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INTRODUCTION

Human activities significantly influence lacus-

ABSTRACT

River regulations have resulted in changes in the hydrology and particle bud-
gets of fluvial systems. Since the 19th century, many rivers have been signifi-
cantly modified to control flood hazards, to gain land from swamp areas for
agricultural purposes, and to stabilize river-levels and lake-levels to facilitate
navigation. These dramatic changes of the river courses have impacted the
sediment budgets and grain-size dissemination along them as well as the sedi-
ment distribution at the delta mouths in the downstream lakes, which could
lead to slope instabilities. Deposits of such catastrophic lacustrine mass move-
ments caused by delta collapses have been, for instance, observed in Lake Bri-
enz (Switzerland), where relatively thick (0.5 to 1.3m) and voluminous (>1
million m®) megaturbidites are stacked in the deep basin witnessing these pro-
cesses. This study uses sediment cores and seismic data to reconstruct the
megaturbidites’ history in Lake Brienz. Data reveal that mass-movement
deposits, originating from the Aare Delta, one of the two main inflows, have
mean ages of 1853, 1905, 1942 and 1996 ct and that they were unprecedented
in, at least, half a millennium. The fact that the numbers of floods and earth-
quakes have not changed radically over this time period implies that human
impact is the most likely explanation for these failure events. Therefore, the
recurrent delta collapses are attributed to the focused sediment accumulation
at the front of the channelized inflow in the proximal delta region, caused by
the modification of the Aare River through its straightening and channeliza-
tion during the late 19th century. These findings indicate that river regulation
can affect delta sedimentation, leading to autocyclic delta collapses. Those
collapses, in turn, can potentially generate tsunami waves, representing an
additional natural hazard for shoreline communities.

Keywords Anthropocene, delta collapse, human-initiated autocyclicity,
megaturbidite, slope instabilities.

deforestation and land development contribute

to increased sediment runoff, while dredging

extracts accumulated sediments (e.g. Anselmetti
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et al, 2024). Significant human activities
include infrastructure construction, such as
dams and reservoirs, along with river channeli-
zation, all impacting natural sedimentation pro-
cesses. These modifications serve various
purposes, including flood control, navigation,
agriculture and public health through malaria
control (e.g. World Health Organization, 1982).
However, such interventions can disrupt the
natural sediment transport and deposition pro-
cesses occurring in rivers and their adjacent
basins (e.g. Kesel, 2003; Vorosmarty et al., 2003;
Billi & Caparrini, 2006; Anselmetti et al., 2007a;
Hein et al., 2019).

Furthermore, one particular concern is the
impact of these modifications on deltaic ecosys-
tems. River regulation enhances the accumulation
of sediment upstream from hydropower installa-
tions (Vorosmarty et al, 1997; Anselmetti
et al., 2007a) but also includes sediment extraction
in the delta linked to the construction and mainte-
nance of hydropower systems (Lane et al., 2019).
Furthermore, the change in the seasonal distribu-
tion of river flow due to the exploitation of hydro-
power structures, which tend to remove natural
peaks of high and low river flows, also modifies
the river’s capacity for transporting sediment (e.g.
Yuan et al, 2012). Moreover, river regulation
induces changes in the grain-size distribution of
transported and sedimented particles, and poten-
tially modifies the spatial distribution of lake
deposits (Silva et al., 2019) and the frequency of
slope instabilities in delta areas. Understanding
the intricate connections between anthropogenic
river modifications and delta sedimentation is cru-
cial for evaluating the broader implications on del-
taic ecosystems and formulating effective
conservation strategies.

Several lacustrine delta collapses have been
reported to date (Chapron et al., 1996; Girardclos
et al.,, 2007; Hilbe & Anselmetti, 2014; Praet
et al., 2017; Nigg et al., 2021). Their relatively con-
fined extents and smaller dimensions may offer
the advantage that they can be studied and quanti-
fied on a complete ‘source to sink’ approach,
which is usually not possible on much larger
marine counterparts. Nevertheless, gained insights
into processes and controls from such lacustrine
case studies, such as preconditioning and trigger-
ing, can also be applied to marine delta collapses
that are also frequently occurring (e.g. Prior
et al, 1986; Clare et al, 2016; Terrinha
et al., 2019), which all have equal impact on del-
taic ecology and hazard potential for shoreline
communities and infrastructure.

The resulting deposits of delta collapses com-
prise two main categories: (i) mass-transport
deposits (MTD) directly located at the base of
slopes form a wedge-shaped positive morphol-
ogy with chaotic to transparent seismic facies
(e.g. Strupler et al., 2018; Sabatier et al., 2022);
and (ii) megaturbidites (or exceptionally large
turbidites) corresponding to a thick ponding
and seismically homogenous unit (e.g. Leithold
et al.,, 2019; Sabatier et al.,, 2022). In lakes, as
well as in oceans, the lateral non-deltaic and the
deltaic instabilities can significantly impact eco-
systems in various ways, disturbing aquatic
ecosystems and benthic habitats due to
increased turbidity and sudden sedimentation,
changing water chemistry by locally releasing
nutrients and organic matter, reducing oxic
levels due to massive release of anoxic pore
waters (Girardclos et al., 2007), and producing
tsunami-like waves that impact shores. In
marine settings, the instance of Nice (France)
documents how a newly built harbour exten-
sion, constructed at the edge of the International
Airport of Nice, collapsed into the Mediterra-
nean waters in 1979 ck, leading to the generation
of a tsunami that inundated the cities along the
shoreline (Assier-Rzadkieaicz et al., 2000). In
lakes, previous occurrences of delta collapses
generating tsunamis or seiche effects have been
documented in France and Switzerland: Lake Le
Bourget in 1822 ce (Chapron et al., 1999); Lake
Lucerne in 1687 c (Hilbe & Anselmetti, 2014);
Lake Sils at ca 700 ce (Nigg et al., 2021); or Lake
Geneva in 563 ce (Kremer et al., 2012).

This study analyses the repeated occurrence
of such delta collapses in Lake Brienz (Switzer-
land) to better constrain their triggers, frequency
and volumes. More specifically, this work aims
to understand how changes in fluvial sediment
supply affect basal stratigraphic architecture of
the delta and its geotechnical predispositions to
slope instabilities. This knowledge is essential
for carrying out a thorough hazard assessment,
leading to improved risk-management strategies.

STUDY SITE

Lake Brienz and its catchment

Lake Brienz lies within the frontal range of the
Swiss Alps (Fig. 1) in a deep longitudinal valley
eroded by the Aare Glacier during the last
glaciations. This valley is situated within the
Helvetic nappes, consisting of predominantly
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Fig.1. (A) Location map of Switzerland and Lake Brienz. (B) Shaded relief swissALTI3D digital elevation model
(https://map.geo.admin.ch) and high-resolution bathymetric maps of lakes Thun and Brienz (Fabbri et al., 2018,
2021). The catchment area of Lake Brienz is highlighted by the black line. Between 1849 and 1855 ck, a dam was
built in Interlaken (grey rectangle; Kurz & Lerch, 1979). From 1929 to 1953, several dams (white rectangles) were
constructed and affected the sedimentation in Lake Brienz (Finger et al., 2006; Anselmetti ef al., 2007a). The black

squares indicate the cities of Interlaken and Meiringen.

calcareous formations from the Cretaceous and
Jurassic periods. The lake covers an area of
29.8 km?* with steep sides and a flat ca 250 to
260m deep basin floor, with a morphology typi-
cal of ‘fjord-like’ valleys (Table 1; Fig. 2). Former
reflection-seismic and refraction-seismic studies
demonstrated that the lake basement forms two
troughs containing 550 m and 300 m of sediment
in the west and the east, respectively (Matter
et al., 1973). The deepest, glacially-carved base-
ment depression thus lies ca 230m below the
modern sea level (Matter et al., 1973).

The catchment area of Lake Brienz covers
1140 km? and is characterized by a steep, moun-
tainous landscape partially covered by glaciers
(ca 19% of total area), with over 50% of its sur-
face lying above 2000 ma.s.l. Most of the lake’s
catchment is drained by two large rivers, the
Aare and the Litschine (Fig. 1), which
both have high water discharge in spring and
early summer due to snow melt punctuated by
floods throughout the year due to extreme

precipitation events. The flow of the Aare River
ranged from 24 m®/s in February to 122 m®/s in
July between 1980 and 2019 (station 2023),
whereas the flow of the Liitschine River varied
from 3.7 m®/s in January to 45 m®/s in July from
1986 to 2019 (station 2109) (Bundesamt fiir
Umwelt BAFU, 2024). These rivers build two
large deltas at either end of the lake (Adams
et al., 2001). Due to their geologically contrast-
ing catchments, the Aare (predominantly crystal-
line) and the Liitschine (carbonate-dominated)
have distinct silt-sized and sand-sized mineral-
ogical signatures (Sturm & Matter, 1978). A
surface-sediment study showed that lateral
stream sediment load from small tributaries has
little influence on the total lake sedimentation
compared to the input of the two main rivers
(Sturm, 1976). Lake Brienz is holomictic and
ultra-oligotrophic (Nydegger, 1967) with almost
exclusively allochthonous clastic input. Sedi-
ment distribution is mainly controlled by the
varying stratification of river inflows (overflows,
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Table1. Properties of Lake Brienz and its catchment

(Finger et al., 2006; Fabbri et al., 2021).

Altitude

Maximum length
Maximum width
Maximum depth
Surface area
Volume
Catchment area

Mean altitude of the
catchment

Aare water discharge

Liitschine water discharge

Aare suspended load
(location ‘A’)

Liitschine suspended load
(location ‘L)

564 m above sea level
(a.s.1.)

14.2 km

2.8 km
256 m

29.8 km?
5.15 km*®
1138 km?
1951 ma.s.].

1.195 kms/year (mean
1997-2004)

0.620 kms/year (mean
1997-2004)

128 kt/year (mean
1997-2004)

176 kt/year (maximum
1997-2004)

174 kt/year (mean
1997-2004)

242 kt/year (maximum
1997-2004)

In‘terléken

O 1835 CES=

interflows and underflows; Sturm, 1976). Parti-
cle residence times in Lake Brienz are less than
20days for fine particles (<4pm) and less
than 4.5 days for coarse (>4 pm) grains (Finger
et al., 2006). Lake Brienz can be divided into
distinct sedimentation zones, comprising: (i) the
proximal delta areas of the Aare and Liitschine,
where gravel and coarse sand predominantly accu-
mulate; (ii) the slopes where finely-laminated sedi-
ment forms clastic varves; and (iii) the deep basin
where hemipelagic fine sediment intercalates with
turbidites and megaturbidites (Sturm & Mat-
ter, 1978). Based on sediment cores, recent mean
sedimentation rates (1996 to 2005 cE) range from
1.2 to 2.3 cm/year in the deep central basin, vary
from 1.7 to 2.2 cm/year in the south-western lake
basin (near the Liitschine Delta) and from 1.1 to
0.7 cm/year towards the north-east near the Aare
Delta. On the lake slopes, sedimentation rates are
much lower (0.26 to 0.68 cm/year) as only fine sus-
pended material reaches these parts (Anselmetti
et al, 2007a). High-resolution bathymetric data
with quasi-four-dimensional seismic data from
2003 to 2018 cE indicates that Lake Brienz exhibits
exceptionally high sedimentation rates of
3.0cm/year in its basin plain, hence surpassing
those found in other Swiss lakes (Fabbri
etal., 2021).

¢ Sediment cores

1+ 3.5 kHz seismic profiles

~ |">/=> Former/current river courses
s

Fig. 2. Shaded relief swissALTI3D digital elevation model (https://map.geo.admin.ch) overlaid by the high-resolution
bathymetric map with shaded relief of Lake Brienz (Fabbri et al., 2021). The locations of seismic lines are marked by
slashed lines and sediment cores by dots (white dots indicate cores presented in this study). The former and current
course of the Liitschine (1835 ck) and Aare (1870 cg) rivers are represented by the dotted and solid blue arrows, respec-
tively. White squares indicate the villages of Brienz, Oberried and Iseltwald, and the city of Interlaken.
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History of human impact in the catchment

In 1430cE, the regulation of fluvial and lake sys-
tems began in the Lake Brienz region by con-
structing a 2m high dam in Interlaken along the
downstream course of the Aare River. This dam
was built to facilitate fishing and provide water
for a monastery’s water mill (Geiser, 1914;
Vischer, 2003). The construction of the dam
resulted in a lake-level increase of 1.5 to 1.95m
and the formation of extensive swamp areas
extending up to Meiringen in the upstream val-
ley (‘Haslital’) (Kurz & Lerch, 1979; Vischer,
2003). In 1528cE, during a rebellion associated
with the Reformation, the dams were destroyed
to allow the Aare River again to flow freely.
However, for unknown reasons, the dams were
rebuilt soon after that (Geiser, 1914; Vischer,
2003). One of the most severe floods occurred in
July 1762 ce, when the Aare River flooded the
12km long valley from Meiringen to Brienz
(Kurz & Lerch, 1979; Rothlisberger, 1991). As a
result, the course of the Aare River shifted from
its southern to the northern mouth (Mirani, 1764;
Kurz & Lerch, 1979; Schulte et al., 2015;
Fig. S1), where it remained until it was
regulated. The idea of regulating the Aare River
and Lake Brienz to gain land from swamps
and reduce flood hazards emerged after another
significant flood event in 1831 ck, and the deci-
sion to undertake the regulation was made in
1834 ce. The project started in 1849/1855 ce with
the construction of a new dam in Interlaken
(Kurz & Lerch, 1979). The lake level was first
lowered after extensive dredging in the Aare
riverbed in Interlaken. Between 1866 and
1875 cE, the upstream course of the Aare River
was straightened, channelized and rerouted in
the alluvial plain from its natural northern
mouth to the south, where it currently flows
(Fig. 2). Therefore, since the rerouting, the Aare
River is only able to discharge its flow at one
specific location that is the current river mouth
(Fig. 2).

Between 1929 and 1953 ck, four hydropower res-
ervoirs (Grimselsee, Oberaarsee, Riterichsbodensee
and Gelmersee) were built in the highest part of
the Aare catchment (Grimsel region) acting as sedi-
ment traps for coarse-grained material. Since
1940cE, gravel and sand have been extracted
directly from the subaquatic Aare Delta. This min-
ing was initiated to produce the material necessary
to construct upstream Grimsel dams, which
strongly influence the seasonal Aare discharge pat-
tern (Finger et al., 2006). Overall, these hydropower

Human-initiated autocyclic delta failures 5

lakes retain 232 kt/year (Gelmersee not considered)
of mostly coarse particles and reduce the total sedi-
ment input of the Aare into Lake Brienz by
two-thirds (Anselmetti et al., 2007a).

In contrast to the Aare River, the Liitschine
River catchment has remained relatively natural
with only minor channelization performed on its
course. In 1906 to 1908 ck, a dam was constructed
to use 6 m®/s of water for the small Liitschental
hydropower station. However, the lower course
of the Liitschine River near Interlaken has been
subjected to more intensive anthropogenic con-
trol. By 1811 c, its river flowed either to Lake Bri-
enz or directly into the downstream Aare and
into Lake Thun. However, in 1835cE, the
Liitschine was directly diverted to the eastern
margin of the fan delta and channelized (Schulte
et al., 2009). From that time, the Liitschine Delta
expanded ca 300 m lakeward with a semi-circular
morphology (Fig. 2) (Fabbri et al., 2021). Recent
observations indicate that the extraction of 25 000
to 30000m® of gravel per year in this delta is
insufficient to prevent it from prograding and
becoming unstable (Giinter, 2006; Petroni, 2010;
Devenish, 2015).

Historic floods in the Lake Brienz region

The list of historical flood events (13th century
to present) potentially affecting the Lake Brienz
catchment area is established from historical
data in Switzerland (Niklaus, 1968; Kurz &
Lerch, 1979; Rathlisberger, 1991, 1998; Pfister
et al., 1999; Vischer, 2003) and used as a refer-
ence catalogue (Table S1). It lists 50 flood events
from 1275 to 2005ceE with their date, type of
event, and affected regions and river catch-
ments. Twenty of these events are identified as
‘major’ because they severely impacted rivers,
lakes and human society at large geographical
extent (Rothlisberger, 1991). For flood events
between 1925 and 2005cE, the date and maxi-
mum elevation of flood-related lake-level
increase are also indicated (Bundesamt fiir
Umwelt BAFU, 2024). The accuracy of flood
description decreases proportionally to the
archive’s age. For instance, the exact dates of
flood events during the 13th to 18th centuries
are rarely known, and during the 13th to mid-
17th century, only the most significant flood
events are reported in historical archives. Histor-
ical data reveal that severe floods in Lake
Brienz’s catchment are generally caused by
heavy rain and/or snow melt, usually from June
to October.
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METHODOLOGY

High-resolution seismic reflection data

Seismic data were acquired in 2003cE with a
3.5 kHz pinger source (Geoacoustics Limited, Great
Yarmouth, UK). A 350m spaced grid of seismic
lines with a total length of 240km covering the
entire Lake Brienz area (Fig. 2) reveals the strati-
graphic architecture of the lake subsurface. All
seismic data were digitally recorded in SEG-Y for-
mat. Data processing was carried out with SPW
software, including bandpass filtering (1300 to
1500/6500 to 7000 Hz) and muting the water col-
umn’s noise. No migration or deconvolution was
applied to the data. The recording system was con-
nected to a non-differential GPS with a £2 to 10 m
positioning accuracy. The theoretical vertical reso-
lution is a quarter of the wavelength, i.e. ca 0.1 m.
Seismic interpretation (i.e. horizon picking and
thickness calculation) was done with IHS Markit
Kingdom Suite v.2018. The top and bottom seismic
horizons of units of interest were used as the upper
and lower bounds for thickness/volume determina-
tion. The thickness map was then generated by
interpolating the horizons in Surfer® (Golden Soft-
ware LLC, Golden, CO, USA) using a Kriging inter-
polation. The resulting interpolated grids have a
50 X 50 m spacing, then filtered using a 3 x 3 pixel
(150 m) moving average window. A velocity of
1480 m/s was used to convert times to depth in
sediments. Finally, the volume was calculated
using the ‘volume’ function in Surfer®.

Sediment-core retrieval and core analysis

Twenty-four sediment cores were collected and
analysed from 1998 to 2005 with a gravity corer
(1 to 2m length) and a modified Kullenberg
piston-coring system (5 to 10m length, Kelts
et al., 1986). From this set of cores, seven are used
for this study (BR98-16, BR03-10, BR03-20, BR05-
2, BR05-3, BR05-4 and BR05-5). Gamma-ray attenu-
ation bulk density and magnetic susceptibility
were measured using a GEOTEK multi-sensor core
logger with a 5 mm resolution (GEOTEK Limited,
Daventry, UK). After opening, sediment cores were
photographed (ca 2 h after), described macroscopi-
cally and sampled. To establish core-to-core corre-
lation, visual characteristics and lithological
properties were compared.

A composite sedimentary sequence was con-
structed by identifying marker layers on the over-
lapping sections, resulting in an 11.3 mcd (metres
composite depth) long sequence compiling

sections of BR05-2, BR05-5 and BR03-20. While
long cores BR05-2, BR05-3 and BR05-4 near the
Aare Delta may have potential stratigraphic errors
caused by hiatuses below the base of megaturbi-
dites, the upper part of the composite core consists
of cores BR03-20 and BR05-05, located in the more
south-western part of the basin. These hiatuses did
not occur there because the Liitschine side of the
lake basin is out of reach of the basal erosion from
mass-transport events originating in the Aare Delta
(Girardclos et al.,, 2007). Due to disturbances
caused by the coring method at the top of core
BRO05-5, core BR03-20 is used in the upper part of
the sequence (Fig. S2). However, for the lowermost
part of the composite core (below the megaturbi-
dites), core BR05-2 was used because it extends
over a longer period. Thus, the composite core is
composed of core BR03-20 from 0 to the top of
MT2 at 86 cmcd, then of core BR05-5 extending
from 86 cmcd to a distinguishable event deposit at
796 cmcd (centimetres composite depth), and of
core BR05-2 from this depth to the bottom of the
composite core (Fig. S2).

Chronology

Terrestrial macrofossils (for example, seeds, nee-
dles and wood) were sieved from the wet sedi-
ment for Accelerator Mass Spectrometry (AMS)
radiocarbon analyses that were performed at the
radiocarbon laboratory of ETH/PSI. The '*C ages
were calibrated using the Intcal20 calibration
curve (Reimer et al., 2020) and expressed on the
Common Era (ce) timescale: years before the cE
are denoted BcE. The age model is based on: (i)
ten radiocarbon ages; (ii) the age of the last two
megaturbidites deposited in April 1996 ce (Gir-
ardclos et al., 2007) and 1942 4+ 2 cE (Anselmetti
et al., 2007a); and (iii) the '*’Cs activity peaks of
1963 and 1986 ct (Anselmetti et al., 2007a). The
age determination with an accuracy of +2 years
is derived from Anselmetti et al. (2007a) and is
interpolated from two short cores (BR98-16 and
BR03-10). The authors extrapolated the sedimen-
tation rate of the sequence between the two
'37Cs markers (1963 and 1986 cE) to the top of
MT?2 with a 10% uncertainty.

The age model has been calculated using the
R code package Bacon v.2.3.9.1 (Blaauw & Chris-
ten, 2011). This package applies a Bayesian
approach for the age-depth modelling for the
entire distribution of the calibrated radiocarbon
dates. As the composite core contains sections
from different locations within the basin, a
boundary was included between each core
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section (at 86 and 796 cmcd) in the Bacon
model so that the memory function is reset
(Blaauw & Christen, 2011). The thickness of
each ‘instantaneous’ event deposit (turbidites
and megaturbidites) was subtracted from the
depth of the composite sediment sequence to
create an event-free depth scale, which was used
to establish a more accurate age-depth model.
Event layers were identified on high-resolution
core photographs, and a minimal thickness of
0.5cm was applied to remove thinner event
deposits for age modelling, as below this thresh-
old, thinner layers are barely distinguishable
from the continuous ‘background’ sedimenta-
tion. The ages of the event deposits were deter-
mined by compiling the depth of the event
layers in Bacon providing the age distribution.
Based on this age model, the sedimentation rates
of the background sediments, the turbidites, and
the whole sediment have been calculated sepa-
rately for the inter-megaturbidite phases and
between MT4 and the bottom of the composite
core. The mean recurrence interval and associate
uncertainty have been calculated to determine
the coefficient of variation (COV) and compute
the conditional probability of delta failure in
the next 10 (2034 ce), 50 (2074ce) and 100
(2124 cE) years.

Local intensity of historical earthquakes

The historical earthquake data (Table S2;
Fig. S3) were obtained from the ECOS09 cata-
logue (http://ecos09.seismo.ethz.ch) by selecting
a radial range of 200km around the lake. The
intensity at the Aare Delta location (46.74 N,
8.04 E) for each of these historical earthquakes
was calculated based on the equations outlined
in a prior study (Fdh et al., 2011, appendix E) as
follows:

Epicentral distances <55 km:
Iake = —2.8941 4 1.7196 * Mw—0.03 * D

Epicentral distances >55 km:

Noke = —4.2041 + 1.7196 * Mw—0.0064 * D (@)
where I, is the apparent intensity at the lake
(Aare Delta) for soil conditions with a vs30 (the
time-averaged shear-wave velocity to a depth of
30m) between 500 and 700m/s (Fah
et al., 2011), Mw is the moment magnitude from
the ECOS09 catalogue, and D is the epicentral

Human-initiated autocyclic delta failures 7

distance. The approach used does not account
for site-specific ground motion amplification,
which can be high and spatially variable in
lakes, as shown in a recent study of Shynkar-
enko et al. (2023).

RESULTS

Seismic reflection data

The acoustic penetration in the basin is ca 30 to
40 ms two-way travel time (TWT) corresponding
to 22 to 30 m sediment depth (assuming a con-
stant mean velocity of 1480 m/s) (Fig. 3). A ca
5.5km long longitudinal seismic line located in
the deepest part of the lake at ca 260m depth
exhibits two seismic facies (Fig. 3): (i) an inter-
calation of medium-amplitude reflections with a
background composed of laterally continuous
low-amplitude reflections (Seismic Facies 1 in
Fig. 3); and (ii): a transparent to chaotic seismic
facies with ponding geometries (Seismic Facies
2 in Fig. 3). Seismic Facies 2 is intercalated
within Seismic Facies 1 and interpreted as
megaturbidites intercalated within background
deposits based on detailed studies in Lake Bri-
enz (Girardclos et al.,, 2007). Seismic data
reveals two contrasting sequences: (i) a first
sequence below 0.362s TWT (Fig. 3), which
exhibits a thick interval dominated by back-
ground deposits with the occurrence of only
three megaturbidites that are limited in surficial
extent (light red in Fig. 3); and (ii) a subsequent
thinner sequence above 0.362s TWT to the lake
floor, which is dominated by the four prominent
megaturbidites (dark red in Fig. 3) and only rela-
tively thin background intervals. Based on
three-dimensional analyses of the seismic pro-
files, a grid was created to calculate the thick-
ness and volumes of the megaturbidites,
indicating a clear difference between the more
substantial megaturbidites (MT1-MT4, dark red)
and the less significant ones (MT5-MT7, light
red) (Fig. 4; Table 2). The older megaturbidites
(MT5-MT?7) exhibit smaller volumes (Table 2),
ranging from 0.58 to 0.94 (10%) m®, and appear
thinner and do not extend towards the
south-western part of the profile (Figs 3 and S4).
In contrast, the four recent megaturbidites
(MT1-MT4) show larger volumes, varying from
1.25 to 2.35 (10°) m® and extend over larger
areas (Table 2; Fig. 4).
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035 Jsv

Core BR05-5 Core BR05-4

Seismic Facies 2

i ZLifl
A o
Sasric Faces

TWT (s)

Fig. 3. 3.5 kHz longitudinal seismic section in the raw and interpreted version above and below, respectively, with
an inset of its location in Lake Brienz. Two main seismic facies can be discerned: Seismic Facies 1 = laterally con-
tinuous low to medium amplitude reflections; Seismic Facies 2 = transparent to chaotic seismic facies with ponding
geometries, interpreted as megaturbidites (MT). The thickest and most recent megaturbidites are drawn in dark red
(MT1-MT4), while the less extensive and older ones are marked in light red (MT5-MT7). Side blanking is denoted
as SB. Black arrows indicate the seismic terminations (onlaps, truncations) used to delimit the megaturbidites. The
upper part of core BR05-05 is disturbed, making it challenging to confidently correlate this sediment sequence with
seismic reflections but sediment core BR05-4 fits well to the corresponding seismic facies.

Fig.4. Thickness maps of the seven megaturbidites MT1 to MT7 — panels (A) to (G) — derived from seismic data
superimposed on the shaded relief swissALTI3D digital elevation model (https://map.geo.admin.ch) and the high-
resolution bathymetric map (Fabbri et al., 2021). The megaturbidite volume is indicated in the upper right corner
of each panel. The location of four long sediment cores (BR05-02 to BR05-05) is marked with black dots.
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Table 2. Volume and surface area of each megaturbi-
dite (Seismic Facies 2) (Fig. 3) computed from seismic
data grid (Fig. 2).

Seismic Facies 2 units

interpreted as megaturbidites Volume Surface
(Fig. 3) (x10°m?®) area (km?)
MT1 1.25 2.54

MT2 2.35 3.52

MT3 1.85 3.14

MT4 1.72 3.34

MT5 0.94 2.37

MT6 0.67 2.03

MT7 0.58 2.19

Sediment record

The studied four long cores, BR05-2 to BR05-5,
collected in the deep lake basin (ca 260m
depth), are situated along the longitudinal
axis of the lake (Figs 2 and S4). They show
well-layered clastic sediment of highly varying
colour and texture, which can be correlated from
core-to-core throughout the basin (Fig. 5).

Lithotypes

The sediment record comprises three main litho-
types. The following description is based on
core BR05-04 for which the density and mag-
netic susceptibility are displayed (Fig. 5).

Lithotype 1: Fine laminated/layered silt to clay
(interpreted as background sediment)

Lithotype 1 sediment consists of millimetre-thick
clayey silt layers alternating with graded
silt-sized to fine sand-sized layers that are less
than 5 mm thick. The bulk density of these sedi-
ments fluctuates around 1.5g/cm® and the mag-
netic susceptibility varies between 10 and
20 x 10° SI units (Fig. 5). This lithotype is inter-
preted as hemipelagic clastic background sedi-
ments and forms the event-free composite record.

Lithotype 2: Graded layers (interpreted as
event deposits)

Subtype 2a: Graded silty-sand layers (inter-
preted as turbidites). Subtype 2a comprises
graded layers with a thickness of 0.5 to 26 cm.
They typically show a slightly graded sandy layer
rich in organic debris at the bottom, mainly com-
posed of terrestrial macrofossils such as pieces of

leaves, roots and bark. The upper part of each layer
is usually a well-graded silt layer capped by a
light-coloured clayey cap. One of the thickest of
these layers occurs in core BR05-04 (10.5cm at
545 cmcd) and exhibits a density peak of up to
1.7 g/cm® at its coarsest-grained base, associated
with a maximum magnetic susceptibility of
19 x 10~° SI units, which both gradually decrease
towards the top of the layer. However, this pattern
in density and magnetic susceptibility is not visi-
ble in all Subtype 2a layers, likely due to the mea-
surement interval of 5 mm.

These graded layers are interpreted as turbidites
mainly generated by high-discharge flood events
in one of the first detailed sedimentological stud-
ies in the lake, based on 140 surface samples and
80 sediment cores (Sturm & Matter, 1978). Based
on the core-to-core correlation, the conclusions
herein match those of Sturm & Matter (1978);
these turbidites can be subdivided into two cate-
gories with different basinal trends in grain size
and bed thickness (Fig. 5). Turbidites that become
thicker and coarser towards the north-east are
interpreted as flood deposits from the Aare River,
while turbidites becoming thicker and coarser
towards the south-west are interpreted as flood
deposits from the Liitschine River. This interpre-
tation is supported by the sediment colour of the
turbidites, with grey indicating sediment originat-
ing from the crystalline-dominated Aare River
catchment, and black indicating sediment coming
from the carbonate-dominated Liitschine River
catchment (Sturm & Matter, 1978). It is not
excluded that certain turbidites may result from
localized mass-wasting events. Conducting a ded-
icated study to investigate their timing and corre-
lation with historical archives could provide
valuable insights into addressing this question.
Subtype 2a layers have been removed from the
age modelling, because they represent rather
instantaneous event layers.

Subtype 2b: Thick graded sandy layers (inter-
preted as megaturbidites). Subtype 2b occurs
in four exceptionally thick graded layers (56.5 to
128 cm thickness; Fig. 6) that can be identified in
the cores of Lake Brienz labelled downcore from
‘a’ to ‘d’ (Figs 5 and 6). They consist of two dis-
tinct parts: (i) a bottom section mainly consisting
of greyish upward fining sand characterized by
high but upward decreasing density (from 1.9-
2.0 to 1.5-1.7 g/cm®) and magnetic susceptibility
(from 19-22 to 15-17x10"° SI units) values
(Fig. 6, grey colour); and (ii) an upper part con-
sisting mainly of rather homogeneous silt topped
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12 R. Gastineau et al.

by a white clayey cap. This upper part is charac-
terized by lower and constant density (ca
1.5g/cm®) and magnetic susceptibility (ca
16 x 10~° SI units) values (Fig. 6, black colour).
Three of the four megaturbidites (‘a’, ‘b’ and ‘d’)
in core BR05-04 partly include clasts of hemipe-
lagic sediment at their base (Fig. 6). Subtype 2b
layers are also excluded from the age modelling.

Core-to-seismic correlation

The core-to-seismic correlation was done by
comparing the sedimentological observation and
the density values with the seismic data, assum-
ing a mean velocity of 1480m/s. The core-to-
seismic correlation reveals that the core sections
with Lithotype 2b coincide with Seismic Facies
2 characterized by chaotic facies and wedging

and/or ponding geometries that were identified
in the seismic data as megaturbidites (MT1-
MT?7). They are interpreted to be the product of
particle transport in suspended flows originating
from major instantaneous mass movements gen-
erated in the delta (Fig. 3). Seismic Facies 1 (lat-
erally continuous low-amplitude reflections)
constitutes the background sediments (Lithotype
1) and turbidites (Lithotype 2a).

Detailed analysis of the sediment stratigraphy
through core-to-core correlation in the basin
shows that megaturbidites often have erosive
bases that cause sediment hiatuses in the distal
Aare Delta and the deepest parts of the lake
pointing to a mixed (or composite) flow rheology
(Talling et al., 2004, 2012; Girardclos et al., 2007;
Haughton et al., 2009). This provides evidence of
the transformation from a cohesive to a non-

BR05-04
a b c d
d (g/cc) d (g/cc) d (g/cc) d (g/cc)
.3 1.9 1.3 . 1.3 1.9 . 1.9
Lithotype 1 36
1.5 Subtype 2a
clay 3.7
1.6 E
— silt 3 3.8
o o 17
< z 1.8
Q = E 4
[ 7}
o ! 1.9
i 41
2
E 4.2
sand 2.1
E 4.3
22
11M 19 4.4
( )23 11 21
E MS
‘:I Lithotype 1 2.4 (10 8I)
= Fine layered silt to clay
Lithotype 2 2.5
Subtype 2a E
=Lé;rg§ed sandy layers 2.6
mostly sit Subtype 2b
.\ = Thick graded sandy layers 2.7
+ homogenites E
) ) 2.8 RN
Sediment hiatus 1" 21
MS
@ Ciast of Lithotype 1 2.9 = (10° Sl
) rrrrror
9 23
MS
(105 8I)

Fig. 6. Lithological and petrophysical characteristics of the four most recent megaturbidites, labelled from ‘a’ to
‘d’ (Core BR05-04, also Fig. 5). From left to right: core picture, lithology column (fine left, coarse right), bulk den-
sity and magnetic susceptibility profiles. Sediment clasts of background sedimentation (Lithotype 1) are present

in the megaturbidites (Lithotype 2b).
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Fig. 7. (A) Age model of the composite core (consisting of cores BR03-20, BR05-5 and BR05-2). The dashed black lines rep-
resent the transitions from one core section to another in the composite core. The light-grey horizontal bars represent the
thin turbidites (thickness larger than 5 mm). The red horizontal bars represent the megaturbidite beds. (B) Sedimentation
rates (cm/year) are indicated for three categories: the background sedimentation (Lithotype 1), the turbidites (Subtype 2a),
and the whole sediment calculated in between the occurrence of each megaturbidite (Lithotype 2b). Note that megaturbi-
dite ‘MT1’ is in the composite section only a thin layer, as its thickest expression in more basinal cores was disturbed.

cohesive flow by the deposition of debrite-turbi- Age—depth model and ages of the

dite beds during the same flow event. The thick- megaturbidites

nesses of the hiatus are estimated from detailed

core-to-core correlation and vary from centimetre The calculated age model indicates that the com-
to decimetre-scale (Fig. 5). posite core covers a time range from 2003 at the top
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14 R. Gastineau et al.

Table 3. Accelerator Mass Spectrometry (AMS) radiocarbon age determination of terrestrial macrofossils from
Lake Brienz sediment samples. Ages rejected in the model are given in italic letters (Fig. 7).

Samples AMS radiocarbon age
Core Laboratory Section Composite 8"3Cppp Conventional
section reference depth (cm) depth (cm) [%o] [**C year BP] Calibrated 2c [cE]
BR05-4-7 ETH-30850 80 1.945 —25.3+1.1 180 + 60 1645/(>1950) (95.4%)
BRO05-3-6 ETH-30849 116 3.730 —22.2+1.1 205 +40 1637/1699 (26.9%)
1722/1814 (48.2%)
1834/1886 (6.0%)
1909/(>1950) (14.3%)
BRO05-3-3 ETH-30848 16 6.295 —25.54+1.1 300+45 1472-1664 (94.0%)
1784-1794 (1.5%)
BRO05-3-2 ETH-31130 92 8.050 —24.64+1.2 195450 1638/1895 (79.7%)
1902/(>1950) (15.7%)
BRO05-3-1 ETH-31131 39 8.745 —22.0+1.2 190+50 1641/1895 (79.3%)
1902/(>1950) (16.1%)
BR05-2-3 ETH-31132 45 9.040 -25.1+1.2 590 + 50 1294/1425 (95.4%)
BRO05-2-2 ETH-31134 2 9.485 —23.1+1.2 375+ 50 1444/1636 (95.4%)
BRO05-2-2 ETH-31133 70 10.160 —25.84+1.2 340+50 1455/1646 (95.4%)
BRO05-2-1 ETH-31455 56 10.915 —25.8+1.2 400 £+ 50 1428/1529 (59.5%)
1540/1635 (36.0%)
BR05-2-1 ETH-30847 73.5 11.090 —24.7+t1.1 2280+ 45 —408/—-342 (41.4%)

—321/—201 (54.0%)

to a mean maximum age of 1572 £ 38year cE
(Fig. 7A; Table 3) at the base. The age of 1996 ct for
MT1 is retrieved from the literature (Girardclos
et al., 2007). Based on the age-depth model of the
composite core with a 2-sigma uncertainty, the age
ranges of the three older megaturbidites could be
estimated as 1939 to 1946, 1880 to 1924 and 1822
to 1881cE, with mean ages of 1942, 1905 and
1853 cE, respectively (Fig. 7A). The age model also
highlights the fact that the estimated average
recurrence interval of MT1 to MT4 events is
47.7 +13.08 year (Figs 7 and S5), with a coefficient
of variation (COV) of 0.27, low enough to attempt a
forecast for the next megaturbidite event. Based on
a normal distribution of the recurrence interval,
the probability of a megaturbidite event happening
in the next 10 (2034cE), 50 (2074 ce) and 100
(2124 ce) years are respectively 22.92, 98.97 and
>99% (Fig. S5). However, it is important to note
that a small number of events (in the present case,
four) can lead to an underestimation of the COV
value, so these probabilities should be taken with
caution (e.g. Kempf et al, 2018; Williams
et al., 2019; Kempf & Moernaut, 2021).

The mean sedimentation rates of the back-
ground sediments (Lithotype 1), the turbidites

(Lithotype 2a) and the whole sediment has been
calculated separately for the inter-megaturbidite
phases (Fig. 7B; Table S3). These rates are quite
stable from the bottom of the core to the megatur-
bidite MT2, with ca 1.78 cm/year for the back-
ground sedimentation (Lithotype 1), 0.86 cm/year
for the turbidites (Lithotype 2a) and 2.6 cm/year
in total. Then, the mean sedimentation rate drops
after the megaturbidite MT2 to 0.96 (Lithotype 1),
0.47 (Lithotype 2a) and 1.42 cm/year (whole sedi-
ment), respectively. This last drop in accumula-
tion rate is likely an artefact due to the change of
sediment section from core BRO05-05 to core
BR03-20, which is closer to the shore (Fig. 2).
Extrapolating a similar sedimentation rate of
2.6 cm/year to the entire sediment sequences
imaged by the seismic reflection data and using a
p-wave velocity of ca 1480 m/s, the base of the
seismic profile in Fig. 3 at 0.39s TWT is esti-
mated to date back to around 950 ck.

This extrapolation of the age model allows not
only to give approximate ages for MT5 (16th cen-
tury ce), MT6 (15th century ce), and MT7 (12th cen-
tury ce) (Fig. 3) but also to date the ‘quieter’ phase
when megaturbidites are less extensive and less
frequent. In summary, during the first ca 900 years
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(Table S1). (B) Historical earthquakes in the region, having seismic intensities greater than III at the Aare Delta
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earthquakes when multiple events occurred within the same year. (C) Human-induced impacts that affected Lake
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indicates the location of the timescale in Fig. 9B. The earliest archive from the Oberldnder Tagblatt newspaper
that can be used to determine whether a body has been found or not date back to 1909cE (https://www.e-

newspaperarchives.ch).

of the sedimentary record studied in this work (i.e.
from the 10th century to the 19th century cg),
only three megaturbidites occurred. Assuming a
100 year uncertainty range for the age of MT5, MT6
and MT7, this study has a mean recurrence interval
of 234 + 80 years. In contrast, a cyclic pattern with
a mean recurrence interval of less than 50 years (ca
4.7 times less) started in the 19th century (Figs 3
and 8) with MT4 in 1853 cE.

DISCUSSION

Sediment source and origin of the
megaturbidites

The most recent megaturbidite (MT1) has been
studied in detail by Girardclos et al. (2007). The

authors presented direct and sedimentological
observations pointing to a slope failure in the
proximal Aare Delta area.

1 The sand content decreases longitudinally from
the north-east to the south-west, like for MT2, MT3
and MT4 in cores BR05-2 and core BR05-5 (Fig. 5).

2 The grey colour indicates remobilized parti-
cles from the Aare River catchment, as previ-
ously described in Sturm & Matter (1978).

3 The core-to-core correlation indicates sedi-
ment hiatus beneath megaturbidite beds in the
north-east and central parts of the basin, point-
ing to increased erosion in these locations
(Fig. 5). These areas were likely situated more
proximally to the source. Additionally, the pres-
ence of sediment clasts originating from a more
Aare-proximal location in the megaturbidites
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(Fig. 6) indicates that eroded clasts were
still being incorporated during the mass/flow
transport at this location corresponding to a
mixed (or composite) flow rheology (Talling
et al., 2004, 2012; Girardclos et al., 2007; Haugh-
ton et al., 2009).

4 In 1996 cE, a corpse was discovered floating
on the northern shore of Lake Brienz near Ober-
ried after being released from the sediment by
the delta failure (Girardclos et al., 2007). Histori-
cal chronicles that on 19 September 1942cE, a
floating corpse was also discovered in the same
location (Oberldnder, 1942). There is therefore a
very likely link between the discovery of the
corpse and MT2 with a mean age of 1942ce.
As proposed by Girardclos et al. (2007), the
counter-clockwise circulation of the lake
(Nydegger, 1967, 1976; Sturm, 1976) would
indeed carry the floating bodies to the northern
shore, where they have been found twice. The
same applies to MT3, when mutilated bodies of
a man and a woman, the thigh of a third person
and several animal carcasses were found in the
lake near the delta mouth of the Aare in 1913 ck.
This evidence has already been interpreted to
indicate a delta failure at that time: “Man ver-
mutet, daB bei der Aaremiindung ein sogenannte
Sandritt niedergegangen sei, so daB die Leicher
bloBgelegt wurden.” (Oberldnder, 1913). It there-
fore reinforces the hypothesis of the Aare Delta
as the origin of the megaturbidites. The oldest
historical record is from 1909 cg, therefore it is
not possible to investigate whether any bodies
were also discovered at the time of MT4 deposi-
tion (Fig. 8D).

The quasi-similarity of the four most recent
megaturbidites in terms of sedimentology and
geometry, in addition to the discovery of the
resuspended corpses in three of these cases indi-
cates that the sedimentary flows forming MT1 to
MT4 all originate from the Aare Delta, as has
been demonstrated explicitly for MT1 (Girard-
clos et al., 2007).

Within the seismic reflection profiles, seven
megaturbidites are observed, where the most
recent four have larger volumes than the older
ones (Table 2; Fig. 4). However, it is essential to
acknowledge that the volumetric results
obtained from seismic data might underestimate
the true extent of megaturbidites (Fig. 4). For
example, at core BR05-02 and BR05-05 loca-
tions, the seismic line does not indicate the
presence of megaturbidites MT1 to MT4 (Figs 3
and S4). However, the sediment cores do

confirm the presence of those megaturbidites. In
cores BR05-05 and BR05-02, the thicknesses of
the megaturbidites span from 11 to 28 cm and
21 to 39.5 cm, respectively (Fig. 5). The vertical
resolution of the seismic 3.5 kHz source is theo-
retically limited to approximately 10 cm, which
should have been sufficient to observe them.
Nevertheless, the area is marked by a weaker
penetration of the acoustic signal in the seismic
data, which has affected the interpretation.

In addition, the older three megaturbidites
(MT5-MT7) happened in 900years, while the
most recent (MT1-MT4) occurred in the past
200 years. This points to an average recurrence
rate of 47.7+13.08year, where the timing
between MT3 and MT2 of 37 years is shorter than
the period between MT4 and MT3 and MT2 and
MT1, with 52 and 54 years, respectively. Conse-
quently, the 1996 ct event is not isolated but has
historical antecedents. This analysis of the seis-
mic reflection data reveals the existence of at
least six other occurrences, all originating from
the Aare Delta. However, the exact reasons
behind these delta collapses remain ambiguous
and need further investigation. This study inves-
tigates potential causes based on the dated mega-
turbidites in the upcoming section.

Triggers and causes of megaturbidites

Short-term triggers
Delta failures can be caused by different short-
term and long-term triggers and causes, such as
earthquakes, sediment loading, changes in water
levels, cyclic loading from waves and biochemi-
cal processes (for example, the generation of
pore gases) (e.g. Coleman & Prior, 1988; Hilbe &
Anselmetti, 2014; Praet et al., 2017). A previous
study in Chilean lakes showed that, in seismi-
cally active areas, delta collapses are usually
triggered by seismic shaking, because earth-
quakes occur more often, preventing deltas from
being overloaded by sedimentation (Van Daele
et al., 2015). In the case of Lake Brienz, which
is in a seismically much less active area, seismic
shaking might or might not be the primary trig-
ger. In fact, for MT1, it has been shown that the
collapse occurred spontaneously from sediment
overloading (Girardclos et al., 2007).
Megaturbidite 2 occurred in 1942 + 2 years cE
based on Anselmetti et al. (2007a), and between
1939 and 1946 cE (mean age: 1942 cE) based on
age modelling in this study. It has mobilized the
largest sediment volume (2.35 x 10°m?®) among
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the megaturbidites of this study (Table 2; Fig.
4B). As mentioned in the Sediment source and
origin of the megaturbidites section, historic
chronicles indicate that on 19 September
1942 cE, a floating corpse was discovered on the
northern shore of Lake Brienz (Oberldander, 1942)
so the timing of the MT2 can be narrowed to
1942ce if those events are related to one
another. Within 1942 cE, no major flood was
reported in the Aare Valley (Fig. 8A), but two
successive Mw = 3.5 earthquakes occurred on 27
and 28 August 1942 ck, with intensities of II'/?
at the lake, ca 20days before the discovery of
the corpse (Table S2). This coincidence could
suggest that the delta was near to overloading at
that time and became triggered by one of these
weak earthquakes (for example, due to a change
in the pore-water pressure distribution), although
spontaneous failure is equally likely. Two other
earthquakes occurred in 1943 ce with moment
magnitudes of 5.1 and 5.4 and intensities of III at
the lake, and could also be considered as poten-
tial candidates. Compared to areas with high seis-
mic activity such as Chile and Alaska, where
earthquake-triggered delta failures occur at inten-
sities >V'? (e.g. Moernaut et al., 2014; Vanneste
et al., 2018), here the authors consider that even
smaller earthquakes might be able to trigger delta
collapses, in particular when the delta is over-
loaded and near-failing. Together with the evi-
dence of the released corpse, the weak 27/28
August earthquakes are thus considered to be the
most likely triggers to have caused the failure of
the overloaded delta resulting in MT2 (Fig. 8B;
Table S2).

Megaturbidite 3 is dated between 1881 and
1923 cE (mean age; 1905 cE), from the age model-
ling at 2-sigma uncertainty (Fig. 7). The sedi-
ment volume of this megaturbidite is
1.85 x 10°m? (Table 2; Fig. 4C). A major flood of
national importance occurred in 1910 ce caused
by heavy rainfall and snow melt, which signifi-
cantly increased the sediment input at the Aare
Delta (Pfister et al., 1999, Fig. 8A). In addition,
26 earthquakes with intensities ranging from III
to IV at the lake occurred within this interval
(Fig. 8B; Table S2) so that an earthquake trigger
cannot be excluded. However, similar to MT1
and MT2, the discovery of human and animal
corpses on 21 September 1913 cg, supports a
date shortly before this finding as the age
of MT3.

Megaturbidite 4, deposited between 1824 and
1879 cE (mean age: 1853 cg; Fig. 7), has a volume
of 1.72x10°m® (Table 2; Fig. 4D). During this
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interval, several significant floods occurred
(1831, 1839, 1851 to 1852 and 1868ck) due to
heavy rainfall and snow melt (Pfister
et al., 1999, Fig. 8A) further loading the delta.
Additionally, seismic activity may have played
a role, as 26 earthquakes occurred during that
period. In particular, an earthquake swarm
occurred in 1855 cE comprising a Mw = 6.2 event
ca 60 km from the Aare Delta that had an inten-
sity of VI at the lake (Fig. 8B), which is the
earthquake with the highest local intensity dur-
ing this period of 75 years (Table S2).

While the aseismic trigger for MT1 is con-
firmed, attributing a seismic trigger to MT2 to
MT4 remains speculative. Overall, floods pro-
viding sediments are considered as the long-
term cause for gradually overloading the delta’s
slopes. Earthquakes of various intensities may
represent the final trigger for delta collapses,
depending on the degree of slope charging, but
if overloading exceeds the static stability, the
delta may also fail without an external trigger.
However, as floods and earthquakes have
occurred throughout the centuries, they cannot
explain the increase in more frequent delta fail-
ures since 1850ce in Lake Brienz. Tectonic
boundaries have not changed during this period
and no specific earthquake swarms have been
detected since 1850ce that could explain the
recurring megaturbidites (ECOS catalogue).
Moreover, only small-scale variations have been
observed in the flood records over the centuries
(Schulte et al., 2015). Palaeoflood records con-
sistently show intense flooding over the past
500 years (Pfister et al, 1999; Schulte
et al., 2015). The 20th century has been rather
characterized by an absence of major floods, the
so-called ‘disaster gap’ (Pfister, 2009). The fact
that three of the four megaturbidites occurred
during the 20th century requires additional con-
trols on megaturbidite generation.

Long-term causes

Since the 19th century, major climate changes
and human-induced catchment modifications
have affected the sediment accumulation in the
Aare Delta. First, the Little Ice Age may have
intensified erosion and sediment production
within the catchment area, potentially resulting
in higher sedimentation rates in Lake Brienz.
Glacier retreat begins around 1850 to 1870cE
(e.g. Masson-Delmotte et al., 2013). However,
the sedimentation rate remains constant at ca
2.6 cm/year from 1572 to 1942 cal. cE (Fig. 7) so
that the Little Ice Age climate deterioration
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Fig.9. (A) Historical maps showing the north-eastern region of Lake Brienz and the Aare River’s straightening
and channelization between 1869 ct (left) and 1870 ce (right) (source: https://map.geo.admin.ch). (B) A conceptual
diagram illustrating the potential sediment accumulation threshold on the Aare Delta before and after the river
correction in 1870 ce. The vertical scale represents the volume of each megaturbidite, normalized by the maximum
volume (MT2; Fig. 4). The black line shows that the delta slope slowly recharges until it collapses, repeatedly
generating megaturbidites. However, this internal sedimentary autocyclicity can be altered when earthquakes or
major floods act as external triggers. The red shading indicates the age uncertainties associated with each megatur-
bidite, and the grey box indicates the location of the timescale in Fig. 8D.

appears with only minimal impact on the parti-
cle budget. As previously mentioned in the
Age—depth model and ages of the megaturbidites
section, the apparent drop in sedimentation rate
observed after 1942 cal. ce (i.e. after MT2) is due
to the change of sediment section from BR05-05
to BR03-20, which is at a more distal location
from any sediment source and is thus consid-
ered an artefact (Figs 2 and 7). Overall, the effect
of the Little Ice Age on the sedimentation’s his-
tory may be small and is not considered as a rel-
evant process to explain the higher frequency of
delta failures.

Towards the end of the Little Ice Age, between
1866 and 1875 cE, humans start to actively mod-
ify the course of the Aare River by straightening
and channelling it from north to south (the sig-
nificant change 1is carried out in 1870cE;
Fig. 9A). These modifications terminate the nat-
ural fluctuations of the Aare mouth as witnessed
by a series of inactive channels seen on the
bathymetric data (Fig. 9A; Fabbri et al., 2021),

preventing the Aare inflow from fluctuating nat-
urally across the entire valley.

This river correction thus resulted in the
present-day location of the Aare River mouth
(Fig. 9A). As MT4 is dated between 1822 and
1881 cE (Figs 8C, 8D and 9B), and thus coincides
with the onset of these modifications. The
authors believe that the modification of the Aare
River’s course, resulting in a concentrated input
of sediment particles at the river mouth, caused
a significant and sustainable impact by radically
affecting the sedimentation of the Aare Delta.
Whereas the river mouth now charges the adja-
cent slope more rapidly, the remainder of the
delta front became sediment starved, increasing
the contrast in delta progradation between the
mouthing slope area and the abandoned other
lateral areas (Silva et al., 2019). Thus, it is sug-
gested herein that the shorter recurrence interval
(50year) of megaturbidites in the last ca
200 years (compared to the former 4230 year
recurrence in the last 900 years) is mainly
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caused by the human-induced Aare River modi-
fication (Fig. 9B) causing a somehow ‘human-
induced’ autocyclic delta-failure pattern. This
autocyclicity highlights the possibility that a
future megaturbidite event at the Aare Delta will
occur in the next two to three decades, redistrib-
ute large sediment volumes, affect the lake’s
hydrology, and potentially cause a tsunami-like
wave of at least half a metre amplitude as it did
for MT1 in 1996 ce (Girardclos et al.,, 2007).
However, an earlier release of the next collapse
by external triggers such as earthquakes or
major floods ahead of its ‘human-induced’ sedi-
ment load-related schedule cannot be excluded
(Fig. 9B).

CONCLUSION

The present study has provided novel insights
into the occurrence of megaturbidites originat-
ing from the Aare Delta in Lake Brienz. These
events, with average ages of 1853, 1905, 1942
and 1996 ce, represent with their short recur-
rence interval of ca 50 years and their large vol-
umes of up to 2.3x10°m® unprecedented
phenomena over - at least — the past 500 years.
The origin of these megaturbidites can be
attributed to the focused sediment accumula-
tion at the front of the channelized river inflow
in the proximal delta region, caused by the
modification of the Aare River through its
straightening and channelization during the late
19th century. The ca 50 year recurrence interval
suggests a human-initiated autocyclic behaviour
and the possibility of a future megaturbidite
event happening over the next two to three
decades. Such events must be taken into
account in the natural hazard and risk manage-
ment of Lake Brienz, especially considering
that a tsunami-like wave of at least 0.5m
amplitude was generated in 1996 ce during the
last megaturbidite event. Overall, this study
highlights the complex dynamics of delta sedi-
mentation in the Anthropocene and the impor-
tance of considering human activities (for
example, the significant impact of river regula-
tions) and natural triggers in assessing the risks
associated with future megaturbidite events and
potential tsunamis. This information is essen-
tial for implementing effective measures to pro-
tect vulnerable communities in delta areas and
along coastlines, whether in lakes or marine
environments.
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Supporting Information

Additional information may be found in the online
version of this article:

Figure S1. Topographic map of the Aare River course
from Oberhasli to Lake Brienz (1764).

Figure S2. Photographs and core-to-core visual corre-
lation (short core BR03-20, core section BR05-5-KK,
core section BR05-5-11, short core BR98-16 and short
core BR03-10) to infer ages of the two most recent
megaturbidites MT1 and MT2 and using radionu-
clides ages from Anselmetti et al. (2007) and Girard-
clos et al. (2007).

Figure S3. Map of the historical earthquakes from the
ECOS catalogue (http://ecos09.seismo.ethz.ch), from
1800 cE to 2020 cg, with a radial width of 200 km
around Lake Brienz (white transparent circle).

Figure S4. A 3.5 kHz longitudinal seismic section
from 2018 is displayed, with the raw data on the top
panel and the interpreted profile at the bottom
panel.

Figure S5. Plot representing the conditional probabil-
ity of a megaturbidite event every five years from the
last MT1 event (associated to delta collapse) in 1996
to 2124 ce (100 years after this study), using a normal
distribution and the recurrence between each event
(47.7 £ 13.08 years).

Table S1. List of historical flood events (13th century
to present) potentially affecting Lake Brienz catch-
ment area from historical data in Switzerland (Nik-
laus, 1968; Kurz & Lerch, 1979; Rothlisberger, 1991,
1998; Pfister et al., 1999; Vischer, 2003).

Table S2. List of historical earthquakes from the
ECOS catalogue (http://ecos09.seismo.ethz.ch), from
1800 cE to 2020 ce, with a radial width of 200 km
around Lake Brienz and with local intensities greater
than II at the Aare Delta location (46.74N; 8.04E).

Table S3. Sedimentation rates for the background sed-
imentation (Lithotype 1), the turbidites (Lithotype 2a)
and the whole sediment sequence, calculated for the
inter-megaturbidite phases (Fig. 7B).
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