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Earthquake-induced deformation structures in lake deposits:
A Late Pleistocene to Holocene paleoseismic record for

Central Switzerland

KATRIN MONECKE!, FLAVIO S. ANSELMETTI?, ARNFRIED BECKER?, MICHAEL SCHNELLMANNZS,

MICHAEL STURM?* & DOMENICO GIARDINI!
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ZUSAMMENFASSUNG

In den bis zu 15,000 Jahre alten Sedimenten von vier Seen in der Zentral-
schweiz wurden Spuren von drei starken historischen und mindestens sieben
prahistorischen Erdbeben gefunden. Der Schweizer Erdbebenkatalog der letz-
ten 1000 Jahre verzeichnet in der Zentralschweiz drei grossere Erdbeben mit
Magnituden zwischen My=5.7 und My = 6.2 (1964 AD Alpnach, 1774 AD Alt-
dorf, 1601 AD Unterwalden) sowie ein katastrophales Mw = 6.9 Ereignis in
Basel im Jahre 1356 AD. Zur Bestimmung der Wiederkehrraten dieser star-
ken Erdbeben wurden mit Hilfe von hochauflésender Seismik und Sediment-
kernanalysen paldoseismische Untersuchungen in vier verschiedenen Seen in
der Zentralschweiz durchgefiihrt (Lungerer See, Baldegger See, Seelisberg
Seeli und Vierwaldstatter See). In Abhingigkeit von der Geometrie des See-
beckens, des Sedimenttyps und der lokalen Bodenerschiitterung treten wih-
rend eines Erdbebens grosse subaquatische Rutschungen oder kleine in-situ
Deformationsstrukturen auf. Die Spuren der historischen Erdbeben zeigen,
dass Seesedimente nur ab einer Magnitude von My>5.7 und bei einer lokalen
Bodenerschiitterung der Intensitdt >VII deformiert werden. Mindestens sechs
prahistorische Erdbeben in der Zentralschweiz (Epizentrum und Magnitude
dhnlich wie beim My=6.2 Unterwalden Erdbeben), sowie ein starkes prahisto-
risches Erdbeben in der Baselregion (Magnitude dhnlich wie beim My = 6.9
Basel Erdbeben) konnten anhand der Art und regionalen Verteilung der De-
formationsstrukturen bestimmt werden. Dariiber hinaus gibt es Hinweise auf
ein weiteres Ereignis in der Nahe von Basel und vier weitere Ereignisse in der
Zentralschweiz. Im Vergleich zum Mittleren Holozdn scheint die Erdbeben-
haufigkeit in der Zentralschweiz erhoht wihrend des Spitpleistozéns/Friihho-
lozins und wéhrend der letzten 4000 Jahre. Dies kann einerseits auf isostati-
sche Ausgleichsbewegungen nach dem Abschmelzen des Eises vor 15,000 Jah-
ren, sowie auf eine periodische Aktivierung einer alpinen seismogenen Zone
in jiingerer Zeit zuriickgefiihrt werden.

ABSTRACT

Traces of three larger historic and at least seven prehistoric earthquakes dur-
ing the last 15,000 years were found in the sedimentary record of four lakes in
Central Switzerland. The Swiss historic earthquake catalogue of approximate-
ly the last 1000 years reports three larger earthquakes in Central Switzerland
with moment magnitudes varying between My = 5.7 and My = 6.2 (1964 AD
Alpnach, 1774 AD Altdorf, 1601 AD Unterwalden) and the nearby cata-
strophic My = 6.9 event close to Basel in 1356 AD. In order to determine the
recurrence intervals of such events and thus, the seismic hazard and risk, pale-
oseismic investigations were carried out in four different lakes of Central
Switzerland (Lungerer See, Baldegger See, Seelisberg Seeli, Vierwaldstatter
See) using high-resolution seismic data and sediment core analyses. Depend-
ing on lake basin geometry, sediment type and local ground shaking earth-
quake-induced deformation structures comprise large-scale mass movement
deposits and small-scale in-situ deformation features. The signatures of his-
toric earthquakes show that lacustrine sediments are only affected by seismic
shocks of a minimum magnitude of ~My = 5.7 and within or close to the iso-
seismal line of intensity VII. Traces of at least six prehistoric events in Central
Switzerland of similar size and magnitude than the My = 6.2 1601AD Unter-
walden earthquake and one prehistoric 1356AD Basel-type earthquake are
determined by evaluating the type of deformation and the basin-wide as well
as the regional distribution of deformations. One further event in the Basel re-
gion and four events in Central Switzerland are less well defined in the sedi-
mentary record. Compared to the Mid Holocene earthquake frequency in
Central Switzerland seems to be enhanced during Late Pleistocene/Early
Holocene time and during the last 4000 cal y BP, which can be related to iso-
static rebound after the ice retreat starting at about 15,000 cal y BP and a peri-
odic activation of a seismogenic zone in the Alps during recent times.

Introduction

The Swiss historic earthquake record covering approximately
the last 1000 years shows an enhanced seismicity in Central
Switzerland (Féh et al. 2003; Deichmann et al. 2000). This in-
cludes three major earthquakes in 1964 AD, 1774 AD and
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1601 AD with moment magnitudes of My = 5.7, 5.9 and 6.2,
respectively (uncertainties on historic earthquakes are esti-
mated at + 0.5 magnitude units and + 0.5 to 1.0 intensity units,
European Macroseismic Scale, EMS). They occurred within
the today densely populated areas of Sarnen, Altdorf and Un-
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terwalden and caused life-tolls and severe building damages.
Furthermore, the northern part of Central Switzerland was af-
fected by the catastrophic 1356AD Basel event with a magni-
tude of My = 6.9 (Fih et al,, 2003; Mayer-Rosa & Cadiot,
1979).

Central Switzerland is situated within the Alpine range
showing nowadays a low deformation rate and a long seismic
cycle. According to the 1000-year-long historic earthquake cat-
alogue, the 1601 AD Lucerne earthquake as well as the 1356
AD Basel earthquake are unique events within the specific re-
gion, indicating that recurrence intervals are up to several hun-
dreds of years, which is beyond the dataset of the historic
earthquake catalogue. Therefore, geological archives have to
be investigated in order to determine the frequency and size of
large events and thus, the regional seismic hazard.

The most common paleoseismic method is the “on-fault”
mapping of surface deformations that are caused by movement
of an active fault. It allows the direct measurement of displace-
ment rates along the fault and the determination of the earth-
quake size. So-called “off-fault” seismic evidences include
earthquake-induced mass movements (e.g. Jibson, 1996) and
soft sediment deformation features like liquefaction structures
(e.g. Obermeier, 1996; Galli & Ferreli, 1995). Paleoseismic
studies are often carried out within subaerial alluvial settings,
which represent a highly dynamic sedimentary environment,
that may render the identification of earthquake-induced de-
formations difficult. Furthermore, the occurrence of strong
erosion can lead to an incomplete paleoseismic record. Lake
deposits, on the other hand, generally form a quiet, highly sen-
sitive and complete sedimentary archive (Ricci Lucchi, 1995).
Earthquake-induced deformations in lake sediments comprise
large-scale mass movements as well as small-scale in-situ de-
formation structures. Paleoseismic studies have been success-
fully carried out in outcrops of lacustrine sediments (for exam-
ple Sims 1973 and 1975; Marco et al. 1996; Ringrose 1989; Ro-
driguez-Pascua et al. 2000; Hibsch et al. 1997). In modern
lakes, investigations are based on high-resolution seismic data
(Shilts & Clague 1992; Chapron et al. 1999) and more rarely on
sediment cores (Doig 1986; Becker et al. 2002, Migowski et al.
2004).

Paleoseismic studies in Central Switzerland started in Vier-
waldstitter See (Lake Lucerne): Siegenthaler et al. (1987) and
Siegenthaler & Sturm (1991) observed mega-turbidites caused
by mass failure during the historical 1601 AD and 1774 AD
earthquakes. Furthermore, the youngest sediments of four
smaller lakes around Vierwaldstétter See were investigated for
traces of historically reported earthquakes to calibrate earth-
quake-induced deformation in lake sediments (Monecke et al.
2004). Based on a detailed seismic survey in Vierwaldstitter
See, Schnellmann et al. (2002) proposed four larger, prehis-
toric earthquakes in Central Switzerland during the Late Pleis-
tocene/Holocene indicated by multiple contemporaneous mass
failure at different lake sides. In order to complete this paleo-
seismic record and to determine, if possible, epicenter and
magnitude of prehistoric events, the present study focuses on
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three smaller lakes around Vierwaldstétter See distributed
within an area of approximately 2000 km?: Lungerer See,
Baldegger See and Seelisberg Seeli. The lakes were studied
using high-resolution seismic data and sediment cores. Defor-
mation structures clearly distinguishable from the regular lake
sedimentation and potentially generated during seismic shocks
are described and dated. A probability of earthquake-trigger-
ing is assigned to these so-called events depending on the dis-
tribution of deformation throughout the single lake basins, and
on type and intensity of deformation. In a second step, events
are correlated between the different lakes including paleoseis-
mic data from Vierwaldstétter See as well as from the Basel re-
gion. Considering the type and regional distribution of defor-
mations, possible prehistoric earthquakes in Central Switzer-
land are determined.

Geological and seismotectonic setting

The investigated lakes are located in Central Switzerland close
to the northern border of the Alpine range, where the Helvetic
nappes are thrust over the Molasse basin. In this region several
overdeepened basins were formed by glacier erosion during
the last glaciations. After the progressive retreat of ice after
the Last Glacial Maximum starting at about 15,000 y BP, sev-
eral lakes formed and continuous lacustrine sedimentation
started.

Although the instrumentally recorded seismicity in Central
Switzerland during the last 30 years is extremely low, the his-
toric earthquake catalogue indicates several damaging earth-
quakes during the last 500 years (Fig. 1; Deichmann et al. 2000;
Fah et al. 2003). The largest known events are the 1601 AD
Unterwalden, 1774 AD Altdorf and the 1964 AD Sarnen
earthquakes with moment magnitudes of Mw = 6.2, My = 5.9
and My = 5.7, respectively. The epicenters are located within
the Helvetic domain and are concentrated around Sarnen and
Altdorf (Fig. 1b). Characteristic is the occurrence of earth-
quake swarms including one or more larger events: During the
most recent 1964 AD Sarnen earthquake with a magnitude of
My = 5.7, for example, more than 1000 events were recorded,
including a My = 5 event only one month before the main
shock. Focal depths are remarkably low and lie in a few kilo-
meters depth within the Helvetic nappes (Deichmann et al.,
2000). Only a few focal mechanisms could be determined
which point to WNW-ESE and NNE-SSW striking fault
planes. Remarkably is that normal and reverse faulting occur
very close to each other, which indicates either a very het-
erogenous stress field or a small difference between the small-
est and largest stress (Deichmann et al. 2000).

The Basel region belongs to the Cenozoic rift system of
the Upper Rhine Graben. The instrumentally measured re-
cent seismicity since 1975 has been relatively weak, while the
pre-instrumental macroseismic earthquake catalogue shows
that the Basel region was affected by at least 3 to 4 larger
earthquakes with magnitudes of My > 5 during the last 1000
years. This includes the October 18, 1356 earthquake of Basel,
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Fig. 1. A) Historic seismicity in Switzerland and surrounding areas. B) Location of studied lakes. Dashed line marks northern Alpine front. Dots mark epicenters
of historic earthquakes of the last 1000 years with moment magnitudes My > 5.4 (Fig. 1A) and My > 3.6 (Fig. 1B: after Féh et al., 2003).

which is the largest known earthquake in northern central Eu-
rope with My = 6.9. Investigations of recent earthquakes in
the Basel region indicate relatively shallow hypocentral
depths located mostly between 5 km and 15 km below the sur-
face (Deichmann et al., 2000). Calculated focal mechanisms
of some larger earthquakes show a predominance of strike-
slip faults and normal faults with ENE-WSW direction of ex-
tension.

Methods

A dense grid of high-resolution seismic lines was obtained in
each of the investigated lakes using a 3.5 kHz pinger source.
Navigation was optimized to a precision of + 2 meters using
differential GPS.

The data was processed using the SPW™ seismic process-
ing software package. The raw data was muted, bandpass fil-
tered (1500-6500 Hz) and gained with the “Automatic gain
control”™ — function. The seismic lines were interpreted using
2D KingdomSuite™ interpretation software. Water and sedi-
ment depth were calculated assuming a velocity of 1500 ms™!.

Short cores with a diameter of 5.8 cm and a length up to
2 m were taken with a gravity corer. Several long sediment
cores with the same diameter were taken from coring plat-
forms using two different piston coring systems: In Baldegger
See and Lungerer See Kullenberg piston cores up to a length
of 8 m were taken as entire pieces (for description of the cor-
ing system see Kelts et al. 1986). In a second coring campaign
in Lungerer See, as well as in Seelisberg Seeli, UWITEC pis-
ton cores were taken. This coring system penetrates also
through coarser-grained and very stiff sediment, so that deeper
stratigraphic levels up to a sediment depth of ~20 m can be
reached. As the 3 m long coring barrel can be kept closed, cor-

ing can start at some depth below the lake bottom, where the
piston is released from the barrel tip. The sedimentary record
is recovered in a stepwise coring of 3 m long pieces with an
overlap of 50 cm to 100 cm.

The cores were cut in ~1 m long sections and stored in a
cold room at 4° C. Before opening the cores were scanned
using a GEOTEK Ltd. multi sensor core logger in order to ob-
tain petrophysical data (p-wave velocity, gamma ray density
and magnetic susceptibility).

Cores were split into two halves and photographed imme-
diately after opening, followed by sedimentological descrip-
tion. Characteristic units were sampled (smear slides, sampling
for radiocarbon dating) and photographed in detail.

Preparation and pre-treatment of sample material for ra-
diocarbon dating was carried out by the *C laboratory of the
Department of Geography at the University of Zurich
(GIUZ). The dating itself was done using the accelerator mass
spectrometry (AMS) with the tandem accelerator of the Insti-
tute of Particle Physics at the Swiss Federal Institute of Tech-
nology Zurich (ETH) and the Paul Scherrer Institute (PSI).
Radiocarbon ages were calibrated using the calibration pro-
gram OxCal v. 3.8 (Bronk Ramsey, 1995, 2001; Stuiver et al.
1998).

Dating of lake sediments

The dating and correlation of deformation structures through-
out a single lake basin and between the different lakes is cru-
cial for the interpretation of a regional and potentially paleo-
seismic event (McCalpin 1996, Davenport 1994). The upper-
most sedimentary record of the last approximately 500 years
can be quite accurately dated by using historic data about cli-
mate and environmental changes, flood events, spontaneous
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Table 1. Results of radiocarbon dating of sedi- Depth| Conventional 2 sigma range of calibrated Mean value of
ments from Lungerer See, Seelisberg Seeli and Lake Sample (cm) | Lab code| radiocarbon age (BP)|  radiocarbon age (BP) | 2 sigma range (BP)| 513C (%)| Material
Baldegger See. Calibration according to calibra- Lungerer See | Lng00-1_2 60 | 170 | Uz-4698 555+50 650 - 510 580 22,9 leaves
tion program OxCal v. 3.8 (Bronk Ramsey 1995 Lng00-1_2_61 | 171 | UZ-4938 230460 460-(1960AD) 225 236 leaves
and 2001). Lng00-1_4_69 | 380 | UZ-4939 2830455 3140-2780 2960 224 leaves
Lng00-1_5_97 | 510 | UZ-4940 41550 540-310 425 -20.8 leaves
Lng00-1_6_68 | 580 | UZ-4699 365+45 510-310 410 239 leaves (?)
Lng00-1_6_97 | 610 | UZ-4641 510450 600-470 535 209 leaves
Lng02-2_Alll_64| 660 | UZ-5063 1155460 1240-930 1085 24,8 [plant remains
Lng02-2_BI1_90 | 730 | UZ-5064 1315+80 1370-1050 1210 -22,9 |plant remains
Lng02-3_All_48| 870 | UZ-5065 1575450 1570-1340 1455 239 leaves
Lng02-2_BIl_87| 875 | UZ-5066 1750265 1830-1520 1675 <17 |plant remains
Lng02-3_AIV_36| 920 | UZ-5074 2385450 2720-2330 2525 212 leaves
Lng02-1_1Cll_29 990 | UZ-5073 1330450 1350-1140 1245 25,3 leaves
Lng02-1_Cll_27| 1080 | UZ-5067 157550 1570-1340 1455 24 leaves
Lng02-3_BII_76| 1150 | UZ-5068 2705450 2930-2740 2835 24,5 leaves
Lng00-4_5_19 | 420 | UZ-5070 460+45 560-330 445 218 leaves
Lng00-4_6_7 | 500 | UZ-5071 1975455 2110-1810 1960 21,8 leaves
Lng00-4_7_16 | 600 | UZ-5072 2370465 2750-2150 2450 18,9 leaves
Lng00-6 4 3 | 250 | UZ-4937 2055455 1890-2150 2020 223 leaves
Lng00-6_4_52 | 300 | uz-4700 1710455 1820-1420 1620 229 leaves
Baldegger See| Ba02-7b_46 | 50 |UZ-4905 335455 510-290 400 22,9 leaves
Ba02-7b_58 70 | UZ-4904 300+45 480-280 380 -22,9 |plant remains
Ba02-4b_79 | 120 | UZ-4902 67050 690-540 615 20,3 leaves
Ba02-4b_97 155 | UZ-4903 785+45 790-650 720 -30,2 |plant remains
Ba97-3_4_78 | 265 | UZ-4690 1625+55 1700-1380 1540 -22.3 leaves (?)
Ba97-3_5_33 | 310 | UZ-4691 1850465 1930-1600 1765 23,7 | leaves (?)
Ba97-3 6_17 | 385 | uz-4729 2800+50 3080-2770 2925 29 leaves
Ba97-3 6_83 | 450 | UZ-4692 3330455 3700-3440 3570 232 | leaves (?)
Ba97-3 7.3 | 465 | UZ-4693 3630+70 4150-3720 3935 221 | leaves (?)
Ba97-3 7_19 | 480 | UZ-4694 3695+75 4250-3830 4040 219 | leaves (?)
Ba97-3_7_73 | 530 | UZ-4695 4550465 5460-4970 5215 -23,6 leaves (?)
Ba00-4_4_29 | 560 | UZ-4697 5350465 6290-5950 6120 21,7 | leaves (?)
Ba97-3 8 49 | 600 | UZ-4730 6335485 7430-7010 7220 218 leaves
Ba97-3 9 23 | 660 | UZ-4696 7725470 8640-8380 8510 248 | leaves (?)
Ba97-3 9 58 | 700 | UZ-4731 7995480 9150-8550 8850 31,9 | leaves (?)
Seelisberg Seell Sel01-3_1 90 | UZ-4649 365+50 510-310 410 -17.3 leaves
Sel01-5_All_77| 160 | UZ-4935 555455 650-500 575 -22.2 leaves
Sel01-5_Alll_90| 295 | UZ-4809 1545450 1540-1320 1430 25,5 leaves
Sel01_6_BIIl_85| 330 | Uz4735 2265450 2360-2150 2255 217 | leaves (?)
Sel01_6_Cll_5 | 425 | uz-4804 2525465 2760-2360 2560 243 leaves
Sel01-5_BIlI_16| 480 | UZ-4800 2920+70 3320-2870 3095 -23,3 |plant remains
Sel01-6_CIlI_90| 555 | UZ-4805 3780455 4360-3980 4170 204 leaves
Sel01-6_DII_11| 620 | Uz-4734 5920475 6940-6540 6740 233 |plant remains
Sel01-6_DII_96 | 680 | uz-4806 5400460 6300-5990 6145 25,1 |plant remains
Sel01-6_DIll_84| 720 | UZ-4807 6875465 7840-7580 7710 23 |plant remains
Sel01-6_EIl_8 | 740 | UZ-4808 6695+65 7670-7430 7550 226 | leaves (?)
Sel01-6_Elll_29| 825 | UZ-4812 9765480 11350-10750 11050 26,8 leaves
Sel01-5_DIll_44| 830 | UZ-4811 10065480 12150-11200 11675 -21,6 |plant remains
Sel01-6_FI_61 | 850 | Uz-4813 10805480 13130-12630 12880 4192 | leaves (?)

mass movements and artificial lake level regulations. Varves
were counted in certain intervals, giving an idea about annual
sedimentation rates. Well-dated ash layers of the Laacher See
and probably also the Vasset/Killian volcanic eruptions (Haj-
das et al. 1993) were found in the deeper sedimentary record
of Baldegger See. In addition to this sedimentological data,
about 50 radiocarbon ages were obtained in the three investi-
gated lakes (Table 1). Ideal radiocarbon samples are terrestrial
leaves within regular deposited lake sediments. It has to be
considered that radiocarbon ages tend to be too old because of
dating of old and reworked material and therefore, represent
maximum ages. Furthermore, 2-sigma age ranges of calibrated
radiocarbon ages vary between 130 and 950 years. Within this
study we propose for Lungerer See, Baldegger See and Seelis-
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berg Seeli a depth/age relationship based on the historic data
and calibrated radiocarbon ages including the uncertainty
ranges. Large-scale mass movement deposits are considered as
instantaneous events and are not considered in the calculation
of sedimentation rates. Some samples, which appear too old
and deviate from the general trend of one curve are excluded
from the age model. The deformation structures are dated by
correlating the top of deformed strata to the corresponding
age range.

Earthquake-induced deformation structures in lake sediments

Off-fault coseismic deformation structures in lacustrine sedi-
ments comprise large-scale mass movements and small-scale



in-situ deformation structures. Sub-aqueous mass failure takes
place at the lake sides and can involve different processes of
sliding, slumping and flowing of near-shore lake sediments. If
the lake is bordered by steep cliff faces within high-relief
mountain areas, rockfalls may occur during earthquake shak-
ing. Mobilized masses may cause deformation within the un-
derlying and frontal lake sediments forming “fold-and-thrust
belt structures” (Schnellmann et al. 2005). The mass move-
ment deposits are not only found close to the steep lake sides
but might have been spread far into the central, flat-lying lake
basins. During sub-aqueous mass failure generally a large
quantity of fine-grained material is brought into suspension. It
settles down in the deepest part of the basin forming a thick,
nearly homogeneous turbidite sometimes with a coarser-
grained base (“homogenite”, Sturm et al. 1995; Chapron et al.
1999). This turbidite might show slight periodically changing
grain-size variations indicating an oscillating, standing wave
(seiche) triggered by earthquake shaking or water displace-
ment during mass-failure.

Mass movements in lakes occur not only during seismic
shaking. Large lake level variations or strong wave action can
cause liquefaction and mass-failure. Sediment overloading at
oversteepened slopes leads to spontaneous slope instabilities
and massive delta collapses. Therefore, a single mass move-
ment deposit cannot clearly be interpreted as coseismic defor-
mation feature. Only if multiple mass failure occurs contempo-
raneously at different lake sides a regional trigger mechanism
like an earthquake is highly probable, requiring the correla-
tion of several mass movement deposits throughout the entire
lake basin (Schnellmann et al. 2002).

Small-scale in-situ deformation structures occurring within
distinct horizons can often be identified as true earthquake-in-
duced structures, so-called seismites (Seilacher 1969). Earth-
quake-induced faulting has been observed by several authors
(Seilacher et al. 1969; Ringrose 1989; Becker et al. 2002). It oc-
curs within more consolidated lake sediments stiff enough to
show brittle failure, such as buried sediments in a few dm
depth, fast consolidating carbonate-rich mud or jelly-like gyttja
(e.g. Becker et al. 2002). Soft-sediment deformations like load
casts and pseudonodules are generated by cyclic loading dur-
ing earthquake shaking and subsequent liquefaction and reor-
ganization of a gravitational unstable succession of layered
lake sediments (Allen, 1982; Anketell, 1970). Liquefaction of
sandy to silty layers causes sanddykes and mushroom-like in-
trusions into overlying sediments (Rodriguez-Pascua et al.
2000). Folded layers indicate ductile deformation during hori-
zontally applied shear stress of seismic waves. Finely laminated
sequences like varves can be disturbed during seismic shocks
forming so-called “mixed layers” during stronger events of suf-
ficient duration and amplitude (Rodriguez-Pascua et al. 2000;
Marco et al. 1996; Migowski et al. 2004).

In-situ deformation structures can also be of non-seismic
origin, so that other trigger mechanisms have to be excluded
for paleoseismic studies. During deposition of large-scale slides
and slumps, for instance, underlying lake sediments can be de-

Lungerer See

Lng02-1
Lng02-3
Lng02-2

Line 20 (Fig. 3)

Southern
Basin

_L-_j Seismic lines

n Kullenberg
core location
m UWITEC

b

500 m core location

Fig. 2. Bathymetry, seismic survey grid and coring locations of Lungerer See.

formed (Schnellmann et al. 2005). High sedimentation rates
and rapid, massive sediment load causes synsedimentary faults
and liquefaction structures. Large lake level oscillations or
strong wave action can generate liquefaction structures (Allen
1987). Furthermore, bioturbation can disturb the layered lake
sediments. Finely laminated sediments, which are ideally
varves, that indicate a quiet sedimentary environment with low
sedimentation rates seem to be most favourable for the identi-
fication of earthquake-induced deformation (Rodriguez-Pas-
cua et al. 2000, Marco et al. 1996).

Small-scale in-situ deformation structures are sometimes
difficult to be recognized in sediment cores because of the lim-
ited available exposure of only a few centimeters. They can
also largely vary throughout the lake basin and differ from
core to core (Monecke 2004). The sediment cores that are like
a pinprick may just miss deformation structures such as a sand-
dyke. Furthermore, it has to be considered that the sediment
can be deformed during the coring procedure (Lotter et al.
1997b). Therefore, it is necessary to investigate two or more
cores from one lake basin in order to correlate deformation
structures throughout the lake basin and to determine a seis-
mic event.

In the following chapters we describe so-called “events” for
the sedimentary records of Lungerer See, Baldegger See and
Seelisberg Seeli, which are marked by deformation structures
that are potentially generated during earthquakes.
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Fig. 3. High resolution seismic cross profile (line 20) through the central basin of Lungerer See. Events comprising units of chaotic seismic facies, which are in-
terpreted as large-scale mass movement deposits, are marked in color. Sediment cores, indicated with individual sections, penetrate through the yellow, blue and
green units but do not reach the pink one. For coring locations and position of seismic line see Fig. 2.

Deformation structures in Lungerer See

Lungerer See has a surface area of ~3 km? and lies within a
NNE-SSW striking Alpine valley at an altitude of 689 m a.s.l.
(Fig. 1b). The lake is divided by subaquatic hardrock swells
into three different sub-basins reaching a maximum water
depth of 68 m in the central basin (Fig. 2). There are several in-
flows including a major tributary at the southern end building
up a large delta in this basin.

A dense grid of seismic lines was obtained for Lungerer
See (Fig. 2). The seismic lines show generally a good penetra-
tion of the acoustic signal down to a maximum sub-lake floor
depth of 30 m, but partly the seismic penetration can be lower
probably because of gas-rich sediments. The best subsurface
information was obtained in the central basin where seismic
lines display mainly continuous horizontally-layered seismic
facies representing the regular lake sedimentation (Fig. 3).
Large-scale units of chaotic seismic facies with irregular shape
and thicknesses up to 7.5 m occur. These are interpreted as
mass movement deposits interrupting the regular sedimenta-
tion (Schnellmann et al. 2002; Chapron et al. 1999) and are
named with four colors from the youngest to the oldest: yel-
low, blue, green and pink. Correlation of the uppermost yellow
and blue units to the northern and southern basin is possible,
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whereas interbasinal correlation for the deeper events is un-
certain.

Four Kullenberg and three UWITEC cores were taken in
Lungerer See with an overlap between the different cores
(Fig. 2, Fig. 3). The sediment cores in the central basin reach a
maximum sediment depth of 12 m and penetrate through the
yellow, blue and green units, but do not reach the pink one.
The most complete sedimentary record of Lungerer See was
obtained in the central basin showing clastic-dominated sedi-
mentation (Fig. 4). Regularly deposited sediment consists of
diffusely layered light- to dark-gray silty clays reflecting sea-
sonally changing fluvial input. A large number of sandy to
clayey graded turbidites, which are a few mm up to 20 cm
thick, occur throughout the sedimentary record and were
probably generated during flood events. The large-scale mass
movement deposits, which can be seen also in the seismic
data, consist of massive silty clays and overthrust units of lay-
ered lake sediments and are often overlain by thick slump-
generated turbidites. A depth/age relationship is proposed for
the sedimentary record in the central basin of Lungerer See
reaching back to ~1500 y BP and indicating rather high sedi-
mentation rates of 40 cm in 100 years (Fig. 4). The lowermost
obtained radiocarbon ages in the central (Fig. 4) as weil as in
the northern basin (Fig. 5) are between 2000 and 3000 cal y
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BP indicating that older sediments were recovered at the base
of the cores.

Figure 5 summarizes the seismic-to-core and core-to-core
correlations, which are based on the tracing of the four seismic
stratigraphic event horizons (yellow, blue, green and pink) and
several marker turbidites named T1 to T56 that can be fol-
lowed throughout sub-basins. Deformation structures of Lun-
gerer See are related to seven events, named LNG1-LNG7 in-
cluding the four events, which can be seen in the seismic data.
They mark exclusively mass movement deposits of different
size and from varying sediment sources:

LNG]I, yellow event: The most recent event occurs in ~1 m
depth of the sedimentary record and comprises small-scale
mass flow deposits at the lake sides grading into coarse-
grained turbidites towards the central basin (Fig. 3, Fig. 5). In
the southern basin an erosional surface is seismically visible in
the same depth. The yellow event corresponds to the artificial
lake level lowering of nearly 40 m in 1836 AD followed by the
redamming of the lake in 1927 AD (Ming 1991; Monecke et al.
2004). Erosion occurred in the drained southern basin during
lake level lowstand after 1836 AD. After re-damming of the

lake intensive reworking of the shore deposits took place,
causing mobilization of near-shore lake deposits.

LNG?2, blue event: The blue event occurs in a sediment
depth of 2 m in the central basin and comprises huge mass
movement deposits reaching a maximum thickness of 7.5 m
(Fig. 3, Fig. 5). The top is formed by an up to 1 m thick ho-
mogenite. The thickness distribution derived from the seismic
data, shows three different depositional centers in the central
and northern basin indicating multiple mass failure. In the
southern basin a hiatus occurs within the sedimentary record
(Fig. 5), which can be explained by a large delta collapse dur-
ing basin-wide mass-failure. The blue event is correlated to the
historic Unterwalden earthquake in 1601AD (Monecke et al.
2004).

LNG3 and LNG4: Between marker turbidites T30 and T31
and between T11 and T15 two smaller mass movement deposits
can be found in the sediment cores in the eastern part of the
central basin (Fig. 5). These small-scale units are probably gen-
erated due to slope instabilities within the nearby delta deposits
at the eastern lake side of the central basin (Fig. 2). Mass-fail-
ure took place at ~1000 cal y BP and ~1260 cal y BP (Fig. 4).

Paleoseismic record in lake deposits in Central Switzerland 349



Northern basin

Water depth

Water depth

Lng001

Lng02-1

|

€ 4454115
caly BP

¢ 1960150
caly 8P

< 24504300
1 calyBP

LNGS: 1460 cal y BP

Central basin

Lng02-3

Southern basin

g
E § Water depth 2
-3 5
3
o
% ¥
o 5
S
2
S
Py 20174133
. caly 8P
LNG1: 1927AD e
—— calyBP —
LNG2: 1601AD
TLNG3: 1000 cal y BP
-
LNG4: 1260 cal y BP
LNGS: 1360 cal y BP

Legend
Core section, largely
disturbed during coring

Marker turbidite
Hiatus

Turbidite, generated
during mass-failure
Small-scale slump
deposit: slightly
disturbed layering

— Overthrust units of
layered lake sediments

LNG7:> 2000 cal y BP

Massflow deposit
massive silty clays with
intraclasts of reworked
near-shore lake deposits

50 m

Fig. 5. Seismic-to-core and core-to-core correlations of events and marker turbidites within the sedimentary record of Lungerer See.

LNGS, green event: A larger mass movement deposit oc-
curs in a sediment depth of about 8.5 m in the central basin
comprising a massflow unit in the eastern part grading laterally
into stacked and multiple overthrust segments of layered lake
sediments in the western part (Fig. 3, Fig. 5). Remarkable is
the build-up of a “bump” in the middle of the central basin
and the lack of a massflow-generated turbidite. The maximum
thickness reaches 2.5 m and decreases from the East towards
the West indicating transport from delta deposits in the East-
ern part of the central basin, with the massflow largely deform-
ing the underlying sediments. The deposition of the green unit
occurred around 1360 cal y BP (Fig. 4).

LNG6: Event LNG6 in a depth of ~11 m in the central
basin comprises a 45-70 cm thick mega-turbidite/“homogen-
ite”, which became partly incorporated into the overthrust
lake sediments of the green unit (Fig. 5). The turbidite was
probably generated during mass failure, however, the related
moving mass was not reached with the sediment cores. It likely
can be found right below the green unit in the Eastern part of
the central basin, though it cannot clearly be distinguished in
the seismic data (Fig. 3). The event LNG6 has an age of ~1450
cal y BP (Fig. 4).
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LNG7, pink event: At a sediment depth of ~13 m the seim-
ic lines of the central basin image an additional large-scale
mass movement deposit reaching a maximum thickness of 2 m
(Fig. 3, Fig. 5). It probably correlates with an up to 3 m thick
mass movement deposit in the northern basin, which can be
seen in the seismic data and is reached at the base of core
LNGO004 (Fig. 5). The thickness distribution of the pink unit in-
dicates four depositional centers characteristic for mutiple
slumping within different delta deposits in the central and
southern basin and at the northern lake side (Fig. 6). Assuming
similar sedimentation rates like in overlying sediments (40 cm
in 100 years) a minimum age of about 2000 cal y BP can be as-
signed to the pink event (Fig. 4). Considering the lowermost
obtained radiocarbon ages above the pink unit of 2835 +/- 95
cal y BP in the central and 2450 +/- 300 cal y BP in the north-
ern basin, this event can be even older.

Deformation structures in Baldegger See

Baldegger See is located in the northern Alpine foreland at an
altitude of 463 m a.s.l. (Fig. 1b). It has a maximum water depth
of 66 m and a surface area of 5.2 km? (Fig. 7). There are sever-
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al small tributaries feeding the lake including a major one at
the southern end. The seismic lines show only locally a good
penetration of the acoustic signal probably because of gas-rich
sediments. Therefore, the paleoseismic investigations are
mainly based on 7 short and 4 long sediment cores taken in the
deepest, central part of the basin (Fig. 7).

Sedimentation in Baldegger See is dominated by biochem-
ical processes within the lake (Fig. 8, Fig. 9). The regularly de-
posited sediment consists mainly of faintly to well-laminated
carbonate-rich mud. Remarkable are several up to 70 cm thick
intervals of finely-laminated mud with alternating black, or-
ganic-rich and white, calcite-rich laminae. They are interpreted
as biochemical varves forming under warmer and/or nutrient-
rich conditions (Lotter et al. 1997a). The varves are best pre-
served within cores taken in the deepest part of the basin,
whereas towards shallower water they become thinner and
more disturbed. Some coarser-grained, only a few centimeter
thick clastic layers and turbidites, which were probably gener-
ated during flood events, occur throughout the sedimentary
record.

The recovered sedimentary record reaches back to about
16,000 cal y BP (Fig. 8). Overall sedimentation rates are rather
low varying between 10-15 cm in 100 years. The depth/age re-
lationship shows an increased sedimentation rate towards the

Baldegger See

BSeismic lines

e

m Kullenberg core location \

Short gravity core location

Fig. 7. Bathymetry, seismic survey grid and coring locations of Baldegger See.

top caused by an increased turbidite frequency and a higher
water content within the uppermost sediments. The trend is
only interrupted by the decreased productivity during the Lit-
tle Ice Age. A further interval of increased turbidite frequency
occurs between 8000 and 10,000 cal y BP.

The core-to-core correlations of Baldegger See are summa-
rized in Figure 9. Seven events can be distinguished comprising
mainly small-scale-in-situ deformation structures, which are
best seen within the finely laminated varved sequences.

BAI: The youngest event in the sedimentary record of
Baldegger See shows several clear in-situ deformation struc-
tures (Fig. 9): Within a zone of about 40 cm liquefaction struc-
tures within alternations of silts and carbonate-rich mud, dis-
turbed varve lamination and folded layers occur. As also the
short cores penetrate through this event horizon deformation
structures could be found within 6 of 10 sediment cores indi-
cating the widespread deformation throughout the lake basin.
Event BA1 is correlated to the historic Unterwalden earth-
quake in 1601 AD (Monecke et al. 2004).

BA2: Event BA2 comprises liquefaction structures within
an alternation of sandy silts and carbonate mud as well as
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slightly disturbed layering (Fig. 9). Deformation structures are
found within 3 of 5 sediment cores. The event horizon is corre-
lated to the 1356 AD Basel earthquake, which affected also
the northern part of the study area (Monecke et al. 2004;
Mayer-Rosa & Cadiot 1979).

BA3, BA4 and BAS: These three events include disturbed
lamination and microfaults within 1-7 c¢cm thick intervals of
varved sequences (Fig. 9, Fig. 10). Event horizons BA3 and
BA4 show clear deformation within one core, whereas in the
other cores, varves are missing or not as well preserved, ren-
dering the identification of deformation more difficult. Within
event BAS, on the other hand, slight disturbances of the varve
lamination are visible in all three cores. The events BA3, BA4
and BAS have an age of ~1560 cal y BP, ~3950 cal y BP and
~4040 cal y BP, respectively. Events BA4 and BAS are very
similar in age but do not represent only one event, as the rela-
tive deformation structures are clearly separated by an interval
of undisturbed, finely laminated varves.

BAG6: This event represents an uncharacteristic deforma-
tion feature in Baldegger See as it comprises a large-scale
mass-flow deposit (Fig. 9). It can only be found at the base of
sediment core Ba004, whereas the other cores show neither de-
formation features nor a mass-flow induced turbidite. The

352 K. Monecke et al.

mass-flow deposit is indicated also in the seismic lines and in
the bathymetric data of the lake (Fig. 7). Mass-failure took
place at ~6320 cal y BP.

Ba7: Within the lowermost sedimentary record recovered
in core Ba97-5 the layering of a 2 cm thick sequence of carbon-
ate-rich mud and silty turbidites is disturbed showing slightly
folded layers (Fig. 9). This small deformation occurred at
~10,570 cal y BP

Deformation structures in Seelisberg Seeli

Seelisberg Seeli is a small Alpine lake located within the Hel-
vetic nappes at an altitude of 738 m a.s.l. and bounded by a
steep cliff at the southern lake side (Fig. 1b). It is possibly
formed by combined tectonic and karst processes and has a
surface area of only about 0.2 km? but reaches a maximum
water depth of 37 m (Fig. 11). One small tributary, that is ac-
tive only during periods of strong rainfalls, feeds the lake
(Theiler et al. 2003). The seismic data shows only poor pene-
tration of the acoustic signal probably due to gas-rich sedi-
ments. Four short gravity cores and three long UWITEC cores
reaching a maximum sediment depth of 14 m were taken in
the central part of the basin. As sediment cores at shallower
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water depth were influenced by bioturbation and/or slope in-
stabilities and show incomplete sedimentary records, only one
short core and two long sediment cores taken in the deepest
area of the basin were considered for paleoseismic investiga-
tions.

The sediments of Seelisberg Seeli represent a mixed sedi-
mentary record of clastically and biochemically dominated
processes (Fig. 12, Fig. 13). At the base of the sedimentary
record at 14 m depth, gravels of limestones were found, over-
lain by a ~2 m thick sequence of Late Glacial clays with inter-
calated sandy turbidites. Towards the top the content of or-
ganic matter slowly increases. The regular deposited sediment
in the uppermost 7 m to 8 m consist of organic-rich carbonate
mud with some larger plant remains similar to gyttja deposits.
Locally a well-developed fine lamination of alternating dark
organic-rich and white calcite-rich layers is visible. These inter-
vals are interpreted as biochemical varves but they are less
well-developed compared to Baldegger See due to abundant
plant debris and very thin calcite layers. Remarkable is the
large number of a few mm up to 20 cm thick red-colored silty
turbidites, which are generated during flood events (Theiler et
al. 2003). Thicker gray-colored sandy to silty turbidites are in-
terpreted as mass-flow generated turbidites involving coarser-
grained near-shore material. Furthermore, one rockfall deposit
and one unit of overthrust lake sediments occur (Fig. 13).

The sedimentary record in Seelisberg Seeli reaches back to
about 16,000 cal y BP (Fig. 12). The age model is based on a
well-defined radiocarbon chronology showing increasing sedi-
mentation rates from only 2 cm in 100 years below 7000 cal y
BP to about 12 cm in 100 years towards the top, due to in-
creased authochthonous production and a low degree of com-
paction in the uppermost sediments.

Thirteen events, named SEL1 to SEL13, can be deter-
mined within the sedimentary record of Seelisberg Seeli com-
prising large-scale mass movement deposits as well as small-
scale in-situ deformation structures (Fig. 13):

SELI: The youngest event can be seen in two cores in a
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Fig. 11. Bathymetry. seismic survey grid and coring locations in Seelisberg
Seeli.

sediment depth of 60 cm comprising a slight liquefaction struc-
ture within an alternation of silts and carbonate-rich mud as
well as a microfault within finely laminated organic- and car-
bonate rich mud. These weak deformations can be correlated
to the historic 1774AD Altdorf earthquake (Monecke et al.
2004).

SEL2: In a sediment depth of 1-2 m a mass-movement de-
posit occurs, consisting of a 60 cm thick segment of overturned
and displaced lake sediments, overlain by an up to 60 cm thick
“homogenite”. Some rock fragments can be found within the
overthrust sequence indicating a rockfall probably from the
steep southern lakeside. Event SEL2 is correlated to the his-
toric Unterwalden earthquake in 1601AD (Monecke et al.
2004).

SEL3, SEL9, SEL10: These three events are characterized
by large-scale, up to 60 cm thick, gray-colored turbidites, prob-
ably generated during mass-failure within near-shore lake de-
posits. The top of the uppermost turbidite (SEL3) shows oscil-
lating grainsize variations typical for a seiche deposit (Chapron,
1999). The underlying sediments of the two lowermost mass
flow deposits (SEL9, SEL10) show slightly disturbed bedding
produced during deposition of the moving mass. Event hori-
zons SEL3, SEL9 and SELI10 have an age of ~1610 cal y BP,
~6730 cal y BP and ~7720 cal y BP, respectively.

SEL4, SELS, SEL11: Small-scale slump units indicated by
disturbed layering within 10 cm to 20 cm thick intervals mark
events SEL4, SEL8 and SEL11. Slump deposits related to
event SELS8 are recorded in two cores almost at the same
depth, thus probably correlating to the same event. These
small-scale mass-movement deposits are ~2680 cal y BP, ~5120
cal y BP and ~9660 cal y BP old.

SELS, SEL6: Deformation structures relating tc events
SELS and SEL6 comprise disturbed lamination and micro-
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faults within 5-10 cm thick varved sequences (Fig. 14). They
are partly overlain by small- to medium-scale up to 20 cm thick
turbidites probably generated during mass-failure. The events
SELS and SEL6 occurred at ~2880 cal y BP and ~3370 cal y
BP, respectively.

SEL7: Microfaults and slight disturbances within an alter-
nation of organic-rich carbonate mud and thin flood-generated
turbidites can be observed in two overlapping core sections of
sediment core Sel01-5 within a 5 cm thick interval. Deforma-
tion occurred at ~4490 cal y BP.

SELI12: Within a 20-50 cm thick interval in the lower sedi-
mentary record coarse, up to 10 cm thick limestone debris
occur. They are embedded within largely disturbed layered
lake sediments and represent probably a rockfall deposit from
the steep southern lakeside dated at ~11,660 cal y BP.

SEL13: Pseudonodules, caused by liquefaction, occur with-
in a 50 cm thick sequence of alternating glacial clays and sandy
turbidites in the lowermost sedimentary record. The dating of
this event is poorly constrained but deformation must have oc-
curred during early lake sedimentation within a still glacially
influenced environment around 16,000 cal y BP.

Events in Vierwaldstiitter See (Lake Lucerne)

Paleoseismic investigations in Central Switzerland include a
separate study of Vierwaldstitter See carried out by Schnell-
mann et al. (2002 and 2006, this volume), which is here only
summarized. Vierwaldstdtter See lies at the border of the
Alpine range and is the largest lake in this region with a sur-
face area of 116 km?. The lake is divided into seven sub-basins
reaching a maximum water depth of 210 m. Four major inflows
feed the lake and build up large delta complexes. For paleo-
seismic investigations the central western basin was chosen,
which lacks major deltas and has a low sedimentation rate with
faintly laminated mud. More than 300 km of high-resolution
seismic lines were obtained imaging large-scale mass-move-
ment deposits that interrupt the regular lake sedimentation
(Fig. 15). Based on seismic-stratigraphic correlation, twenty
events of mass-failure are determined during the Late Pleis-
tocene/Holocene (Schnellmann et al. 2006). Six of these events
including the 1601 AD Unterwalden earthquake are charac-
terized by multiple synchronous mass-failures at different lake
sides. Therefore, a seismic trigger mechanism could be as-
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Fig. 14. Microfaults within alternating varves and flood-generated turbidites
of Seelisberg Seeli (core section Sel01-6-CIII).

signed (Schnellmann et al. 2002). Long sediment cores reach
the different seismic stratigraphic event horizons and allow the
dating of the events, compiled in Figure 16.

Determination of earthquakes

The observed deformation structures in lake sediments of
Central Switzerland are potentially generated during earth-
quake shaking. However, other triggering mechanisms have
to be considered and the probability of a seismic event has to
be evaluated by classifying the deformation structure, the dis-
tribution within a single lake and the correlation between dif-
ferent lakes. Small-scale in-situ deformation structures can
directly indicate an earthquake trigger mechanism, e.g. if liq-
uefaction structures or deformed varves occur without evi-
dence of sediment overload or disturbances by mass-flow de-
position. Ideally the deformation structure can be seen within
several cores from one lake to demonstrate the regional im-
pact of seismic shaking and to exclude coring artifacts. Large-
scale mass movements, on the other hand, can be generated
spontaneously at the lake sides especially within mountain
areas and highly dynamic sedimentary systems. Therefore,
only multiple synchronous mass-failures at different lake
sides are highly indicative for a regional seismic trigger mech-
anism. Figure 16 summarizes the observed deformation struc-
tures in the different lake sediments in Central Switzerland
using a three-level scale for in-situ deformation features and
a two-level scale for mass movement deposits, thus assigning
a probability of earthquake origin to the single events within
one lake (data of Vierwaldstitter See after Schnellmann et al.
2006). As a second step events between different lakes are
correlated, as the synchronism and widespread regional dis-

tribution of deformation structures is a strong argument for a
seismic trigger mechanism.

Combining the local and regional evidence of deformation
features, prehistoric earthquakes can be determined with a
confidence level ranging from high to low: 1) A high probabil-
ity of earthquake triggering is assigned to events, which show
clear evidence of earthquake-induced deformation at least in
one lake, like e.g. multiple synchronous mass failure or clear
in-situ deformation structures in several sediment cores. A
high probability is also assigned, when synchronous deforma-
tion structures are observed in three or more lakes. 2) A medi-
um probability of a seismic trigger is proposed for events
showing a medium evidence of earthquake induced deforma-
tion in one lake (clear in-situ deformation at least within one
core) coinciding with deformation within at least one more
lake with coincidence in timing. 3) A low probability is as-
signed to events, which are visible only within one lake show-
ing a medium evidence of earthquake induced deformation,
which means clear in-situ deformation structure within one
sediment core.

It has to be considered that quality and quantity of data de-
creases with increasing age of the sedimentary record. Within
the uppermost sediments down to approximately 500 cal y BP
a dense, excellent database exists due to numerous short cores,
previous investigations that concentrated on the youngest sed-
iments (e.g. Lotter et al. 1997a in Baldegger See; Siegenthaler
& Sturm 1991 and Siegenthaler et al. 1987 in Vierwaldstétter
See) and a very precise dating due to the availability of his-
toric data. For the period prior to 3000 cal y BP, only three
lakes can be compiled because of the short sedimentary record
of Lungerer See. The sedimentary records of Baldegger See,
Seelisberg Seeli and Vierwaldstitter See are less constrained in
the lowermost sediments, as only few cores reach the oldest
sediments. Furthermore, radiocarbon ages are difficult to ob-
tain within still glacially influenced sediments of the Late Pleis-
tocene and calibrated radiocarbon ages have quite large un-
certainty ranges.

As the northern study area can be influenced by large
earthquakes in the Basel region (Mayer-Rosa & Cadiot 1979),
we include also paleoseismic data from on-fault surface map-
ping and lake deposits in the Basel area (Becker et al. 2002,
2005; Ferry et al. 2005). In this region a five-stage scale of
probability of earthquake-triggering ranging from very high to
very low is proposed for the different events. In Fig. 16 we in-
clude only the three highest levels of probability closely relat-
ed to our probability scale.

Historic earthquakes and calibration of earthquake-induced
deformation

Traces of three large historic earthquakes have been found in
the sedimentary record of the four investigated lakes in Central
Switzerland (Fig. 16, Fig. 17) (Monecke et al. 2004; Schnell-
mann et al. 2002; Siegenthaler & Sturm 1991): The clearest and
most widespread deformation occurred during the My = 6.2
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Fig. 15. Multiple mass-flow deposits in Lake Lucerne. (A) 3.5 kHz seismic profile showing the subsurface of Chriiztrichter basin. Colored solid lines mark seismic
stratigraphic horizons allocated to the top of specific mass-flow deposits and megaturbidites. The base of these deposits is marked with dashed lines. Note that
some of the seismic stratigraphic horizons coincide with the top of more than one mass-flow deposit and thus indicate synchronous deposition. See dashed bold
line in Figure 15B for location of the profile. (B) The left and right panels show multiple mass-flow horizons relating to the historic 1601AD earthquake and to a
prehistoric event, respectively. Equidistance of the bathymetric lines is 10 m. Dotted lines contour 5 m intervals and aim to clarify the basin geometry. Grey shad-
ings indicate mass-flow deposits and hatched surfaces mark megaturbidites. Mass-flow deposits, which evolved from subaerial rockfalls are denoted with 'R’. Bold

black lines depict failure scars.

Unterwalden earthquake in 1601 AD with the epicenter in the
middle of the study area causing clear in-situ deformation struc-
tures in Baldegger See and large-scale mass-failures in Vier-
waldstatter See, Lungerer See and Seelisberg Seeli. The My =
5.9 event in Altdorf in 1774 AD affected only the Eastern part
of the study area and caused slight deformation in Seelisberg
Seeli and mass-failure in the Eastern lake basin of Vierwald-
stitter See. The most recent 1964 AD Alpnach earthquake with
a magnitude of 5.7 apparently did not affect the investigated
lake sediments not even within the nearby Sarner See. Traces
of the devastating My, = 6.9 event in Basel in 1356 AD, howev-
er, could be found in northernmost Baldegger See, only.
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The signature of the historic earthquakes can be used to
calibrate earthquake-induced deformation in lake sediments
in Central Switzerland. Although the type and extent of de-
formation during seismic shocks depend on numerous factors
like sediment type, geometry of the lake basin and ampli-
fication of shaking due to site effects, deformation of lake sedi-
ments becomes common and widespread only if the lakes are
situated within or close to the isoseismal line of intensity VII
(Fig. 17, Monecke et al. 2004; Sims 1973 and 1975; Hibsch et al.
1997). Furthermore, a minimum earthquake size of My = 5 to
My, = 5.5 is required as a certain duration and amplitude of
shaking is necessary to deform the lake sediments and to pro-
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Basel area proposed by Ferry et al. 2004 and Becker et al. 2002.

duce e.g. liquefaction structures (Obermeier 1996; Moretti et
al. 1999). Within this study the threshold might be even higher
as indicated by the lack of sediment deformation in Sarner See
during the My>5.7 Alpnach earthquake in 1964 AD.

The spatial distribution of deformation throughout the dif-
ferent lake basins can be used to determine the size and epi-
center of the prehistoric events. Epicenters of historic earth-
quakes are concentrated around Sarnen and Altdorf in Central
Switzerland and around Basel in Northern Switzerland (Fig. 1;
Deichmann et al. 2000; Fiah et al. 2003). Assuming that also
prehistoric earthquakes were generated within these three re-
gions the following assumptions can be made (Fig. 17): Large
earthquakes in the Basel area with magnitudes similar to the
My = 6.9 earthquake in 1356 AD would affect only Baldegger
See in the northern part of the study area. On-fault mapping of
surface deformations in the Basel region revealed no events
with My>6.9 (Ferry et al. 2005), consequently, Vierwaldstétter
See, Seelisberg Seeli and Lungerer See are not influenced by
Basel earthquakes. A larger earthquake in the southwestern

part of Central Switzerland with epicenter and size similar to
the My, = 6.2 Unterwalden earthquake in 1601 AD would af-
fect all investigated lakes. Less strong earthquakes will not be
recorded in Baldegger See and subsequently not in Lungerer
See and Seelisberg Seeli. Medium to large earthquakes in the
Altdorf region do only affect Seelisberg Seeli and the Eastern
part of Vierwaldstitter See, implying that a hypothetical My =
6.2 event in the Altdorf region is probably not recorded within
the other lake basins (see dashed line in Fig. 17).

Prehistoric earthquakes

Basel region:

As indicated by the historic 1356 AD Basel earthquake, strong
seismic shocks in the Basel region can cause deformation with-
in the sediments of Baldegger See. The deformed varves with-
in event BAS at 4040 cal y BP correlate with a highly probable
seismic event recorded in the trench sites (Ferry et al. 2005,
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Becker et al. 2005). Furthermore, the large-scale slump deposit
at 6320 cal y BP (BA6) could be related to an event with only a
low probability of seismic shaking. Further events recorded in
the trench sites and lake deposits in the Basel region could not
be detected in the sedimentary record of Baldegger See.

Central Switzerland:

1) High probability: With high probability six large prehistoric
earthquakes can be assumed in Central Switzerland during the
last 15,000 years (Fig. 16). Five of these events are marked by
multiple synchronous mass-failures in the western basin of
Vierwaldstitter See (Schnellmann et al. 2002 and 2006) and
correlate with deformation structures in Seelisberg Seeli and
Lungerer See: The event at 2350 cal y BP generated might cor-
relate with multiple mass-failure in Lungerer See (LNG?7).
However, the dating in this part of the record is uncertain. The
events at 9870 cal y BP and 11730 cal y BP are marked by a
small-scale slump and a rockfall in Seelisberg Seeli (SEL11,
SEL12). No further deformations are recorded during the
event at 13,710 cal y BP. The oldest event at 14,590 cal y BP
probably correlates with a clear liquefaction structure in Seel-
isberg Seeli (SEL13). Remarkable is that none of these events
could be found in the sedimentary record of Baldegger See.
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The youngest event at 1610 cal y BP is recorded »y de-
formed varves in Baldegger See (BA3), and large-scal: mass
failures in Lungerer See (LNG6) and Seelisberg Seeli GEL3)
with a good coincidence in timing. Despite the occurreice of
only a single mass movement deposit in the two latterlakes,
these are of extraordinary size within the sedimentary -ecord
of Lungerer See and Seelisberg Seeli (Fig. 4: Fig. 13). Tle seis-
mic data of Vierwaldstitter See show only one smal-scale
mass movement deposit (Schnellmann et al. 2006). Hovever,
several turbidites can be found in the sediment cores within
the same stratigraphic level, which could have been gencrated
during small-scale mass movements, which are beyond tie res-
olution of the seismic data. They could also represmt re-
worked material from on-shore coseismic landslides (.ibson,
1996). It is possible that the impact on Vierwaldstitter S:e was
low because a lot of instable sediment at the slopes was dready
mobilized during the previous earthquake at 2350 cal y 3P.

The deformation pattern of these six prehistoric :vents
with a high probability matches well with the historic 10)IAD
Unterwalden earthquake with My = 6.2, as two or more lakes
within the study area are affected and/or the western busin of
Vierwaldstitter See shows widespread multiple mass-falures.
Therefore, we assume that epicenter and size of these prehis-
toric events were similar. The lack of deformation at Baldeg-
ger See during most of these events could indicate an eprenter
located more towards the South or slightly less strong ground
shaking.

2) Medium probability: Medium probability of a s:ismic
trigger mechanism is assigned to two events in Central Svitzer-
land at 3280 cal y BP and 3950 cal y BP. The younger event
comprises deformed lamination and microfaults within varved
sequences and a medium-scale mass-flow deposit in Seelsberg
Seeli (SEL 6). Furthermore, a single large-scale mass nove-
ment deposit in the eastern part of the western sub-besin of
Vierwaldstitter See occurs (Schnellmann et al. 2006). Asthese
deformations are concentrated in the eastern part of the study
area it is possible that the epicenter of this potential event lies
within the Altdorf region with a size comparable o the
1601 AD Unterwalden earthquake.

As no earthquake-induced deformation was observed in
the trench sites in the Basel region the deformed varves in
Baldegger See at 3950 cal y BP correlate possibly with a small-
scale mass movement deposit in Vierwaldstétter See. As a
large earthquake around Sarnen would have been recorded
also in the other lakes the epicenter of this potential eveat lies
possibly further to the North closer to Luzern and Balcegger
See.

3) Low probability: Two events in the sedimentary record
of Seelisberg Seeli (SELS, SEL7) show deformed finely lami-
nated sediments. However, as they are only recorded within
one lake the probability of a seismic trigger mechanism is set
low. The deformations in Seelisberg Seeli occurring at 2830 cal
y BP and 4490 cal y BP could have been generated during seis-
mic shocks in the Altdorf region of at least the size of the My, =
5.9 Altdorf event in 1774 AD.



Conclusions

The present study shows that historic and prehistoric earth-
quakes are recorded in the sedimentary archives of recent lake
deposits. Earthquake-induced deformation structures com-
prise large-scale mass movement deposits and small-scale in-
situ deformation features depending on lake basin geometry,
dominant sedimentary processes within the lake, and local
groundshaking. In order to obtain a paleoseismic record for
Central Switzerland and to determine the size and epicenter of
paleoearthquakes, four lakes in Central Switzerland distrib-
uted within an area of approximately 2000 km? were investi-
gated. Traces of three large historic earthquakes were exam-
ined, allowing the calibration of earthquake-induced deforma-
tion: A minimum earthquake size of about My = 5.7 and local
ground shaking of intensity VII is required to produce clear
and widespread deformation within the lake deposits. An
earthquake of ~My = 6.2 with the epicenter in the middle of
the study area would be recorded in all investigated lakes.
Seismic events with smaller magnitudes or different epicenters
may be recorded only within one lake.

A highly probable prehistoric event in the Basel region
(Ferry et al. 2005) is also evident in Baldegger See deposits.
Furthermore, with a high probability at least six larger earth-
quakes with epicenter and size similar to the 1601 AD Unter-
walden earthquake occurred in Central Switzerland in prehis-
toric times during the last 15,000 cal y BP. Traces of further
prehistoric earthquakes are less well-constrained but might in-
dicate one event closer to Lucerne and three events in the Alt-
dorf region with magnitudes of at least My = 5.9.

The paleoseismic data shows irregular recurrence inter-
vals of large earthquakes in Central Switzerland varying be-
tween ~200 years and ~5000 years with a clustering of earth-
quakes during the Late Pleistocene/Early Holocene and since
about 4000 cal y BP. Earthquake activity mainly reflects the
ongoing collision of the Alpine belt as it has been described
by Persaud & Pfiffner (2004) for the eastern Swiss Alps. Po-
tentially, the higher frequency in the oldest paleoseismic
record images also the isostatic rebound after the retreat of
the glaciers in the Alpine valleys as reported for Northern
Europe (Ringrose 1987; Morner 2000). The clustering during
the last 4000 y BP can partly be an effect of the increasing
quality of the database but probably reflects a periodic acti-
vation of a seismogenic zone in Central Switzerland during
more recent times.
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