks at 56e58, 67e70 and 90 cm depth
matching silty layers (Fig. 9). Such layers are not present in core
PAV12 and are therefore attributed to local turbidites originating
from canyons on the slopes (Fig. 2A) and are hereafter labeled RDL7,
8 and 9, respectively. The extension of the layers farther in the basin
appears limited because their identification is restricted to this
core. One can also note RDL9 presents an unusual iron-rich signa-
ture with elevated d445 and d525 values.

From 0 to 207 cm depth, the upper unit of PAV12 (PAV12-I)
contains laminated sediments (in-situ diatomite) with mid to high
TOC content (4e9%) and high values of d445 and d525 iron proxies
(Fig. 8). This is in agreement with a previous 198 cm long core
described in the same environment by Stebich et al. (2005) and
Schettler et al. (2007). Unit PAV12-II displays a succession of various
lithological facies with, from top to bottom, a light green massive
unit, some disturbed brownish lamina with an erosive base, a dark
green massive unit and a more than 2-m thick massive dark brown
unit with an erosive sandy base covering a disturbed brownish unit
made of highly disrupted diatomite lamina. The total thickness of
unit PAV12-II exceeds 4 m and is interpreted as a MWD, labeled
RDL10, characterized by a high variability in spectrophotometric
parameters and organic content along with one age reversal
(Table 1, Fig. 8). Interestingly, the spectral map shows a high con-
tent in iron proxies for the light green unit at the top of RDL10 in
contrast with other sedimentary facies in this unit and thus could
relate to a second instantaneous deposit overlying a former one.
This hypothesis is supported by the presence of an erosive layer at
288 cm depth but the absence of background sedimentation be-
tween the light green unit (top) and the dark brown unit (bottom)



Fig. 8. Multi-proxy analyses and radiocarbon dates for core PAV12 showing the succession of an upper organic unit (PAV12-I), a thick MWD (RDL10; PAV12-II), a lower organic unit
(PAV12-III) and a basal unit (PAV12-IV) with intercalated turbidites (RDL11, RDL12, RDL13 and RDL14).
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precludes distinguishing different instantaneous deposits in this
complex sedimentary architecture. From 625 to 1045 cm depth, a
second continuous record of diatomite is identified (PAV12-III).
Unlike the bottom of PAV12-II, this diatomite unit shows preserved
lamina unaffected by the impact of the upper RDL10 described
above. Inside this unit, Rock-Eval results indicate increasing TOC
and HI content from the base to 800 cm depth, followed by a slight
decrease until the top (mean values are TOC ¼ 10% and
HI¼ 600mg.HC.g�1 TOC). However, TOC values remain higher than
in the upper organic unit (PAV12-I). From 1045 cm to the base of the
core, sediment exhibits a basal unit (PAV12-IV) formed of (1) finely
laminated volcano-clastic sediments and (2) massive grey material
made of coarse sands and silts at the base with a fining upward
sequence with homogenous grey deposits. This sequence includes
four turbidites deposits (RDL11, 12, 13 and 14) interbedded with
lacustrine sediments, probably transported down to the deep basin
through gullies and canyons incised into the Pavin crater rim
(Fig. 2A). Their organic content is very low (0e2%) and iron proxies
reaches high values, underlining themineral aspect of this core unit
(Fig. 8).

We used the revised calendar age chronology obtained by varve
counting from a nearby freeze-core collected in 2001 (FC01,
Schettler et al., 2007) to assign an age for each RDL identified in
cores PAV12 and PAV09-B1. This chronology has a significant ac-
curacy but remains “floating” in our dataset due to the absence of
stratigraphic markers. Assuming uniform in-situ diatomite sedi-
mentation across the basin, the varve chronology established from
0 to 197 cm depth in FC01 has been converted to an equivalent
depth interval in core PAV12, between 10 and 207 cm depth, as
illustrated in Fig. 9 by a dashed line. The 10 cm offset is supported
by the top-most sedimentation rate of 1 cm.yr�1 (Schettler et al.,
2007) and corresponds to sediment accumulated during the time
interval between coring campaigns (i.e., 10 years). With their large
uncertainties, radiocarbon ages sampled in cores PAV12 and PAV09-
B1 also support this method (Fig. 9). In the absence of uncertainties
in the varve chronology, wemultiply the offset (10 cm) by themean
accumulation rate of FC01 (3.7 yr.cm�1) to assign error bars for each
RDL. Therefore, from top to bottom, the three turbidites have been
dated to cal. AD 1860 ± 20 (RDL7), cal. AD 1825 ± 20 (RDL8) and cal.
AD 1770 ± 20 (RDL9). Such error bars appear elevated for a varve
chronology but are suitable considering the lack of stratigraphic
markers between sedimentary cores. The age of the MWD (RDL10)
identified in core PAV12 is most likely close to the oldest age
referenced in the varve chronology (i.e., cal. AD 1280 ± 20). The
lower organic unit PAV12-III highlights a succession of continuous
laminated diatomite where radiocarbon dates performed on leaf
debris indicates an age of 1635 ± 35 cal. BP for the top of this unit
and 5980 ± 55 cal. BP for the bottom (Table 1, Fig. 8). In conse-
quence, event RDL10 eroded or incorporated ca. 1000 years of in-
situ diatomite. No radiocarbon date is available at the bottom of
this unit. However, considering a synchronous onset for diatomite
sedimentation at the scale of the whole lake, the transition from
PAV12-IV (basal unit) to PAV12-III (lower organic unit) could be
contemporaneous to bulk sediment dated at the bottom of PAV08



Fig. 9. Close-up of the top-core PAV12 (left) along with short-core PAV09-B1 showing thin silty turbidites (RDL7, 8, and 9) indicated by maximum values of magnetic susceptibility
(MS). Note that RDL9 is in addition characterized by a peak in FDS iron oxy-hydroxides (goethite) proxies documented by d445 and d525 nm. The dashed line refers to a former
varve counting performed by Schettler et al. (2007) on cores collected in 1999 and 2001, here validated by radiocarbon dating sampled in cores PAV12 (220 ± 30 BP) and PAV09-B1
(150 ± 30 BP), allowing us to assign an age for each RDL. As detailed in the text, the 10 cm offset is in agreement with the time gap between coring campaigns (i.e., 10 years) and the
top-most sedimentation rate in FC01 (1 cm.yr�1; Schettler et al., 2007).

L. Chassiot et al. / Quaternary Science Reviews 141 (2016) 9e2518
on the plateau (i.e., cal. BP 6940 ± 90, Fig. 7A). In this scenario, the
succession of turbidites identified within the basal unit would then
have been deposited just after the crater formation ca. 7000 years
ago, during a short time window (RDL11, 12, 13 and 14).
5. Extreme events recorded in Lake Pavin

Within the five sedimentary cores retrieved in the littoral, the
plateau and the basin, a total of fourteen RDLs have been listed (see
4.2 to 4.4). Clastic turbidites (RDL11, 12, 13 and 14) are only docu-
mented in PAV12. Their ages are poorly constrained but are clus-
tered in the early stage of Lake Pavin formation, when it used to be a
young crater without vegetation cover in the catchment. In such
environments, increases in precipitation rates may have enhanced
Fig. 10. Sedimentary events (SE) determined either by one single RDL or by a correlation of
in Lake Pavin over the last 2000 years. Note RDL5 and RDL9 are gathered into one single eve
interpreted as a reworked unit linked to SE2. See text for details.
erosion of fresh volcanic products. In this setting, lake level varia-
tions contributed to slope instabilities that may have disturbed
unstable material to promote gravity reworking processes and the
formation of turbidity currents.

Considering dating uncertainties, we highlight a succession of
six major sedimentary events (SE) during the last two millennia
through one or several synchronous RDLs across the lacustrine
environments (Fig. 10). This event stratigraphy is thus relevant to
illustrate the past extreme phenomena occurring in Lake Pavin.
5.1. AD 600 crater outburst and lake-level drop (SE1)

The oldest event in our chronology is the ca. AD 600 event (SE1,
Fig. 10) associated with a sandy layer in the littoral (RDL2 in PAV09-
synchronous RDLs across the three lacustrine environments (littoral, plateau and basin)
nt (SE3) due to the lack of accuracy in the age-depth model of core PAV08. RDL1 is also
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C5) and a slump deposit on the plateau (RDL6 in PAV08). In the
littoral environment, both cores PAV09-C5 and PAV10-E contain a
RDL around 20 cm depth. Unfortunately, the low amount of macro
organic remains found in PAV10-E precludes radiocarbon dating for
RDL3 that cannot be directly connected to SE1. However, core
PAV10-E shows an abrupt transition between the littoral and the
diatomite unit. According to the acoustic stratigraphy illustrating a
transition from littoral to diatomite at a water depth of 26 m, this
transition constitutes a sedimentary evidence for a lake-level fall of
at least 9 m, as core PAV10-E was collected at a water depth of 17 m
(Fig. 4). This hypothesis is confirmed by RE pyrolysis performed on
this core, showing a shift in organic composition toward a less
hydrogenated and more oxygenated organic matter. This change is
Fig. 11. Van Krevelen-type (left) and S2/TOC (right) plots illustrating organic matter signat
organic matter are referenced in the Van-Krevelen-type diagrams. The corresponding poles
Black circles represent domains corresponding to samples collected in the lower/upper organ
referred to the web version of this article).
illustrated in the Van Krevelen-type plots by a mix of aquatic (type
II) and terrestrial (type III) compounds and in the S2/TOC diagram
by a drop in hydrogen-related parameter S2 and TOC (Fig. 11A). This
evolution might be attributed to a shift in the organic source, for
example cyanobacteria vs. diatoms (Ariztegui et al., 2001), but can
also reflect oxidation during the transport and burial of organic
matter (Meyers and Lallier-verg�es, 1999). Following Talbot and
Livingstone (1989), this second hypothesis reflects more oxidative
conditions linked to a lower water level during sedimentation. The
most probable explanation for this shift in RE signatures in Lake
Pavin is a subaerial exposure of former littoral sediments leading to
an oxidation before their erosion, transport and sedimentation in
present-day lacustrine environments.
ures for main units in cores PAV10-E (A), PAV08 (B) and PAV12 (C). The three types of
(algal vs. terrestrial) are indicated in the S2/TOC diagram (Ariztegui et al., 2001). Red/
ic units. (For interpretation of the references to color in this figure legend, the reader is
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As a lake-level fall affects the whole lake, similar trends are
observed between lower and upper organic units (i.e., diatomite) in
cores PAV08 and PAV12 (Fig.11B and C) collected on the plateau and
the central basin, respectively. In both cases, the organic signature
of the upper diatomite is made of less hydrogenated matter with
low amounts of TOC, such as in the littoral unit in core PAV10-E. On
the plateau, this signature appears after the RDL6 deposition; in the
basin, it is recorded above the erosive RDL10. Consequently, the
lake-level fall is associated with the oldest RDL occurring at ca. AD
600 in core PAV08. Considering the Pavin volcanic setting, a crater
rim breach is the likeliest explanation for an abrupt drawdown of
the water level (Fig. 12A). A deep incision is clearly visible today
inside the northern crater walls at the present lake outlet (Fig. 1B).

Inside the lake, SE1 has been associated with a major slump that
is clearly visible on acoustic images on the plateau (Fig. 3) and
described in core PAV08 as RDL6. Based on the dense grid of
acoustic profiles on the plateau, an isopach map of this MWD has
been drawn and a volume of 87,000 m3 has been calculated
(Fig. 12A). This estimate represents a minimum value because no
acoustic images are available to constrain its possible extent in the
basin. Outside the lake, this scenario is in agreement with the
observation of slackwaters and outwash fan deposits between the
Lake Pavin outlet and the couze Pavin river, less than 400 m away
(Fig.12B). On awest-east transect along the couze Pavin River, these
deposits have been identified on seven outcrops. They are charac-
terized by numerous boulders, blocks and pebbles made of Pavin
crater material in a sandy volcanic matrix (Fig. 12C and D). Such
deposits provide evidence for a major outburst flood overflowing
the downstream river in consequence of the breaching rim. Similar
events have already been described worldwide inmany crater lakes
and represent substantial hazards in volcanic environments
Fig. 12. (A) Morpho-sedimentary signature of the AD 600 crater outburst flood in the couze
(MWD). (B) Stratigraphic sequence from upstream (left) to downstream couze Pavin (right
outburst flood deposits from the crater are identified and locally erode peat formation (site
break-out flood deposits with blocks of Pavin crater material in a sandy matrix eroding a p
(Manville et al., 2007; Manville, 2010). On the aerial photography
(IGN), grey-level variations highlighted the outburst flood deposits
outside in the couze Pavin valley with the deflection of the original
river bed over 500 m long. At the confluence of the outlet with the
couze Pavin River, the outburst flood deposit is covered by grass-
land and is eroding a pluricentimetric peat deposit developed
above sandy to silty fluvial deposits (Fig. 12C and D). A bulk sample
of the upper part of this eroded peat has been dated and represents
a maximum age (Urlaub et al., 2013) of 1765 ± 55 cal. BP for the
upper erosive deposit (Table 1).

Assuming a general cylindrical shape for maar Lake Pavin, the
estimated water volume can be calculated by multiplying the lake
drawdown (9 m) by the current surface area (0.44 km2). Therefore,
the water discharge is estimated at 3.96 million m3, which is twice
the size of the AD 1953 and AD 2007 outburst floods occurring at
Ruapehu caldera lake in New Zealand (Table 2, Manville, 2010 and
references therein), suggesting a catastrophic flash flood down-
stream in the valley of the couze Pavin River. Following hydraulic
equations presented in Walder and O'Connor, 1997, we estimate a
peak discharge for this event near 1500 m3.s�1.

Finally, the presence of two contemporaneous erosive layers
(RDL2 in PAV09-C5 and probably RDL3 in PAV10-E) in the littoral
environment suggest shorelines erosion resulting fromwave action
(Moore et al., 2006; Gardu~no-Monroy et al., 2011 and Kremer et al.,
2014). Following the outburst and the associated MWD inside the
lake, waves should have locally swept the shorelines to scatter
sandy layers and leaf debris across the littoral environment. Alter-
natively, waves induced by subaquatic mass movements may have
impacted the outlet to trigger a rim collapse and the following lake-
level drop (Chapron et al., 2010).
Pavin valley (outburst flood deposits delimited by dashed white lines) and in Lake Pavin
). Outcrops numbers are located on Fig. 11A. At the confluence with Lake Pavin outlet,
s 4, 5 and 7). (C) Photograph of couze Pavin sedimentary sequence. (D) Photograph of
eat.



Table 2
Comparison of Lake Pavin outburst floodwith others experienced in selected intra-caldera lakes (data fromManville, 2010). Peak discharge has been calculated using empirical
equations defined by Walder and O'Connor (1997).

Location Date Lake drawdown (m) Volume of water released (km3) Peak discharge (�103 m3.s�1)

Lake Pavin, FR AD 600 9 0.00396 1.5
Lake Toba, ID Post-75 ka >100 150 e

Lake Rotorua, NZ 28 ka >90 10 e

Lake Taupo, NZ Post-26.5 ka 80 60 350
Post-1.8 ka 32 20 25

Lake Tawarera, NZ Post-13.8 ka >80 5 e

Post-8 ka >80 4 e

Syn-0.7 ka 40 1.4 50
AD 1904 3.3 0.0135 0.7

Ruapehu Crater Lake, NZ AD 1953 8 0.00180 0.35
AD 2007 6 0.00140 0.53

Lago Ilopango, SV AD 1880 9 1.2 3
Pinatubo Crater lake, PH AD 2002 23 0.065 3e5
Lake Maughan, PH AD 1995 10 0.033 e

AD 2002 8 0.027 e

Okmok, USA 0.8 ka 150 5.8 1900
AD 1817 8 e 2
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5.2. AD 1300 slope failure (SE2)

SE2 corresponds to the ca. AD 1300 event (Fig. 10) and is rep-
resented by a large MWD in the central basin (RDL10 in PAV12).
Subaquatic morphology highlights a large slide scar clipping the
edge of the plateau (Fig. 3A), which corresponds to an inherited
structure after slope failure at this site. This recent landform is
certainly connected to RDL10 identified in PAV12 and indicates a
complex mixing of sedimentary facies resulting from gravity
reworking transport from the plateau. The complex sedimentary
architecture and absence of acoustic images makes it impossible to
estimate the extent and calculate the volume of sediment depos-
ited in the basin after this slope failure.

Otherwise, the presence of a 10 cm-thick diatom bloom layer
just above RDL10 (Fig. 5) suggests deep-water mixing and up-
welling of nutrient-rich waters to enhance algal productivity
(Zhang et al., 2014). As with the AD 600 event, violent waves would
have resulted from this large subaquatic slide; the waves are the
likeliest explanation for reworked sand deposits (RDL1) at core
PAV09-C5 site. The absence of overlap between the two RDLs in
Fig. 10 is due to different sampling strategies for radiocarbon
dating. In the basin, RDL10 has been dated with the age-depth
model established for in-situ diatomite above it. Conversely, the
age of RDL1 has been obtained by leaf debris sampled within the
sandy layer. According to Urlaub et al. (2013), this samplingmethod
indicates a maximum age which explains the 100 years gap be-
tween RDL1 and RDL10 (Fig. 10).
5.3. Recent historical events (SE3, 4, 5 and 6)

In PAV08 core, RDL5 and RDL4 have been identified by color
changes with lower TOC and HI values but higher iron content and
dated cal. AD 1700 ± 15 and cal. AD 1915 ± 5, respectively (Fig. 6).
Interestingly, these two dates are close to visual descriptions of
unusual behavior of Lake Pavinwaters. As detailed inMeybeck et al.
(accepted), in AD 1783 and AD 1936, witnesses reported sudden
“color change from very clear water to yellowish”, a smell of sulfur
along with “modification of the nature of lake waters which looks silty
[…] and corrosive”. Similar observations were made after the Nyos
catastrophe in August 1986 (Le Guern et al., 1992) and during
overturn phenomena in other meromictic lakes (Cabassi et al.,
2014). Moreover, red colored waters have been recently observed
at the surface of Lake Nyos, where pumping systems installed to
avoid degassing hazards led to the oxidation of dissolved ferrous
iron accumulated in the monimolimnion (Rouwet et al., 2014; Tassi
and Rouwet, 2014). The time gap between historical descriptions
(AD 1783 and AD 1936) and RDLs in Lake Pavin (cal. AD 1700 ± 15
and cal. AD 1915 ± 5) does not allow a perfect linkage, but likely
reflects a lack of accuracy in the age-depth model of core PAV08.
Moreover, their iron-rich signatures support the idea of bottom
mixing events following a lake overturn, when the oxidation of
dissolved ferrous iron present in the monimolimnion turned the
entire water column red. Therefore, iron-rich deposits can be
recorded in the mixolimnion at core PAV08 site. In the deep basin,
the silty turbidite (RDL9), dated to cal. AD 1770 ± 20 is character-
ized by a peak in iron oxy-hydroxides proxies (Fig. 9). Its signature
and its age connect it more probably to the lake overturn docu-
mented in AD 1783 (Meybeck et al., accepted).

Considering the dating accuracy of the core PAV08 age-depth
model, RDL5 and RDL9 could be correlated from the plateau to
the basin (Fig. 10) and thus gathered in a sedimentary event (SE3).
During the XIXth century, two other thin turbidites have been
highlighted by MS values in the basin (RDL7 and RDL8) and inter-
preted as two additional (but more limited) sedimentary events.
They were dated at cal. AD 1825 ± 20 (SE4) and cal. AD 1860 ± 20
(SE5), respectively (Fig. 10). Finally, the topmost iron-rich deposit
identified in core PAV08 (RDL4) represents the most recent event
(SE6), dated at cal. AD 1915 ± 5.
5.4. Processes involved in triggering sedimentary events

The occurrence of sedimentary events in lacustrine archives
depends on various gravity reworking processes that follow slope
failures. The geomorphological setting of the lake and the shear
strength of the sediments are two essential parameters controlling
the sediment stability. A slope failure and the associated gravity
reworking processes may thus be the result of a natural overloading
of slope sediments but can also be triggered by waves, gas dis-
charges, earthquakes and/or changes in sediment interstitial pres-
sure following rapid lake-level fluctuations (e.g., Chapron et al.,
2004; Guyard et al., 2007; Fanetti et al., 2008; Anselmetti et al.,
2009; Moernaut et al., 2014). Bottom mixing events as potential
trigger for reworked sediments in meromictic lakes have also been
mentioned in the previous section.

Seismic triggering of subaqueous mass-movements is attested
by the correlation between a sedimentary event and an earthquake,
but this method is rarely suitable beyond the last millennium due
to the lack of available historical sources (Schnellmann et al., 2002;
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Strasser et al., 2013; Moernaut et al., 2014; Howarth et al., 2014). In
the Auvergne area, an overview of the historical seismicity provides
potential candidates to trigger some sedimentary events identified
in Lake Pavin (Fig. 1A). During the XIXth century, two moderate
earthquakes (MSK V) occurred beneath the Mont-Dore massif at
Chambon-sur-Lac in AD 1844 and at Mont-Dore in AD 1863 and
probably correspond to SE4 and SE5 recorded in the basin,
respectively. The weak earthquake (MSK IV) that occurred at La
Bourboule in AD 1921 is close to event SE6 and could also have
acted as a trigger. However, the spectral signature of SE6 (identical
to SE3) makes it more likely to be a product of a bottom-mixing
event witnessed in AD 1936 (Meybeck et al., accepted). On the
other hand, three stronger seismic events (MSK VI-VII) occurred on
the southern part of the Limagne Fault in AD 1833 and AD 1892,
~30 km east of Lake Pavin and could also be involved in SE4 and
SE5; for example, the shake map of the AD 1892 event illustrates an
intensity of V-VI at Lake Pavin (www.sisfrance.net). During this
century, recurrence time for earthquakes was relatively low.
Therefore, given dating uncertainties for sedimentary events in the
lake basin record, it is impossible to associate each event layer to
one specific earthquake.

It has been shown that earthquakes can trigger synchronous
deposits over large areas or disconnected basins in bothmarine and
continental settings (Anselmetti et al., 2009; Goldfinger et al., 2007;
Talling, 2014; Howarth et al., 2014). In the Mont Dore area, lacus-
trine studies are sparse but ongoing investigations in nearby lakes
Chauvet, Montcineyre and Gu�ery (i.e. within 20 km, Fig.1A) suggest
a regional event near AD 1300 (Chapron et al., 2012; Chassiot et al.,
submitted). We thus propose that a paleo-earthquake was the
trigger for synchronous mass-movements in surrounding lakes,
including the slope failure at the edge of the plateau in Lake Pavin
(SE2). Such an event triggered a large subaqueous mass-movement
that caused part of the plateau deposits to collapse down to the
basin (RDL10), generating high energy waves inside the crater that
reworked sandy layers (RDL1) on the littoral environment.

Several natural factors can be responsible for triggering the
crater rim failure that occurred in AD 600. The outlet represents a
weak point in the crater walls as it is made with unconsolidated
materials. Outflowing waters controlled by climate might alter the
inner porosity of fresh volcanic fallout, especially during periods
with enhanced precipitations and high lake levels. At this date,
intense rainfalls have been described by historian Gregorius of
Tours in Auvergne and may explain the crater collapse and the
consequent outburst flood at Lake Pavin. More generally, this event
matches a cold and humid period for Western Europe evidenced by
higher detrital phases in Lake Le Bourget (Debret et al., 2010) and
enhanced glacial activity in the Alps (Simonneau et al., 2014). It also
corresponds to a period of higher lake-levels (Magny, 2007).
However, this humid period is not visible in nearby Lake Aydat
record (Fig. 1A, Lavrieux et al., 2013). Another hypothesis to explain
this dam break is a seismic event, but no sign of earthquake has
been noticed for this period in historical (Lambert et al., 1997;
Stucchi et al., 2013) or in nearby lacustrine (Lavrieux et al., 2013)
archives. In any case, the present-daymorphologymay be inherited
from backward erosion in the outflowing gully upon high-
discharge events.

6. Natural hazards assessment

6.1. Lake Pavin sensitivity to the regional seismicity

The regional tectonic setting is marked by two seismogenic el-
ements: the Mont-Dore massif and the Limagne fault (Fig. 1).
Plotting MSK scale intensity at epicenter against the distance de-
fines the lake sensitivity to earthquakes (Nomade et al., 2005;
Wilhelm et al., 2015). In Fig. 13, we present a synthesis of histori-
cal earthquakes with available intensities and an epicenter in a
radius of 100 km from Lake Pavin (Lambert et al., 1997; Stucchi
et al., 2013). An empirical limit has been defined as a log-
function, separating the potentially recorded from unrecorded
earthquakes in Lake Pavin (Fig. 13A). This log-function is related to
attenuation models for seismic waves with distance established for
active chains and stable continental regions in France (Bakun and
Scotti, 2006). Even if these models do not concern the French
Massif Central, we assume an analogous model to compare our
results with similar studies focusing on alpine lakes (Petersen et al.,
2014; Wilhelm et al., 2015).

The potentially recorded earthquakes have a minimum
epicentral intensity of V on the MSK scale (Fig. 13A) which corre-
sponds to a minimum threshold to trigger mass-movements in
Lake Pavin. These seismic events are related to nearby seismogenic
areas of the Mont-Dore massif and of the southern part of the
Limagne fault. In contrast, the largest earthquakes identified in the
northern part of this fault (AD 1477 and AD 1490) are not recorded
in Lake Pavin. This may be due to a too great distance (35 km), but it
is recognized that earthquakes can easily affect sediment stability
at this distance (Nomade et al., 2005; Wilhelm et al., 2015). As one
major slide occurred less than 200 years before (SE2), sedimentary
reloading on the plateaumay have not been sufficient to destabilize
the sedimentary units during the earthquakes that occurred in the
late XVth century.

In Lake Pavin, the minimal threshold intensity appears weaker
than in similar studies performed in alpine lakes (Fig. 13B, Petersen
et al., 2014; Wilhelm et al., 2015), suggesting that Lake Pavin is
highly sensitive to earthquakes, with the exception of the XVth

century events that were probably due to their occurrence shortly
after the AD 1300 event. This high sensitivity can be attributed to
the specific context of Lake Pavin. Its steep slopes resulting from a
volcanic explosion may enhance the generation of landslides trig-
gered by external factors. Also, the organic and gas-rich sediment
essentially made of diatomite with a loose texture results in a low
cohesion material that can be easily removed during gravity
reworking phenomena (Chapron et al., 2012). Since the dam break
in AD 600, the interstitial pore pressure has been significantly
changed as a result of the 9 m lake-level lowering, making Lake
Pavin more sensitive to record the next tectonic events. During the
XIXth century, artificial drainages and the consequent lake-level
drop of 4 m (Eus�ebio and Reynouard, 1925) may also have in-
crease the lake sensitivity to earthquakes at this period.

Finally, at least three historical earthquakes (two in the XIXth

century and one in AD 1300) may have triggered subaqueous slides
and fine-grained turbidites in the Lake Pavin record in the last 2000
years. Such a series of events is not excessive compared with
lacustrine records located in continental active chains like the Alps
(Nomade et al., 2005; Strasser et al., 2013; Wilhelm et al., 2015).
Conversely, Lake Pavin contains more earthquake-triggered de-
posits than any other archive in the French Massif Central for the
same time window. For example, only one pre-historical MWD has
been reported near AD 180 in volcanic Lake Aydat (Lavrieux et al.,
2013).

6.2. Implications for hazards assessment in volcanic lakes

The Lake Pavin sedimentary record contains a wide range of
various extreme events that occurred during the last 2000 years,
with implications for past, present and future natural hazards in
similar environments. The most obvious examples are the possible
consequences of such subaqueous mass-movements occurring
both inside and outside the lake. In maar lakes, they can be easily
reflected along the lake shores and eventually may cause a lake

http://www.sisfrance.net


Fig. 13. (A) Log plot of MSK scale intensity at epicenter vs. distance to Lake Pavin for earthquakes within a radius of 100 km with error bars location. Black dots show unrecorded
earthquakes whereas red squares indicates potential trigger for SE4 and SE5. Dashed line represents the limit between recorded and unrecorded earthquakes, showing required
thresholds in MSK epicentral intensity (�V). (B) Comparison of lake Pavin sensitivity to earthquakes with other alpine lakes: Vens (VEN), Blanc Aiguilles Rouges (BAR), For�eant
(FOR), Anterne (ANT) and Laffrey (LAF) taken from Petersen et al. (2014) and Wilhelm et al. (2015). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
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outburst at the outlet (Chapron et al., 2010). These outburst floods
resulted in a sudden lake drainage with the generation of hyper-
concentrated flows (i.e. lahar-type floods) downstream of the crater
(Funiciello et al., 2003; Manville et al., 2007; Manville, 2010), along
with an abrupt lake-level drop that affected sediment stability and
lake sensitivity to record the following earthquakes. Even if lake
Pavin is a small maar lake (0.44 km2), this rapid drainage event
generated an outburst with significant consequence compared
with other similar events documented worldwide in intra-caldera
lakes (Table 2), generating a maximum water discharge estimated
at 1500 m3.s�1 during the overspill.

Another evidence for past natural hazards in Lake Pavin is the
presence of iron-rich sedimentary events in the plateau deposit
that reflect possible lake overturns in recent history of the lake. In
such volcanic environments, a rollovermechanism occur when lake
stratification is disturbed by subaqueous slides (Sigurdsson et al.,
1987), by the cooling and sinking of shallow waters and/or strong
winds (Cabassi et al., 2014), although strong winds are unlikely
within this lake surrounded by vegetated crater walls. If the initial
stored gas volume is large, which is currently not the case in Lake
Pavin, the expulsion of dissolved gases can drive the formation of a
killer gas cloud such as in tropical lakes Monoun and Nyos (Kling
et al., 1987). If the store gas volume is low, lethal risk is limited
for humans, but the biosphere can be severely damaged by sulfidic
waters. Obvious examples are fish kill events in Lake Averno, Italy
(Caliro et al., 2008) and in Hule and Rìo Cuarto lakes, Costa Rica
(Cabassi et al., 2014). As Lake Pavin was actually devoid of fish
before their introduction in AD 1859, no fish kill has been reported.
Nevertheless, the very rich history and legendary accounts of the
lake reveal a latent fear of the area since the mid-XVIth century, and
probably much before. Such histories may explain the original
name Paven (or Pavens, which means terrifying) for this lake and
are comparable to other historical reports about maar lake waters
in Germany and Italy (Meybeck et al., accepted).

In Lake Pavin, low gas concentration in the monimolimnion
suggests a limited current hazard today. However, a direct conse-
quence of large subaquatic mass-movements is the generation of
high density flows that can disturb the lake water stratification and
potentially trigger a catastrophic lake overturn (Sigurdsson et al.,
1987; Chapron et al., 2010). As mass-movements can be triggered
by earthquakes, such events need to be considered for risk
assessment in the vicinity of CO2-rich volcanic lakes located in
tectonically active areas, where similar degassing events and/or
repeated lahars have been reported during the Holocene (Funiciello
et al., 2003; Anzidei et al., 2008; De Benedetti et al., 2008; Caracausi
et al., 2009; Chiodini et al., 2012).
7. Conclusions

The combination of several hydroacoustic mapping techniques
together with multi-proxies analyses performed on five cores
illustrate the evolution of the sedimentary fill, environmental
changes and natural hazards in Lake Pavin. Across the lake, the
spatio-temporal distribution of sedimentological features suggest
various type of mass-wasting deposits, eventually associated to
past extreme events during the last 2000 years.

(1) At ca. AD 600, the northern crater wall of Lake Pavin
collapsed under possible climate deterioration to generate an
outburst flood downstream of the crater along with a slump
deposit inside the lake. The following 9m lake-level drop has
been demonstrated by major shifts in organic sedimentation
patterns in the entire lake.

(2) At ca. AD 1300, an earthquake-triggered subaquatic mass-
movement affected the edge of the plateau and resulted in
a large deposit in the basin that probably generated violent
waves eroding the lake shore. Numerical simulations are
needed to evaluate the potential generation of waves trig-
gered by subaqueous mass-movements and their conse-
quence in maar Lake Pavin.

(3) During the XIXth century, two historical earthquakes have
been recorded by thin turbidites in the basin. The presence of
these layers outlines the potential of the sedimentary ar-
chives of the lake to record regional seismicity, which is a
function of both internal (i.e., slopes degree, type of sedi-
ments and lake-level fluctuations) and external factors (i.e.,
earthquakes distance and intensity).

(4) Three iron-rich sedimentary events appear to match histor-
ical observations of yellow-orange-colored waters in the
lake. Such deposits could reflect past bottom-mixing events
with oxidation of dissolved ferrous iron abundant in the
monimolimnion through the entire water column. One
forthcoming challenge could be to test this assumption on
analogous meromictic lakes that have undergone recent lake
overturns. So far, the question “How a limnic eruption is
recorded in the sediments?” remains open to debate.

In meromictic crater lakes like Lake Pavin, such past extreme
events may represent a large volume of reworked sediments. The
occurrence of the event layers in the sedimentary archive indicates
past natural hazards with substantial risk for waves, outburst floods
or lake overturns with possible gas bursts. The triggering mecha-
nisms involved in this type of mass-wasting deposits could affect
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lakemorphology andwater chemistry to drivemajor changes in the
sedimentary record. Therefore, it is essential to better understand
these mechanisms before considering future investigations on Lake
Pavin. More generally, this study underlined the fact that, even after
thousands of years without magmatic activity, a wide range of
inter-connected hazards can occur in volcanic lakes.
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