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ABSTRACT 26 

River engineering projects are developing rapidly across the globe, drastically 27 

modifying water courses and sediment transfer. Investigations of the impact of 28 

engineering works focuses usually on short-term impacts, thus a longer-term 29 

perspective is still missing on the effects that such projects have. The ‘Jura Water 30 

Corrections’ – the largest river engineering project ever undertaken in Switzerland – 31 

radically modified the hydrological system of Lake Biel in the 19th and 20th Century. 32 

The deviation of the Aare River into Lake Biel more than 140 years ago, in 1878, thus 33 

represents an ideal case study to investigate the long-term sedimentological impacts 34 

of such large-scale river rerouting. Sediment cores, along with new high-resolution 35 

bathymetric and seismic reflection datasets were acquired in Lake Biel to document 36 

the consequences of the Jura Water Corrections on the sedimentation history of Lake 37 

Biel. Numerous subaquatic mass transport structures were detected on all the slopes 38 

of the lake. Notably, a relatively large mass transport complex (0.86 km2) was 39 

observed on the eastern shore, along the flow path of the Aare. The large amount of 40 

sediment delivered by the Aare River since its deviation into the lake likely caused 41 

sediment overloading resulting in subaquatic mass transport. Alternatively, the 42 

dumping since 1963 in a subaquatic landfill of material excavated during the second 43 

phase of river engineering, when the channels flowing into and out of Lake Biel were 44 

widened and deepened, might have triggered the largest mass transport, dated to 45 

1964–1965. Additional potential triggers include two nearby small earthquakes in 46 

1964 and 1965 (MW 3.9 and 3.2, respectively). The data for this study indicates that 47 

relatively large mass transports have become recurrent in Lake Biel following the 48 

deviation of the Aare River, thus modifying hazard frequency for the neighbouring 49 

communities and infrastructures. 50 
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 51 
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 54 

INTRODUCTION 55 

River engineering, dam construction and other human activities have drastically 56 

modified water courses and sediment transfer across the globe, with numerous 57 

additional constructions underway or planned. As a result, sediment transfer has 58 

changed in many places, either by direct sediment starvation (gravel and sand mining 59 

or sediment entrapment in reservoirs; Vörösmarty et al., 2003; Syvitski et al., 2005) or 60 

indirectly by flow modification reducing sediment transfer capacity (Gabbud & Lane, 61 

2016). In Switzerland, several large-scale engineering projects had already modified 62 

watercourses two centuries ago, allowing the study of the longer-term 63 

sedimentological effects of such man-made modifications (e.g. Wirth et al., 2011).  64 

Lake Biel, a Swiss Plateau lake on the foothills of the Jura Mountains (Fig. 1), 65 

is an ideal site to study the effects of river engineering on lake sedimentation. The 66 

Aare River was rerouted into Lake Biel at the end of the 19th Century as part of the 67 

large-scale ‘Jura Water Corrections’ (hereafter termed ‘JWC’; Nast 2006). The first 68 

JWC, engineered from 1868 to 1891 in order to reduce flooding of the region, 69 

represents the greatest river management works ever undertaken in Switzerland. The 70 

Aare River deviation increased the catchment area of Lake Biel by a factor of 3.6 71 

(Fig. 1), leading to a significant increase in sediment delivery from the catchment. 72 

This rerouting also increased the average water inflow from 55 to 240 m3/s, which in 73 

turn reduced the mean residence time from 253 down to 58 days (Liechti, 1994). 74 

This paper presents the results of a recent geophysical and sedimentological 75 



	   	   	  

	  

4	  

survey of Lake Biel. Multibeam bathymetry and reflection seismic data as well as 76 

sediment cores were acquired to study the major anthropogenic modifications of Lake 77 

Biel’s sedimentary system. The key question to be addressed is: what are the long-78 

term consequences of the rerouting of the Aare River on the sedimentation in Lake 79 

Biel? 80 

 81 

STUDY AREA 82 

Lake Biel [German: Bielersee, 47°5’N, 7°10’E, 429 m above sea level (a.s.l.), 83 

39.9 km2 surface area] is a perialpine lowland lake located between the Alps and the 84 

Jura Mountains in north-western Switzerland (Fig. 1), in a region commonly called 85 

‘Seeland’ (literally ‘Land of the Lakes’) due to the presence of three lakes (Lake Biel, 86 

Lake Neuchâtel and Lake Murten). As part of the Swiss Plateau, the Seeland was 87 

shaped through former glaciations depositing extensive glacial till beds, but also 88 

eroding numerous glacial overdeepenings into the bedrock (Preusser et al., 2010). One 89 

of these overdeepened basins contains Lake Biel and Lake Neuchâtel, while a second 90 

one further south-east includes Lake Murten and the alluvial plain of the Aare River 91 

(Wolfarth & Schneider, 1991). The southern shore of Lake Biel is composed of 92 

Palaeogene to Neogene Molasse bedrocks forming relatively flat banks (Brombacher, 93 

1997). The north shore of the lake has relatively steep banks caused by dipping 94 

Mesozoic strata, which are part of the southern edge of the Jura Mountains climbing 95 

to 1600 m a.s.l. in a distance of only 8 km. Due to its topography, the northern shore 96 

is only covered in certain places by a narrow alluvial zone (Brombacher, 1997).  97 

Lake Biel is relatively shallow with an average depth of 31 m and a volume of 98 

1.24 km3 (Fig. 2). It comprises three major basins: the Tüscherz Basin (74 m 99 

maximum depth) in the north-east; the Lüscherz Basin (55 m) to the south of the 'St. 100 
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Petersinsel' peninsula; and the Neuenstadt Basin (35 m) to the north of the peninsula 101 

(Fig. 2). Lake Biel is warm monomictic and has changed from mesotrophic in the 102 

1950s to eutrophic in the 1970s and is now meso-eutrophic (Wright et al., 1980; 103 

Liechti, 1994). Limnological characteristics are similar to those of other Swiss Plateau 104 

lakes. During the warm period (April to October), temperature increases in the upper 105 

layers and a stable density stratification develops. In winter (November to January), 106 

deep mixing of the lake results in a nearly homogenous water column and oxygen 107 

saturation is almost complete (Santschi & Schindler, 1977).  108 

The main tributaries include the Thielle River, which forms the outlet from the 109 

nearby Lake Neuchâtel to the south-west, the Schüss River, which enters the lake in 110 

the city of Biel, and the Aare River, the only tributary to the southern basin and the 111 

main water supply of Lake Biel (Fig. 1C). The Aare River has only been flowing into 112 

Lake Biel since 1878 when as part of the first JWC framework it was diverted through 113 

the Hagneck Channel into the lake in order to control devastating floods in the 114 

surrounding Seeland area. It now supplies ca 80% of the water, suspended particulate 115 

matter and dissolved substances to Lake Biel (Santschi & Schindler, 1977). As the 116 

Aare River flows through Lake Brienz, Lake Thun (Fig. 1B) and the Wohlensee 117 

Reservoir (Fig. 1C) before reaching Lake Biel, most of Aare’s sediment is trapped in 118 

these upstream lakes (Wright et al., 1980; Thevenon et al., 2013). As a result, the 119 

sediment load carried by the Aare at the inflow at Hagneck largely derives from the 120 

Saane River, a major tributary that joins the Aare River 30 km upstream of Hagneck. 121 

Today, Lake Biel has a very large catchment area relative to the lake volume. Its 122 

drainage basin encompasses 8305 km2 (about 20% of Switzerland), including large 123 

sections of the northern Swiss Alps, which creates a hydrological regime dominated 124 

by late spring snowmelt. The present-day hydrology of the lake differs greatly from 125 
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that prior to 1878.  126 

Early current measurements suggested that the water-circulation patterns in 127 

Lake Biel are strongly dominated by inflow-induced currents, setting up a general 128 

counterclockwise water circulation due to the deflection of the inflowing Aare to the 129 

right by the Coriolis force (Nydegger, 1967; 1976). In contrast, Albrecht et al. (1999) 130 

observed signatures of the plume flowing into the center of the lake. Using a 131 

hydrodynamic approach, Råman Vinnå et al. (2017a) recently explained the existence 132 

of those two characteristic patterns by a wind-induced lake circulation. North-easterly 133 

winds and resulting clockwise lake circulation will move the plume toward the lake 134 

center while south-westerly winds will push the plume counterclockwise towards the 135 

south-east shore. The composition of the surface sediment reflects this circulation 136 

pattern, with terrigenous Aare River material predominantly deposited along the 137 

south-east shore and in the Tüscherz Basin, to the right of the river mouth (Weiss, 138 

1977; Wright & Nydegger, 1980). Sedimentation in the Neuenstadt Basin is 139 

influenced by particles from the Thielle Channel, which may explain the higher 140 

sedimentation rate relative to that in the Lüscherz Basin (Wright et al., 1980). 141 

Hydropower plants have also changed the flow of water and particles in the 142 

upstream Aare system. Upstream of Lake Brienz, the flow of the Aare River is 143 

affected by seven reservoirs associated with hydropower units. These hydropower 144 

dams in the high-Alpine Grimsel area (constructed in the 1930s to 1950s) have altered 145 

the seasonality of the Aare River flow (shift of some of the particle input from 146 

summer to winter) and reduced the particle input from upstream glaciers to Lake 147 

Brienz by two-thirds (Wüest et al., 2007; Anselmetti et al., 2007). The most important 148 

hydrological change in the Saane River system (Fig. 1) was the construction of the 149 

Rossens Dam in 1948 (Fig. 1C). Since then, the Saane River discharge pattern has 150 



	   	   	  

	  

7	  

been heavily influenced by hydroelectricity production, which maintains the 151 

downstream water discharge almost constant, excluding times of strong flood events 152 

(Thevenon et al., 2013). Since 2016, artificial floods are being tested on the Saane 153 

River to recreate the natural rhythm of the river and eliminate the negative impacts of 154 

the hydropower plant, such as algae growth, clogging sediments, and species that 155 

have moved in profiting from the unnatural flows (Cook, 2017). 156 

The construction of the Hagneck hydropower plants on the mouth of the 157 

Hagneck Channel in 1900 (Nast, 2006) reduced the energy level and, therefore, the 158 

sediment transport capacity of the Aare River. Following critical floods in 2005 and 159 

2007 and an imminent dam collapse in 2007, the Hagneck Channel was renovated for 160 

the first time after 130 years. Between 2010 and 2015, side dams were raised and 161 

widened, and slopes stabilized to resist discharges up to 1500 m3/s (i.e. a 100 year 162 

flood). The Hagneck hydropower plant was also rebuilt, raising the electricity 163 

production from 11 MW to 24 MW (Amt für Wasser & Abfall, 2015). 164 

 165 

THE JURA WATER CORRECTIONS 166 

Starting from the Middle Ages, numerous historical records describe 167 

catastrophic flood events in the Seeland region surrounding the lakes of Neuchâtel, 168 

Murten and Biel. First mention of these events is made with reference to a ‘millennial 169 

flood’ in 1342, which was followed by several other damaging floods (Nast, 2006). 170 

Obviously, not all flood events were reported but, based on written testimony, Nast 171 

(2006) inferred that major Seeland floods occurred on average every 9.5 years 172 

between 1500 and 1882. As a result of these floods, the Seeland was a poverty-173 

stricken marshy area in which the risk of epidemics such as malaria was very high, 174 

and agriculture and farming were difficult. 175 
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The first documented flood mitigation measures were taken in the second half 176 

of the 16th Century: fish traps were banned from the Thielle River (flowing out of 177 

Lake Biel, now the Nidau–Büren Channel, Fig. 1) in Nidau, in order to avoid any 178 

blockage of the outflow (Vischer, 2003). However, flooding remained recurrent. The 179 

worst historic flood was recorded in 1651, when the overflowing Aare River merged 180 

with Lake Biel to form one large ‘Lake of Solothurn’, spreading from the lake to the 181 

City of Solothurn (location in Fig. 1; Schneider, 1881; Vischer, 2003). Additional 182 

measures were then implemented to prevent such catastrophic floods, and several 183 

regional projects were initiated, marking the beginning of the Jura Water Corrections 184 

era. 185 

In 1868, after multiple debates about the planning and the realization of the 186 

river engineering, the cantons of Bern, Fribourg, Vaud, Neuchâtel and Solothurn 187 

finally launched the first major modification of the hydrological system of the Seeland 188 

and neighbouring regions: the first JWC. One of the major achievements of this 189 

project was the construction of an 8 km long deviation channel, the Hagneck Channel. 190 

As a flood control scheme, the path of the Aare River was modified downstream of 191 

Aarberg to flow directly into Lake Biel (Fig. 1; Nast, 2006). The construction of the 192 

Hagneck Channel involved the excavation of millions cubic metres of Molasse 193 

bedrock, composed of hard sandstones and alterable marls (Vischer, 2003). Before the 194 

opening of the Hagneck Channel in 1878, the Thielle River (lake outlet) had to be 195 

widened. The JWC thus started in 1868 with the construction of the Nidau–Büren 196 

Channel, which led to a rapid lake level drop (2 m). The construction of the Hagneck 197 

Channel then started in 1873, and the channel was opened in 1878, but the river 198 

continued to intensely erode the riverbed in the channel due to the changed gradient 199 

along the river and new stabilization constructions were built between 1887 and 1900 200 
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(Thevenon et al., 2013). With the completion of these additional constructions, the 201 

Hagneck hydropower plant was finally inaugurated in 1900 (Nast, 2006). In addition 202 

to this major deviation, the regional river management program also included the 203 

channelization of the naturally inflowing small rivers Broye and Thielle, which started 204 

in 1874 and 1875, respectively. The JWC, especially the lowering of the mean lake 205 

level by 2 m, allowed drainage of the surrounding wetland areas. The formerly 206 

swampy Seeland became a vast fertile agricultural area. Changes in the soil and 207 

surface properties following this major landscape and river managing work even 208 

affected the local and regional climate on the Swiss Plateau (Schneider et al., 2004). 209 

A second phase of river engineering took place between 1962 and 1973: the 210 

second JWC. The need for this second phase had already been anticipated at the time 211 

of the first JWC. It consisted essentially of the construction of the Flumenthal Dam in 212 

1970, ca 20 km downstream of Lake Biel (Fig. 1), to regulate the outflow of the three-213 

lake hydrological system and the confluence with the Emme River. In addition, the 214 

Broye (1962 to 1970), Thielle (1965 to 1970) and Nidau–Büren (1963 to 1973) 215 

channels were widened and deepened, each by a few metres (Fig. 1). An estimated 2.7 216 

million cubic metres were excavated from the Nidau–Büren Channel and dumped 217 

with hopper barges into a subaquatic disposal site in Lake Biel, between Ipsach and 218 

Sutz–Lattrigen (Chavaz & Gygax, 1964). The hopper barges were emptied in a water 219 

depth of ca	  10 m in order to reduce turbidity at the lake surface, and at the top of the 220 

slope so that the material would slowly make its way down to deeper grounds (Josef 221 

Frommelt, 2nd JWC hopper barge pilot, Schlossmuseum Nidau). The emptying lane 222 

was delimited with buoys and moved stepwise every week. For some of the material, 223 

however, such as lake chalk, the barges had to navigate 3 to 4 hours in the middle of 224 

the lake to be able to rinse it out using a water hose. Since the second JWC, only two 225 
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major floods have occurred in the Seeland, in 2007 and 2015. 226 

 227 

PREVIOUS INVESTIGATIONS 228 

Jeannet (2012) investigated a 10 m long composite percussion piston core 229 

recovered close to the Aare River mouth in the Lüscherz Basin (black star in Fig. 2), 230 

in an effort to detect changes in sediment composition following the first JWC. The 231 

core was retrieved using an ETH Zurich/Eawag Uwitec system. In order to minimize 232 

the sediment loss and/or sediment disturbances induced by the coring technique, two 233 

long cores BIE11-1 and BIE11-2 were taken on contiguous sites with a 0.5 m 234 

overlapping in depth (Suppl. Mat.). 235 

The main findings are summarized hereafter. The deviation of the Aare River is 236 

evidenced by changes in the grain-size distribution, in the sedimentation rate and in 237 

the elemental composition. Major/minor element distributions from X-ray 238 

fluorescence (XRF) core-scanning reveal an abrupt increase in elements of 239 

allochthonous origin (Ti, Si, K, Fe and Mn) in response to the Aare River deviation, 240 

while Ca decreases. Higher Fe/Mn ratios suggest an increase in oxygen supply to the 241 

hypolimnion subsequent to the new permanent inflow of large water masses. The 242 

sediments deposited during the years following the end of the Hagneck Channel 243 

excavation display significantly coarser material (144.5 to 147.5 cm depth, 1878 AD; 244 

>60 vol % of sand-size particles), which clearly reveals an event of strong water 245 

discharge flowing into the lake, intense enough to erode and transport such coarse 246 

grains. The sedimentation rates subsequently stabilized at ca 0.89 cm/yr (Suppl. 247 

Mat.), six times higher than before the Aare deviation (ca 0.15 cm/yr for the last 6000 248 

years). 249 

 250 
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METHODS 251 

Bathymetry data 252 

In March 2015, a high-resolution bathymetric dataset was acquired with a 253 

multibeam echosounder (Kongsberg EM2040; 1° × 1° beam width; operating at 300 254 

kHz; Kongsberg Maritime, Kongsberg, Norway), installed on the R/V ArETHuse. A 255 

more detailed description of the method and the used equipment has been published 256 

by Wessels et al. (2015); thus only a brief summary is provided hereafter. Positioning 257 

of the survey vessel was done with a GPS/GNSS receiver (Leica GX1230+ GNSS; 258 

Leica Geosystems AG, St Gallen, Switzerland) in combination with the RTK 259 

positioning service ‘swiposGIS/GEO’ streamed from a mobile communications 260 

network, providing centimetre-level accuracy. Attitude and heading of the vessel were 261 

monitored with a Kongsberg Seatex MRU5+ inertial navigation system and a Trimble 262 

SPS361 GPS compass (Trimble Inc., Sunnyvale, CA, USA), respectively. Data were 263 

recorded with the Kongsberg SIS software. Sound-velocity profiles in the water 264 

column for depth calculation were acquired several times per day with a Valeport 265 

miniSVP probe (Valeport Limited, Totnes, UK). Raw data were processed with 266 

CARIS HIPS/SIPS 9 (Teledyne CARIS Inc., Fredericton, NB, Canada). From the 267 

cleaned point cloud, a gridded dataset with 1 m cell size was generated, providing the 268 

elevation of the lake floor. The shallow (<5 m water depth) nearshore zone cannot be 269 

measured efficiently with this multibeam technology and was instead measured using 270 

airborne topobathymetric laser scanning (LiDAR). Wessels et al. (2015) provide more 271 

details on the applied LiDAR methodology. The two datasets (multibeam and LiDAR 272 

data) were subsequently merged in order to obtain a seamless digital terrain model 273 

(DTM) of the entire Lake Biel (Fig. 2). Analyses, descriptions and interpretations of 274 

the bathymetry were performed in standard GIS software and are mainly based on 275 
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shaded reliefs of the dataset. 276 

 277 

Reflection seismic data 278 

A total of 45 km of reflection seismic profiles were acquired on 26 April 2010 279 

using a single-channel 3.5 kHz pinger source fixed on an inflatable cataraft that was 280 

pushed in front of the R/V ArETHuse. The seismic profiles were recorded digitally in 281 

SEG-Y format, using GPS (error ± 5 m) for navigation. Seismic data were processed 282 

using band-pass filtering (2.2 to 6.3 kHz). The time–depth conversion in water and 283 

sediment is based on a constant P-wave velocity of 1450 m/s. Vertical seismic 284 

resolution is defined as one quarter of the wave length of the seismic signal (Rayleigh, 285 

1885) thus ca 10 cm for the 3.5 kHz source. Interpretation of seismic data was 286 

accomplished with the KingdomSuiteTM 8.1 software. 287 

 288 

Sediment coring and analyses 289 

Forty-eight short cores of 1 to 2 m in length and 63 mm in diameter were 290 

retrieved with a gravity corer (Eawag-63/S corer; Eawag, Dübendorf, Switzerland). 291 

Campaigns took place in 2010, 2013, 2014, and in 2015, after the bathymetry 292 

campaign. Sixteen cores were logged using a GEOTEK multi-sensor core logger 293 

(Geotek Limited, Daventry, UK): Gamma-attenuation bulk density, P-wave velocity, 294 

and magnetic susceptibility were measured at intervals of 0.5 cm. All cores were split 295 

for further description and analyses. Open cores were photographed using a line scan 296 

camera.  297 

Elemental analysis of five sediment cores was performed with an Avaatech X-298 

Ray Fluorescence (XRF) core-scanner (Avaatech XRF Technology, Dodewaard, The 299 

Netherlands) with resolutions of 1 cm for four cores (BIE 14-54, BIE 14-58, BIE 14-300 
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59 and BIE 14-60) and 2 mm for one core (BIE 14-52). Grain size in the range of 0.02 301 

to 2000 µm was measured for seven cores using laser-diffraction technique (Malvern 302 

Mastersizer 2000; Malvern Panalytical, Malvern, UK). Samples were dispersed in 303 

Calgon® (Sodium Polymetaphosphate) prior to analysis and disaggregated by ultra-304 

sonication. Each sample was measured at least three times. Samples were analysed for 305 

grain-size distribution at 1 cm resolution in cores BIE-14-52 (from 0 to 88 cm) and 306 

BIE-14-61 (from 0 to 111 cm), whereas 10 discrete samples were analyzed in cores 307 

BIE-14-54, BIE-14-57, BIE-14-58, BIE-14-59 and BIE-14-60. The core logging, XRF 308 

core-scanning and grain-size analyses were performed at the Limnogeology 309 

Laboratory of ETH Zurich. 310 

Aliquots of the same sediment samples analyzed for grain size were freeze-dried 311 

and ground to quantify their total carbon (TC) content using an Elemental Analyzer 312 

EURO EA 3000 (EuroVector SpA, Milan, Italy) and their total inorganic carbon 313 

(TIC) content using a CM5015 Total Inorganic Carbon Analyzer (UIC Inc., Joliet, IL, 314 

USA). Both measurements were conducted at the Sedimentology Laboratory at 315 

Eawag. The total organic carbon (TOC) content was derived from TOC = TC – TIC. 316 

The 137-Caesium (137Cs) activity in the samples of cores BIE10-9, BIE-14-61 317 

and BL13-1C was determined on high-purity Germanium Well Detectors (Canberra 318 

Industries) at the Gamma Laboratory at Eawag. A total of 5 to 10 g of freeze-dried 319 

and ground sediment samples was weighted into sample tubes. 320 

 321 

RESULTS 322 

Multibeam 323 

Because the layout and general topography of the basins have been known since 324 

the first bathymetric surveys, this study focuses on distinct geomorphological features 325 
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revealed by the high-resolution bathymetric data. Features characteristic of 326 

subaqueous mass transports are evident on the lake bed. Interpretation and mapping of 327 

these features rely on descriptions of the morphology (escarpments, head scars, bulges 328 

and ridges), but also on the identification of surface textures, i.e. small-scale relief 329 

resulting in a distinct appearance of the lake floor in hillshade images (Fig. 2). 330 

 331 

Mass transport structures 332 

Numerous subaquatic mass transport structures are clearly distinguishable in the 333 

lake bottom topography, both on the north-western slope, which is characterized by 334 

steep slopes (up to ca 30°), and on the more gently dipping south-eastern slopes. The 335 

Lüscherz Basin, at the south-western end of the lake, hosts 18 mass transport 336 

structures. On the north-western slope of the main Tüscherz Basin, mass transport 337 

structures cover rather small areas (0.02 to 0.3 km2; Figs 2 and 3A). In the region 338 

Ligerz–Twann, only five such mass transport structures can be observed, while eight 339 

mass transport structures are visible in the region Tüscherz–Alfermée, some of them 340 

with erosional channels incising the north-western slope (Fig. 3B). On the south-341 

eastern slopes of the Tüscherz Basin, mass transport structures are less numerous, but 342 

they form a mass transport complex covering a total surface of 0.86 km2 (Fig. 4). The 343 

amalgamated headwall extends laterally over 1 km at the upper slope break in ca 5 m 344 

water depth. This relatively large mass transport complex is visible between Sutz–345 

Lattrigen and Ipsach. Four distinct compartments can be distinguished based on the 346 

geometry of the headwall and frontal lobes that are identified with four different 347 

colours (black, yellow, orange and red; Fig. 4). Ridges in the headwall clearly 348 

separate the red from the orange mass transport deposit (MTD) and the orange from 349 

the yellow MTD. Different topographies/roughness of the sediment surface in the four 350 
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MTDs suggest the amalgamation of mass transports of different ages (Figs 2 and 4). 351 

Based on overprinting relations (black over yellow, orange over yellow) and the 352 

gradient in surface topography/roughness (red > orange > yellow), the relative timing 353 

of the mass transport occurrences was preliminarily deduced as: (i) yellow; (ii) black; 354 

(iii) orange; and (iv) red. The surface topography of the black MTD was not directly 355 

compared with the three larger ones, as its extent is more limited and its headscar (i.e. 356 

the source and transit areas of the mass transport) is located towards the bottom of the 357 

slope possibly influencing the surface texture. Similarly, the headscar of the red mass 358 

transport is located slightly below the slope break, whereas the yellow and orange 359 

MTDs originated from the slope break. The higher topography of the red MTD could 360 

thus also be the result of a different type of mass transport. 361 

The headscars are bounded by sharp escarpments at the upper slope break, 362 

bordering the shore platform. The MTDs in deep Lake Biel form irregular packages, 363 

typical for deposits that have been transported in a rather coherent way over a limited 364 

distance. Additionally, the surface structure of the MTDs at the foot of the slope, in 365 

particular their pronounced relief (elongated ridges of a typical height of 1 to 2 m, 366 

separated by 5 to 20 m), suggests that large portions moved as coherent packages. 367 

Similar structures have also been explained by in-place deformation of basin 368 

sediments (Schnellmann et al., 2005). The adjacent slope to the north-east of the mass 369 

transport complex reveals rippled surface that we attribute to creeping (Fig. 4), a 370 

common phenomenon in gas-rich sediments (Ledoux et al., 2010). 371 

 372 

Pockmarks 373 

In addition to numerous mass transport structures, the lake floor morphology is 374 

characterized by almost a dozen rounded depressions of varying sizes: most are 375 
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approximately 20 to 30 m in diameter, while the two larger ones are approximately 60 376 

to 70 m in diameter (Fig. 3C). These depressions are interpreted as pockmarks. Seven 377 

pockmarks are located at the foot of the slopes along the north-western shore close to 378 

the Jura Mountain front, between Ligerz and Twann (Fig. 2), in a similar position as 379 

the giant pockmarks discovered in Lake Neuchâtel (Reusch et al., 2015). However, 380 

three pockmarks are located at the foot of the southern slope of the St. Petersinsel, 381 

almost in the central part of the Lüscherz Basin (Fig. 2). In both locations, some of the 382 

pockmarks reveal a succession of pockmarks of different sizes and ages, the older 383 

stages appearing less sharp (Fig. 3C). The pockmarks of Lake Neuchâtel were 384 

interpreted as caused by groundwater seepage sites, where groundwater from the Jura 385 

Mountain karst system flows into the lake (Reusch et al., 2015). As the pockmarks 386 

between Ligerz and Twann are located in a similar position on the foot of the Jura 387 

slope, their formation is probably very similar to those of Lake Neuchâtel. Similar 388 

groundwater discharge could be causing the pockmarks in the Lüscherz Basin, 389 

although gas seepage cannot be excluded as a formation mechanism, given the high 390 

gas content of Lake Biel sediments (see gas blanking in the Seismic stratigraphy 391 

section below). In nearby Lake Le Bourget, a series of collapse craters (20 to 30 m 392 

diameter) were identified near the incipient scars of an ongoing large sublacustrine 393 

sediment slide (Chapron et al., 2004; Ledoux et al., 2010). These collapse craters were 394 

interpreted as resulting from the expulsion of water and/or gas migration due to faults 395 

in the sediment, and to sediment liquefaction induced by earthquakes or by the 396 

increasing pore-pressure due to sediment loading (Chapron et al., 2004). In Lake Biel, 397 

however, the pockmarks are not located close to subaquatic MTDs, and thus cannot 398 

be associated with them. 399 

 400 
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Sediment waves 401 

The relatively wide south-eastern shore platform hosts numerous parallel 402 

elongated bedforms that stretch from the north-east to the south-west, especially in 403 

front of Gerolfingen (Figs 2 and 3D). These bedforms are slightly curved to almost 404 

straight sediment waves with typical wavelengths of several tens of metres, along-405 

crest lengths of up to 500 m and heights of a few decimetres. They are often 406 

asymmetrical, with a steeper slope towards the convex south-eastern side and typical 407 

slope angles of 1.5 to 6.0° on the short side and 0.5 to 3.0° on the long side. Because 408 

neither indications of their migration direction, nor data on their sediment grain size 409 

or internal structure are available, no interpretation as to whether they may represent 410 

dunes, antidunes or cyclic steps (Cartigny et al, 2011; Covault et al., 2017, Symons et 411 

al, 2016) is given. However, the fact that the water depth in which these features 412 

occur is only around 2 to 6 m makes it likely that these sediment waves are linked to 413 

coastal currents induced by wind waves. 414 

 415 

Seismic stratigraphy 416 

Due to high methane content in the sediments (gas blanking), the seismic signal 417 

did not penetrate deep enough to image the deep sedimentary units. However, the 418 

structure of the sediment surface (i.e. the lake floor) as well as shallow units down to 419 

almost 1.5 m (i.e. 2 ms in two-way travel time – TWT) can be distinguished (Fig. 5). 420 

On the seismic profile along the lake's axis (hereafter longitudinal line) and on several 421 

transverse lines, the lake floor appears disturbed (rough irregular surface) over a quite 422 

large area (ca 0.5 km2). There, the uppermost sediments reveal acoustically semi-423 

transparent to chaotic deposits, clearly identified as mass transport structures on the 424 

multibeam bathymetry. Interestingly, on transverse line T2 (Fig. 5E), the lake bottom 425 
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surface topography appears more irregular (i.e. ‘rougher’) than on transverse line T3 426 

(Fig. 5D). As described in the Mass transport structures section, a gradient in surface 427 

topography was also visible in the multibeam bathymetry across the MTD complex 428 

(Fig. 4). Strupler et al. (2015) clearly showed the relationship between the surface 429 

roughness of the translation area and the age of various prehistoric and historic slides 430 

in Lake Zurich, Switzerland. The ‘roughness’ of the surface of the MTD crossed by 431 

T2 thus suggests that this mass transport structure is more recent than the one crossed 432 

by T3. 433 

On the longitudinal line, a seismic unit with low reflection amplitudes (almost 434 

transparent) can be traced across the Tüscherz Basin, with increasing thickness 435 

towards the deeper basin (Fig. 5A to C). This seismic unit reaches ca 35 cm thickness 436 

(0.5 ms TWT), thus is above the limit of vertical seismic resolution (ca 10 cm). It is 437 

located in-between seismic units of higher amplitudes showing undisturbed layered 438 

sediments, the topmost being the lake-floor reflection.  439 

 440 

Sediment cores 441 

Only the sediment cores most useful for the interpretation of mass transport and 442 

sedimentary units (n = 20) are presented. Undisturbed Lake Biel sediments, as 443 

retrieved in the basin outside the MTD (cores BIE10-9, BL13-1C, BIE-14-60, BIE-444 

14-61, BIE-14-62, BIE-14-88, BIE-14-92, BIE-14-93, BIE-14-95; Figs 4 and 6), have 445 

a greyish to brownish colour, are moderately layered, with an organic carbon content 446 

of ca 2 wt% and an average calcium carbonate content of 32 wt%. The average grain-447 

size distribution is 10 to 20% clay, 60 to 80% silt and ca 5% sand. The upper 1 to 2 448 

cm usually reveal an oxidized (yellowish) layer. Three cores (BIE-14-92, BIE-14-93 449 

and BIE-14-88) located outside but close to the MTD complex reveal an alternation of 450 
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1 to 2 cm thick light grey and dark beige layers between 60 cm and 85 cm depth (Fig. 451 

6). At the same depths, several cores reveal a small (<1 cm) layer of lake chalk 452 

(whitish colour; BIE-14-60, BIE-14-81, BIE-14-82, BIE-14-83, BIE-14-92, BIE-14-453 

93, BIE-14-95; BIE-15-06 and BIE-15-06-08; Fig. 6). 454 

Cores located in the central basin reveal one or sometimes two beds interpreted 455 

as turbidites: an up to 13 cm thick dark beige homogenous layer centred around 20 to 456 

30 cm depth and an up to 4 cm thick light grey homogenous layer located between 65 457 

cm and 85 cm depth depending on the core [cores BIE10-9, BL13-1C, BIE-14-59, 458 

BIE-14-61, BIE-14-62, BIE-14-88 and BIE-14-95, underlined (Fig. 4) or bracketed 459 

(Fig. 6) in green].  460 

Core BIE-14-60 at the base of the slope contains a 20 cm thick layer of dark 461 

sand (11 to 33 cm depth), which can be correlated to the upper dark beige turbidite 462 

(Fig. 6). In addition to the thick deposit in BIE-14-60, several cores located in the 463 

basin (BIE-14-58, BIE-14-81 and BIE-14-92) and on the slope (BIE-14-57) reveal a 464 

small 0.5 to 1.0 cm layer of dark sand around 11 cm sediment depth (Figs 4 and 6). 465 

The fact that this sandy layer is located in every core at a depth of ca 11 cm points 466 

towards a single event causing this deposition, and not, for instance, sand from the 467 

dunes on the south-eastern shore platform sliding downslope, as this would occur 468 

multiple times. Since this sand layer is present in cores across the yellow MTD and 469 

outside the MTD complex, it does not reflect the deposit resulting from one of the 470 

mass transports in the complex. Interestingly, core BIE-14-77 located upslope reveals 471 

a sharp transition at 8 cm depth, from well-oxygenated beige silts to a base composed 472 

mostly of darker sand (Fig. 6). This sharp transition most likely represents a sliding 473 

surface, either of the yellow MTD and/or of the dark sand layer. The authors interpret 474 

this dark sand layer as the deposit of an upper slope failure of sandy units with 475 
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geometries too small to be distinguished on the multibeam bathymetry. 476 

Sediment cores retrieved from the yellow MTD reveal greyish to brownish 477 

moderately layered sediment down to ca 60 cm. The upper 60 cm can be relatively 478 

well correlated from core to core (Fig. 6), but such a correlation is nearly impossible 479 

for the deeper parts. At ca 60 cm, lake chalk appears (core BIE-14-81 and BIE-14-82) 480 

as well as sand lenses (BIE-14-59, BIE-14-81 and BIE-14-82) and mottled sediment 481 

(core BIE-14-81 60 to 63 cm, or BIE-14-58 below 60 cm). Mottled sediment is also 482 

present at similar depth in a nearby core outside the MTD (BIE-14-92 67 to 70 cm). 483 

This layer could potentially be linked to the black (or yellow) MTD, as core BIE-14-484 

92 was retrieved just in front of it. However, since this deformed interval consists 485 

mainly of lake chalk, it cannot be ruled out that it was caused by the dumping of 486 

material (i.e. lake chalk) during the rinsing of the hopper barges. 487 

The sediment cores from the orange MTD (BIE-14-54 and BIE-14-55) both 488 

reveal a distinct feature at ca 35 cm depth (Fig. 6): core BIE-14-55 is only 34 cm 489 

long, whereas core BIE-14-54 shows a clear shift at 35 cm depth, from well-layered 490 

beige-brown sediments on top to more greyish mottled sediment below. The transition 491 

is marked by coarser grain size. Additional layers of coarser grains can be seen 492 

throughout the mottled sediments. A second shift towards darker sediment can be 493 

observed at 63 cm, close to the bottom of the core (at 65 cm).  494 

The sediment cores retrieved from the red MTD (BIE-15-06, BIE-15-07 and 495 

BIE-15-08) can be relatively well correlated with each other down to 50 cm (Fig. 6). 496 

In core BIE-15-06, the layers become more tilted between 10 cm and 40 cm. Whereas 497 

core BIE-15-07 only reaches 50 cm, both BIE-15-06 and BIE-15-08 reveal strange 498 

material below 60 cm, such as very light grey clays (BIE-15-06) and an angular stone, 499 

sand and mudclast (BIE-15-08), which can be clearly distinguished by their distinct 500 
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colours and/or grain size (Fig. 6). 501 

 502 

Dating the mass transports 503 

Generally, mass transports can be best dated based on the accompanying 504 

turbidites deposited in the basin, where sedimentation is continuous and undisturbed. 505 

As discussed above, cores located in the deepest part of the Tüscherz Basin reveal 506 

only two large turbidites (green brackets, Fig. 6). The 137Cs activities profile in cores 507 

BIE10-9 and BIE-14-61 (Fig. 7) allows precise dating of the two turbidites: 1964 to 508 

1965 for the grey-coloured one and the year 2000 for the thick dark beige one. In 509 

addition to the 1963 nuclear bomb testing 137Cs peak and the 1986 Chernobyl accident 510 

137Cs peak, the 137Cs activities profile in Lake Biel sediment reveals several additional 511 

peaks, which were previously reported (Albrecht et al. 1998; Thevenon et al., 2013). 512 

The anomalous 137Cs peaks dated to 1977 and 2000 were caused by radionuclide 513 

discharges from the upstream Mühleberg Nuclear Power Plant (NPP, Fig. 1). The 514 

smaller peaks in 1981 and 1983 were also detected by Albrecht et al. (1998, see Fig. 515 

3F) and Thevenon et al. (2013, see Fig. 2), but not discussed in detail. Instead, 516 

Albrecht (1998) reported on a 60Co activity peak related to higher wastewater 517 

discharges from the Mühleberg NPP documented in August of 1982, which can 518 

probably also explain the smaller 137Cs peaks at that time. 519 

The upper dark beige turbidite dated to the year 2000 has been correlated to the 520 

sand layer and therefore was not caused by one of the identified MTD (Fig. 6). The 521 

1964 to 1965 turbidite in core BIE-14-61 (63 to 65 cm depth) can be correlated to the 522 

lowermost (ca 60 cm depth) undisturbed moderately layered sediment in nearby cores 523 

part of the yellow MTD (BIE-14-58, BIE-14-59 and BIE-14-81; Fig. 6). Therefore, it 524 

is suggested here that the 1964 to 1965 turbidite represents the basinal layers of the 525 
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yellow MTD. The shift at ca 60 cm depth in cores BIE-14-58, BIE-14-59, BIE-14-81 526 

and BIE-14-82 corresponds to the top of the yellow MTD, with the moderately 527 

layered sediment on top corresponding to post-event drape (Fig. 6). This yellow MTD 528 

has a smoother topography both on the multibeam and on the seismic line (T3; Figs 4 529 

and 5), as it is covered by a sediment drape. 530 

The three other MTDs (black, orange and red) are difficult to date precisely 531 

because they cannot be correlated to a turbidite. The small black MTD, which started 532 

mid-slope, overprints the yellow MTD and must thus be younger (Fig. 4). Given its 533 

proximity to the cores with the dark sand layer and the 2000 turbidite, the small black 534 

MTD may be linked to this 2000 sedimentological event. Unfortunately, core BIE-14-535 

93, which is located on the edge of the black MTD, does not provide any hints to date 536 

this event (Fig. 6). 537 

The orange MTD, on the other hand, reveals a rougher topography than the 538 

yellow MTD, both on the seismic (Fig. 2, T2) and on the multibeam data (Fig. 4). In 539 

addition, the multibeam bathymetry suggests some overprinting of the orange MTD 540 

on the north-eastern part of the yellow mid 1960s MTD (Fig. 4) indicating a younger 541 

age. Core BIE-14-54, retrieved within this MTD, reveals a shift at 35 cm from well-542 

layered beige-brown sediments on top to more greyish mottled sediment below as 543 

well as a second shift at 63 cm. Core BIE-14-55, also within the spatial extent of 544 

orange MTD, does not penetrate below the upper shift. These shifts possibly indicate 545 

transitions between different sediment blocks of the MTD (yellow and orange stars, 546 

Fig. 6). The upper 35 cm in the two cores seem to reveal a well-layered post event 547 

drape. Based on 35 cm of post-event drape and an average sedimentation rate of 1.2 548 

cm/yr obtained from the 137Cs dating (Fig. 7), the orange MTD could thus be dated to 549 

the early 1980s. However, considering all uncertainties, its age remains speculative. 550 
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Interestingly, the event of the orange MTD did not produce any turbidite in the deeper 551 

Tüscherz Basin. The rougher topography might indicate that the orange MTD moved 552 

as a coherent package, pointing to a mass movement that probably did not disintegrate 553 

into a mass flow, which in turn would explain the absence of a large-scale 554 

resuspension of finer particles leading to an associated turbidite in the sediment 555 

record. Another explanation for the absence of turbidites associated to the orange 556 

MTD could be the higher topography due to the formerly deposited yellow MTD, 557 

which might have been able to stop the path of weak turbidity currents originating 558 

from the north-east during the orange mass transport event. 559 

The red MTD in the north-eastern part of the MTD complex has the roughest 560 

topography (visible on the multibeam data, Fig. 4), possibly pointing to a very recent 561 

event. However, as suggested above, the rougher surface topography of the red MTD, 562 

which originated below the slope break and not at the slope edge like the orange and 563 

yellow MTDs, could also be the result of a different type of transport. A major 564 

argument in favour of this second interpretation is the absence of an MTD-related 565 

sediment facies in the upper part of the cores located in the red MTD (BIE-15-06, 566 

BIE-15-07 and BIE-15-08). In addition, the first 50 to 60 cm sediment intervals of 567 

these cores can be relatively well correlated to those of core BIE-14-82, located in the 568 

yellow MTD. Moreover, sediment cores within the red MTD reveal a clear shift or 569 

transition at 50/60 cm core depth (Fig. 6) with material consisting of very light grey 570 

clays (BIE-15-06), angular stone, sand and mudclast (BIE-15-08). As the transition to 571 

conspicuous material occurs at a similar core depth in both the red (50/60 cm) and the 572 

yellow MTD (ca 60 cm depth) and they both have the yellowish/whitish layers on top 573 

of the MTD, the red mass transport might have occurred at the same time as the 574 

yellow mass transport, thus in 1964 to 1965. 575 
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Interestingly, the lake intake pipe for the drinking water supply of the City of 576 

Biel, which is located at ca	  40 m depth in the vicinity of Ipsach (Fig. 2, exact location 577 

cannot be disclosed for security reasons), reported a large turbidity event at 06:00 on 578 

31 December 2009 (Energy Service Biel, personal communication; Råman Vinnå et 579 

al., 2017b). Analysis of lake-level recordings at Twann revealed an oscillating signal 580 

with a period of 30 min shortly before from 04:00 to 06:00 (Råman Vinnå, 2018). 581 

This type of signal is extremely rare in the records of that station. It is just within the 582 

spatial and temporal resolution of the instrument (1 mm and 10 min), but still 583 

resolvable despite the built-in wave damping. The classical interpretation for this 584 

event is that it was due to a small-scale shallow water wave (tsunami or seiche), itself 585 

likely caused by an underwater mass transport event that produced the associated 586 

water turbidity. The initial interpretation of this study, based solely on multibeam 587 

data, was favouring the close-by red MTD as the potential source and cause for the 31 588 

December 2009 turbidity event. However, the sediment record data herein is not 589 

pointing towards such a hypothesis because it would require a very recent trace in the 590 

sediment record, which was not observed. In addition, the authors would tend to 591 

exclude smaller scale mudflows coming from the north-western shore as possible 592 

sources for this large turbidity event because they could not have caused the observed 593 

small-scale shallow water wave. At this stage, the cause of the 31 December 2009 594 

event thus remains a scientific mystery. 595 

 596 

DISCUSSION: POTENTIAL CAUSES OF THE RECENT LAKE 597 

BIEL SUBAQUATIC INSTABILITIES 598 

The subaqueous landscape of Lake Biel reveals numerous mass transport 599 

structures that happened on relatively gentle slopes. The occurrence of such mass 600 
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transports is well-known in high-seismicity context (Moernaut et al., 2014; Praet et 601 

al., 2017) but the Lake Biel area is not particularly seismic, as no earthquake above 602 

MW 4 and only 11 earthquakes above MW 3 occurred during the last 100 years in a 20 603 

km radius around the lake (Fäh et al., 2011). At the time of the initial failure of the 604 

mass transport complex, only two small earthquakes happened near Lake Biel with a 605 

magnitude of 3.9 and 3.2, in 1964 and 1965, respectively (Fäh et al., 2011). The 1964 606 

event was located between Courgevaux and Coussiberlé at 46.9°N, 7.117°E (ca 23 607 

km away from the slide), whereas the 1965 earthquake occurred at 47.0°N, 7.2°E by 608 

Fräschels (ca 11 km away from the slide, see Fig. 1 for location of the epicentres). 609 

Previous work in Swiss lakes showed that deformation structures start to form in 610 

sediment during ground shaking of intensity VI to VII, with large-scale mass transport 611 

becoming more frequent towards higher intensities (Monecke et al., 2004; Kremer et 612 

al., 2017). According to the Intensity Prediction Equation of Bakun and Wentworth 613 

(1997), a MW 3.2 earthquake at 11 km distance would cause an intensity of IV3
/4, 614 

while a MW 3.9 earthquake at a distance of 23 km would cause an intensity of IV1/4. 615 

These intensities are thus below the thresholds for deformation structures found 616 

previously in Swiss lakes. However, Moernaut et al. (2014) observed delta failures at 617 

intensities of V½ in Chilean lakes, not much above the ground shaking intensities at 618 

Lake Biel in 1964 and 1965.  619 

The strongest historical shaking at Lake Biel actually occurred during the 620 

earthquakes in Basel in 1356 (MW 6.6) and Unterwalden (MW 5.9), which affected the 621 

study area with an intensity of VII and VI, respectively (Fäh et al., 2003; Schwarz-622 

Zanetti et al., 2003). However, no recent events are recorded that reached comparable 623 

intensities at Lake Biel. The fact that most recent failures (i.e. the orange MTD in the 624 

1980s and the black MTD likely in 2000) happened without any significant registered 625 
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earthquakes confirm the fact that lake slopes can fail without tremors, as seen for 626 

example in Lake Brienz in 1996 (Girardclos et al., 2007). In addition to earthquakes, 627 

natural factors that can trigger subaqueous mass transports include, among others, 628 

rock falls, flood events, gas charging, oversteepening and rapid sediment 629 

accumulation (e.g. Locat & Lee, 2002). Without an exact dating it is very hard to 630 

explore these possibilities, but historical data do not provide any indication that rock 631 

falls, flood events or gas charging may explain the orange and black mass transport 632 

events. In this case, the authors rather favour the various anthropogenic activities that 633 

are known to cause slope failures. For instance, the small-scale MTD located in front 634 

of Wingreis and Twann were most likely caused by construction works on the 635 

shoreline (Fig. 3A). In the case of Lake Biel, the deviation of the Aare River into the 636 

lake – in particular the concomitant increase in sediment delivery (Suppl. Mat.) 637 

leading to oversteepening and rapid sediment accumulation (Jeannet, 2012) – 638 

certainly played a key role in promoting the instability of the eastern shore, where 639 

most of the sediment is deposited (Weiss, 1977; Wright & Nydegger, 1980). The 640 

slopes in Lake Biel have thus been preconditioned since the Jura Water Corrections 641 

(JWC) and can fail both due to relatively small shaking intensities and also without 642 

trigger. 643 

Wirth et al. (2011) already demonstrated such an increase in mass-movement 644 

occurrence following the deviation of the Kander River into Lake Thun in 1714. 645 

However, in the case of Lake Thun, sedimentation rates and mass-movement 646 

frequency decreased after 1840, as the Kander River adjusted to its previously 647 

lowered base level and the associated intense river channel erosion decreased. The 648 

Lake Thun sediment record contrasts with Lake Biel having frequent 20th Century 649 

mass transports and can be explained by two factors. First, the deviation of the Kander 650 
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increased the river inflow into Lake Thun by (only) 60% whereas the deviation of the 651 

Aare into Lake Biel increased the inflow by a much higher 340% (from 55 to 240 652 

m3/s). In addition, the Kander deviation happened in 1714 and the natural river-lake 653 

interface was likely able to geomorphologically adjust during the next century to 654 

reach a new equilibrium around 1840. In contrast, the larger-scale JWC and the 1878 655 

Aare deviation in Lake Biel (see above) combined both strong river inflow and 656 

artificial lake-level lowering. These particular sedimentological settings strongly 657 

increased the susceptibility of Lake Biel slopes to fail. Indeed, high-sedimentation 658 

lake slopes are known to fail without external trigger, as shown by the aseismic 659 

Muota delta collapse in 1687 (Hilbe & Anselmetti, 2014) or the large 1996 Aare delta 660 

collapse in Lake Brienz (Girardclos et al., 2007). Secondary effects of river 661 

engineering increasing sedimentation rate thus need to be taken into consideration, 662 

even though they might only increase sedimentological hazards after a latency of 663 

several decades due to threshold (i.e. sediment buildup) effects. 664 

An additional and complementary explanation for the occurrence of the large 665 

20th Century mass transports in deep Lake Biel is the dumping of materials excavated 666 

from the Nidau–Büren Channel during the second JWC, from 1963 to 1973 (Nast, 667 

2006). The 2.7 million m3 excavated material was transported on 300 m3 hopper 668 

barges to an officially approved subaquatic disposal site located between Sutz–669 

Lattrigen and Ipsach (Fig. 2), thus exactly where the large MTD complex is located. 670 

One exception is the washout of the ‘sticky’ lake chalk while the hopper barges were 671 

navigating, which left a distinctive whitish layer of lake chalk in many sediment cores 672 

from the central Tüscherz Basin (BIE-14-89, BIE-14-60, BIE-14-92, BIE-14-93, BIE-673 

14-81, BIE-14-82, BIE-14-58 and BIE-14-83), also causing also a high amplitude 674 

seismic reflector close to the lake bed reflector.  675 
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The dumping of the excavated material at the disposal site was done in a water 676 

depth of ca 10 m; therefore most of the material must have been located on the slope. 677 

Many cores retrieved from the central part of the Tüscherz Basin, within or close to 678 

the MTD, reveal the presence of dumped material below 60 cm sediment depth (Fig. 4 679 

pink circles; Fig. 6), such as sand lenses, angular stones (BIE-15-08) or grey clays 680 

(BIE-15-06). The distinction between dumped material and MTD is sometimes 681 

difficult, especially in the sediment cores from the yellow MTD (BIE-14-58, BIE-14-682 

59, BIE-14-81 and BIE-14-82, Fig. 6). Thus, it is suggested here that the mass 683 

transports entrained background sediment but also the material dumped on the upper 684 

slope, which might have slid downslope with the rest of the sediments. This explains 685 

the great variety of sediment and the presence of conspicuous material in the cores in 686 

the MTDs. Given the location and the close timing, the dumping of the material 687 

excavated from the Nidau–Büren Channel could have also directly contributed to 688 

trigger the first and largest mass transport (yellow MTD, Fig. 4) and possibly the red 689 

MTD at the same time. The dumping started in 1963, while the yellow MTD was 690 

dated to the mid-1960s based on a turbidite (see Dating the mass transports section). 691 

Thus, sediment dumping, and its consequences for sediment stability, represent an 692 

additional secondary effect of river engineering that can lead to an increased 693 

sedimentological hazard. A likely more recent dump site can be observed from the 694 

multibeam data right in front of the Nidau–Büren Channel and results from the 695 

ongoing dredging of the channel (red bulge in Fig. 2). 696 

In summary, three factors could have played a role in causing mass transports of 697 

the MTD complex: (i) sediment loading following the redirection of the Aare River 698 

into Lake Biel by the first JWC; (ii) dumping of material excavated from the Nidau–699 

Büren Channel during the second JWC; or (iii) low magnitude earthquakes in 1964 700 
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and 1965 in the vicinity of Lake Biel (i.e. triggering the yellow MTD). 701 

 702 

CONCLUSION 703 

An integrated approach, combining subaqueous geomorphological mapping 704 

(multibeam echosounder data) with interpretation of reflection seismic profiles and 705 

analysis of sediment cores (including dating) was used to investigate the spatial and 706 

temporal distribution of recent mass transport structures in Lake Biel. In summary, 707 

Lake Biel reveals recurring cases of relatively large-scale subaquatic slope 708 

instabilities since the mid-1960s, likely caused by human interference in the 709 

'Anthropocene'. Possible triggers of the observed mass transport complex (0.86 km2) 710 

include low magnitude earthquakes, but the likely causes of the observed slope 711 

failures are the deviation of the Aare River and the accompanying dramatic increase 712 

in sediment delivery during the first Jura Water Corrections (JWC), as well as the 713 

subaquatic dumping of material excavated during the second JWC. The 2.7 million m3 714 

subaquatic landfill created by the second JWC dumping is clearly observable in 715 

sediment cores. The fact that it is likely linked to increased subaquatic slope 716 

instabilities questions the practice of sediment dumping that still occurs in lakes of the 717 

Swiss Plateau, and highlights the need for careful consideration of the location of 718 

dump sites. 719 

Lacustrine subaqueous slope instabilities pose a risk for shore communities and 720 

infrastructures because various type of hazards are associated with mass transports: 721 

tsunamis (Schnellmann et al., 2006; Kremer et al., 2015; Hilbe & Anselmetti, 2015); 722 

collapse of shoreline (Kelts & Hsü, 1980); rupture of cables (see Pope et al., 2017, for 723 

a review) and blockage of a drinking water conduit as happened in December 2009 in 724 

Lake Biel (Råman Vinnå et al., 2017b). Therefore, large-scale river-management 725 
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constructions such as the Jura Water Corrections need to consider possible short-term 726 

consequences of subaquatic landfills (i.e. sediment dumping), as well as longer-term 727 

effects, including the effects of higher sediment load on slope stability. 728 
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FIGURE CAPTIONS 936 

Figure 1. Map of Lake Biel. (A) Location of Switzerland in Central Europe (B) 937 

Catchment of Lake Biel, before (hatched) and after (plain and hatched) the first 938 

Jura Water Correction (Swisstopo, 2014) (C) Map of the Seeland region showing 939 

Lake Biel, Lake Neuchâtel and Lake Murten, the various engineering work of the 940 

first and second Jura Water Corrections, as well as the locations of the 1964 and 941 

1965 earthquakes (Swisstopo, 2014). The map is slightly tilted (see northward 942 

arrow). 943 

 944 

Figure 2. Sublacustrine bathymetric map (shaded relief, colour indicating depth) of 945 

Lake Biel (top) with a hillshade map and interpretation of observed morphology 946 

(bottom). The four black rectangles (top) indicate the location of the 947 

geomorphological features highlighted in Fig. 3. The black star indicates the 948 

location of the long core, to the south-west of the Aare delta. 949 

 950 

Figure 3. Selection of distinct geomorphological features observed in the high-951 

resolution bathymetric data of Lake Biel: (A) small-scale mass transport deposit 952 

resulting from construction work on the shoreline; (B) channel incisions on the 953 

slope and mudflows; (C) pockmarks; and (D) subaquatic sand dunes. See Fig. 2 for 954 

location of these features. 955 

 956 

Figure 4. Interpretation of the mass transport complex on a hillshade map. The 957 

locations of all the sediment cores retrieved are given in the small insert on the top 958 

left. Core analyzed in further detail are indicated with small black dots and their 959 

core names on the black and white hillshade map. Asterisks indicate dated cores. 960 
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The transverse seismic profiles T2 and T3 (Fig. 5) are shown by dotted lines. 961 

Outline of mudflows (grey) and mass transport deposits (colours by age as 962 

indicated on the figure) are provided. Locations, where excavated material was 963 

retrieved (at depth below 60 cm) are shown by pink circles. Cores in which 964 

turbidites were observed are underlined in green. Black stars represent cores in 965 

which a sand layer was present at 11 cm core depth. Yellow triangles (pointing 966 

down) represent cores in which lake chalk was present. Sediment creeping to the 967 

north-east of the mass transport complex is indicated with black arrows. 968 

 969 

Figure 5. Seismic lines (A) and (B) along the longitudinal seismic profile (C) 970 

revealing the peculiar almost transparent unit across the entire Tüscherz Basin (SP = 971 

shot points, ms = milliseconds in two-way travel time). This transparent unit is 972 

thinning towards the shallower regions. The inset at the top left of panel (C) shows the 973 

location of the acquired 3.5 kHz seismic lines. The locations of the seismic lines (A), 974 

(B), (C), (D) and (E) are highlighted with thick red in the insert. The sediment surface 975 

in transverse line T1 (D) has a smoother topography than in transverse line T2 (E). 976 

 977 

Figure 6. Cross cores correlation of the cores located – from left to right – outside of 978 

the mass transport complex, within the yellow MTD, orange MTD and red MTD as 979 

indicated by the colour bars on top (see Fig. 4 for locations). The numbers on top 980 

refer to the last two digits of the core number. Core BIE-14-61, which has been 981 

dated based on its 137Cs activity profile (black ticks), is shown twice with ages 982 

indicated in the middle of the figure. The turbidite layers are bracketed in green. 983 

The black sand deposits are highlighted with dashed black vertical lenses. The beds 984 

interpreted as excavated material dumped in the lake are shown by pink vertical 985 



	   	   	  

	  

41	  

lines or dashed pink vertical lines when mixed with background lacustrine 986 

sediment. Yellow triangles pointing down indicate the presence of lake chalk. The 987 

stars indicate the top of the mass transport deposits, with their colour 988 

corresponding to the respective MTD (see Fig. 4). 989 

 990 

Figure 7. Dating of cores BL13-1C, BIE10-9 and BIE-14-61 based on their 137Cs 991 

activity profile. BIE-14-62 was correlated with core BIE10-9 based on the two 992 

highlighted turbidites. 993 



 

Figure 1. Location map of Lake Biel. (a) Location of Switzerland in Central Europe (b) Catchment of Lake 
Biel, before (hatched) and after (plain and hatched) the First Jura Water Correction (Swisstopo, 2014) (c) 
Map of the Seeland region showing Lake Biel, Lake Neuchâtel and Lake Murten, the various engineering 

work of the first and second Jura Water Correction, as well as the locations of the 1964 and 1965 
earthquakes (Swisstopo, 2014). The map is slightly tilted (see northward arrow). 
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Figure 2. Sublacustrine bathymetric map (shaded relief, color indicating depth) of Lake Biel (top) with a 

hillshade map and interpretation of observed morphology (bottom). The four black rectangles (top) indicate 

the location of the geomorphological features highlighted in Figure 3. The black star indicates the location of 

the long core, to the southwest of the Aare delta. 
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Figure 4. Interpretation of the mass-movement complex on a hillshade map. The locations of all the 

sediment cores retrieved are given in the small insert on the top left. Core analyzed in further detail are 

indicated with small black dots and their core names on the black and white hillshade map. Asterisks 

indicate dated cores. The transverse seismic profiles T2 and T3 (Fig.5) are shown by dotted lines. Outline of 

mudflows (grey) and mass transport deposits (colors by age as indicated on the figure) are provided. 

Locations, where excavated material was retrieved (at depth below 60 cm) are shown by pink circles. Cores 

in which turbidites were observed are underlined in green. Black stars represent cores in which a sand layer 

was present at 11 cm depth. Yellow triangles (pointing down) represent cores in which lake chalk was 

present. Sediment creeping to the northeast of the mass-movement complex is indicated with black arrows. 
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Figure 5. Seismic lines (A, B) along the longitudinal seismic profile (C) revealing the peculiar almost 

transparent unit across the entire Tüscherz basin (SP = shot points, ms = milliseconds in two-way travel 

time). This unit is thinning towards the shallower regions. The insert on the top left of panel C shows the 

location of the acquired 3.5 kHz seismic lines. The locations of the seismic lines (A, B, C, D, E) are 

highlighted with thick red in the insert. The sediment surface in transverse line T3 (D) has a smaller-scale 

topography than in transverse line T2 (E). 
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Figure 6. Cross cores correlation of the cores located -from left to right- outside of the mass-movement 

complex, within the yellow MTD, orange MTD and red MTD as indicated by the color bars on top (see Fig. 4 

for locations). The numbers on top refer to last two digits of the core number. Core BIE-14-61, which has 

been dated based on its 137Cs activity profile (black ticks), is shown twice. 137Cs ages are only shown in 

next to the one in the middle of the figure. The turbidites are bracketed in green. The black sand deposits 

are highlighted with dashed black vertical lenses. The excavated material dumped in the lake is shown by 

pink vertical lines, or dashed pink vertical lines when mixed with background lacustrine sediment. Yellow 

triangles pointing down indicate the presence of lake chalk. The stars indicate the top of the mass 

movements, with their color corresponding to the MTD. 
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Figure 7. Dating of cores BL13-1C, BIE10-9 and BIE-14-61 based on their 137Cs activity profile. BIE-14-62 

was correlated with core BIE10-9 based on the two turbidites highlighted. 
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