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Abstract

Deformation structures in lake sediments in Central Switzerland can be attributed to strong historic earthquakes. The type

and spatial distribution of the deformation structures reflect the historically documented macroseismic intensities thus providing

a useful calibration tool for paleoseismic investigations in prehistoric lake sediments.

The Swiss historical earthquake catalogue shows four moderate to strong earthquakes with moment magnitudes of Mw=5.7

to Mw=6.9 and epicentral intensities of I0=VII to I0=IX that affected the area of Central Switzerland during the last 1000 years.

These are the 1964 Alpnach, 1774 Altdorf, 1601 Unterwalden, and 1356 Basel earthquakes. In order to understand the effect of

these earthquakes on lacustrine sediments, four lakes in Central Switzerland (Sarner See, Lungerer See, Baldegger See, and

Seelisberg Seeli) were investigated using high-resolution seismic data and sediment cores. The sediments consist of organic-

and carbonate-rich clayey to sandy silts that display fine bedding on the centimeter to millimeter scale. The sediments are dated

by historic climate and environmental records, 137Cs activity, and radiocarbon ages. Deformation structures occur within

distinct zones and include large-scale slumps and rockfalls, as well as small-scale features like disturbed and contorted

lamination and liquefaction structures. These deformations are attributed to three of the abovementioned earthquakes. The

spatial distribution of deformation structures in the different lakes clearly reflects the historical macroseismic dataset: Lake

sediments are only affected if they are situated within an area that underwent groundshaking not smaller than intensity VI to

VII. We estimate earthquake size by relating the epicentral distance of the farthest liquefaction structure to earthquake

magnitude. This relationship is in agreement with earthquake size estimations based on the historical dataset.
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1. Introduction

Although the instrumental record of northern

Switzerland shows relatively low levels of seismicity,

the historic earthquake record of the last 1000 years

indicates several damaging earthquakes with moment

magnitudes of Mwz5 and epicentral intensities of

I0zVII [Earthquake Catalogue of Switzerland

(ECOS), Fäh et al., 2003; intensities after European

Macroseismic Scale (EMS)]. The largest known

events are the 1356 Basel and the 1601 Unterwalden

earthquakes with magnitudes of Mw=6.9 and Mw=6.2

and intensities of I0=IX and I0=VII, respectively

(uncertainty bounds on historic earthquakes are

estimated at F0.5 magnitude units and F0.5–1.0

intensity units). Triggered in an area with a low

seismicity level and a long seismic cycle, these strong

earthquakes are considered to have recurrence inter-

vals of hundreds to thousands of years. The historic

earthquake record is thus not long enough to

determine the frequency of large magnitude events.

Therefore, geological archives have to be investigated

in order to get reliable data about seismic hazard and

risk. Lake deposits are regarded as most suitable for

paleoseismic studies as they often form a detailed and

continuous environmental archive (Ricci Lucchi,

1995). Sims (1973, 1975) observed that earthquake-

induced deformation structures in lake sediments

could be correlated to major historic earthquakes.

Traces of prehistoric earthquakes were described in

different lacustrine environments (e.g., Ringrose,

1989; Marco et al., 1996). Using small-scale soft

sediment deformation structures, it was also possible

to estimate paleoearthquake size (e.g., Rodriguez

Pascua et al., 2000, 2003; Ringrose, 1989; Davenport,

1994). In modern lakes, paleoseismic studies focused

mainly on earthquake-generated slump deposits using

seismic data (Shilts and Clague, 1992; Chapron et al.,

1999). In Vierwaldst7tter See in Central Switzerland,

several slump deposits were related to historic earth-

quakes as well as to prehistoric events (Siegenthaler

and Sturm, 1991; Siegenthaler et al., 1987; Schnell-

mann et al., 2002).

Within this study, we will show the effect of strong

historic earthquakes on lacustrine deposits in order to

develop a calibration scheme for paleoseismic inves-

tigations in prehistoric lake sediments. Four lakes in

Central Switzerland with different sedimentary pro-
cesses distributed within an area of 2000 km2 were

investigated using high-resolution reflection seismic

data and sediment cores. Deformation structures,

identified both in the seismic lines and sediment

cores, are described and dated. Special emphasis has

been placed on small-scale in situ deformation

structures in sediment cores as they allow estimations

of local ground shaking intensities. The sedimentary

data are compared to the historical macroseismic

dataset in order to calibrate the observed structures:

different deformation structures in varying distances

to the epicenters are related to corresponding macro-

seismic intensities. Earthquake size is calculated from

the epicentral distance of the farthest liquefaction

structure and compared to the historical dataset.
2. Historical seismicity

The historical ECOS shows two centers of en-

hanced seismicity north of the Alpine range: the Basel

region and the region of Central Switzerland (Fäh et

al., 2003) (Fig. 1A). The Basel region belongs to the

Cenozoic rift system of the Upper Rhine Graben. The

instrumentally measured recent seismicity (since

1975) has been relatively weak, including a major

Mw=4.9 event north of Basel (July 15, 1980—Plaine

de Haute Alsace, Habsheim; Fäh et al., 2003). The

preinstrumental macroseismic earthquake catalogue

covering approximately the last 1000 years, however,

shows that the Basel region was affected by at least

three to four larger earthquakes with magnitudes of

Mwz5 and epicentral intensities of I0zVII. This

includes the October 18, 1356 earthquake of Basel,

which is the largest known earthquake in Central

Europe with Mw=6.9 and I0=IX. Investigations of

recent earthquakes in the Basel region indicate

relatively shallow hypocentral depths located between

5 and 15 km below the surface (Deichmann et al.,

2000; Bonjer, 1997). Calculated focal mechanisms of

some larger earthquakes show a predominance of

strike–slip faults and normal faults with ENE–WSW

direction of extension.

The seismically active area of Central Switzerland

is located at the northern Alpine front. In this region,

seismic activity since 1975 has been extremely low,

showing one larger event in Iberg of November 16,

1995 with a magnitude of Mw=4.0 (Fäh et al., 2003;



Fig. 1. (A) Historical seismicity in Switzerland and surrounding areas. Dots mark epicenters of historic earthquakes of the last 1000 years with

moment magnitudes MwN5.4 (after Fäh et al., 2003). (B) Location of studied lakes.
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Deichmann et al., 2000). In contrast, the preinstru-

mental macroseismic dataset in Central Switzerland

indicates a relatively high seismicity with five larger

earthquakes (Mwz5 and I0zVII), including the 1964

Alpnach, 1774 Altdorf, and 1601 Unterwalden

earthquakes. The 1601 Unterwalden earthquake,

with a magnitude of Mw=6.2 and intensity of

I0=VII, is supposed to be one of the largest events

in Switzerland.

Instrumentally registered recent earthquakes show

remarkably shallow hypocentral depths, indicating

that earthquake activity takes place within the

sedimentary cover (Deichmann et al., 2000).

Although focal mechanisms were difficult to deter-

mine, there are indications that steeply dipping, N–S-

trending, strike–slip faults obliquely cut the WSW–

ENE-striking Alpine structures (Ahorner et al., 1972;

Schindler, 1980).
3. Methods

Prior to coring, all lakes were subjected to a high-

resolution seismic survey (3.5 kHz pinger source) to

determine the bathymetry of the lake basin as well as

the 3D architecture and stratigraphy of sedimentary

units. Based on the seismic dataset, coring sites were

determined. Short cores of 1–2 m in length were taken

with a gravity corer. Long cores up to 14 m long were

taken from three lakes using either the Kullenberg or
UWITEC piston coring system (Kelts et al., 1986).

The long sediment cores were cut into roughly 1-m-

long pieces. All cores were logged using a GEOTEK

multiscanner to obtain petrophysical data (p-wave

velocity and amplitude, bulk density, and magnetic

susceptibility). Afterwards, the cores were split length-

wise into two halves and photographed immediately

after opening. They were described sedimentologically

and sampled for smearslide analyses and dating.
4. Dating of sediments

The correlation of earthquake-induced deforma-

tions to historic earthquakes has to be based on careful

dating of the sediments and the development of an

accurate time frame of the sedimentary record. The

most exact dating can be achieved by correlation of

historically reported events to changes in the sedi-

mentary record of the lake. Historical documents of

local municipal and cantonal offices were examined

for large flood events, anthropogenic lake level

regulations, or river diversions. Furthermore, a com-

pilation of historical climate data of Switzerland

encompassing the last 500 years was used (Pfister,

1999). Remarkable periods of hot, cold, wet, or dry

conditions were correlated to changes in the sedi-

mentary record.

Two radiometric dating methods were used:

determination of 137Cs activity in the youngest sedi-
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ments and radiocarbon dating in the older deposits.

The artificial fission product 137Cs was injected into

the atmosphere during nuclear weapon tests since

1952 AD reaching peak concentrations in 1963 AD

and during the catastrophic Chernobyl accident in

1986 AD. 137Cesium activity was measured at each

centimeter at the EAWAG (Swiss Federal Institute for

Environmental Science and Technology) using GELI

borehole detectors. Measuring time was 24 h per

sample.

Ideal samples for radiocarbon dating are terrestrial

macrofossils such as leaves occurring within regularly

deposited sediments as they are not influenced by

older C sources and are not reworked during flood

events. Such samples are rare, however. Therefore,

most often, radiocarbon ages tend to be too old

because of dating of older, reworked materials.

Furthermore, calibration of conventional radiocarbon

ages leads to quite large uncertainty ranges between

100 and 500 years, which has to be considered when

compiling the age model.

Preparation and pretreatment of sample material for

radiocarbon dating were carried out by the 14C

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 Institute of Particle

Physics at the Swiss Federal Institute of Technology

Zurich (ETH). Radiocarbon ages were calibrated

using the calibration program OxCal v. 3.8 (Bronk
Table 1

Results of radiocarbon dating of sediment cores in Lungerer See, Seelisb

OxCal v. 3.8 (Bronk Ramsey, 1995, 2001)

Lake Sample Depth

(cm)

Laboratory

code

Conv

radioc

age (B

Lungerer See Lng00-1 2 60 170 UZ-4698 555F
Lng00-1 2 61 171 UZ-4938 230F
Lng00-1 5 97 510 UZ-4940 415F
Lng00-1 6 68 580 UZ-4699 365F
Lng00-1 6 97 610 UZ-4641 510F

Seelisberg Seeli Sel01-3 I 90 UZ-4649 365F
Sel01-5 AII 77 210 UZ-4935 555F
Sel01-5 AIII 90 330 UZ-4809 1545F

Baldegger See Ba02-7b 46 50 UZ-4905 335F
Ba02-7b 58 70 UZ-4904 300F
Ba02-4b 79 120 UZ-4902 670F
Ba02-4b 97 155 UZ-4903 785F
Ba97-3 4 78 265 UZ-4690 1625F
Ramsey, 1995, 2001; Stuiver et al., 1998). The results

of radiocarbon dating and calibration are summarized

in Table 1.
5. Lake sediments

The studied lakes are located in the northern Alps

of Central Switzerland and the northern Alpine

foreland (Fig. 1B). In this area, several lake basins

were formed by glacial erosion. Some of these lakes

were subject to previous, mainly paleoclimate inves-

tigations, which were used to estimate their suitability

for paleoseismic studies (e.g., Baldegger See: Lotter et

al., 1997; Soppensee: Hajdas et al., 1993; Zuger See

and Zqrich See: Kelts, 1978). In Vierwaldst7tter See,
paleoseismic studies were already carried out by

Siegenthaler et al. (1987), Siegenthaler and Sturm

(1991), and Schnellmann et al. (2002). Within this

study, we focus on the smaller surrounding lakes

distributed within an area of about 2000 km2 in order

to characterize the regional impact of historic earth-

quakes. Ideal sites for paleoseismic investigations are

lakes showing a continuous, low sedimentation rate

with fine, undisturbed bedding. Bioturbation should

be absent, which is generally the case in deeper lakes

with anoxic bottom water. Furthermore, the lakes

should be within the vicinity of the historical epi-

centers, implying that they have experienced suffi-

ciently high intensities to show traces of seismic
erg Seeli and Baldegger See. Calibration after calibration program

entional

arbon

P)

2r range of calibrated

radiocarbon age (AD)

y13C (x) Material

50 1300–1440 �22.9 Leaves

60 1490–1960 �23.6 Leaves

50 1410–1640 �20.8 Leaves

45 1440–1640 �23.9 Leaves (?)

50 1300–1480 �20.9 Leaves

50 1440–1640 �17.3 Leaves

55 1300–1450 �22.2 Leaves

50 410–630 �25.5 Leaves

55 1440–1660 �22.9 Leaves

45 1470–1670 �22.9 Plant remains

50 1260–1410 �20.3 Leaves

45 1160–1300 �30.2 Plant remains

55 250–570 �22.3 Leaves (?)
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activity. Based on these considerations, four lakes

were chosen for detailed sedimentological investiga-

tions: Sarner See, Lungerer See, Baldegger See, and

Seelisberg Seeli. Lake bathymetry, seismic lines,

coring sites, and composite lithology logs, including

the age model, are shown for each lake in Figs. 2, 3, 4,

and 5.

5.1. Sarner See

Sarner See is located in a NNE–SSW-trending

valley within the Alps of Central Switzerland at an

altitude of 469 m a.s.l. (Fig. 1B). It reaches a

maximum water depth of 52 m and has a surface

area of about 6 km2 (Fig. 2). Sarner See has a large

clastic input from several major tributaries. The

seismic lines show only poor penetration of the

seismic signal likely due to gas within the sediments.

Eleven short sediment cores were taken along the long

axis of the lake and across the deepest part of the

basin. Sedimentation is clastic-controlled, resulting in

a large number of grey to brown, sandy to clayey,
Fig. 2. Seismic survey grid and coring locations in Sarner See with composi

register from the Office of Forest and Environment, Kanton Obwalden. A
graded turbidites that are a few millimeter up to 20 cm

thick. These turbidites were generated by flood

events. They show varying lithologies and thickness

distributions throughout the lake basin, so that they

can be related to different inflows. Regularly depos-

ited sediments consist of millimeter-scale layered light

and dark grey silty clays. These alternations probably

reflect the seasonally changing input of fluvial sedi-

ment load. The sediments were dated using historical

flood events and 137Cs activity. Sedimentation rates

are rather high, with about 10 mm/year resulting in

cores that cover approximately only the last 100 years.

5.2. Lungerer See

Lungerer See lies South of Sarner See, within the

same Alpine valley, at an altitude of 689 m a.s.l. (Fig.

1B). The maximum water depth reaches 68 m in the

central basin (Fig. 3). The surface area is about 3 km2.

There are several inflows including a major tributary

at the southern end. A dense grid of seismic profiles,

with good penetration of the seismic signal, was
te lithology log and age control of sediments. Flood events after land

ll ages are calendar ages AD (legend in Fig. 5).



Fig. 3. Seismic survey grid and coring locations in Lungerer See with composite lithology log and age control of sediments in the central basin.

Radiocarbon ages are marked as calibrated 2r age ranges (see Table 1). All ages are calendar ages AD. Lake-level variations after Ming (1991)

(legend in Fig. 5).
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measured (see description below). Six long sediment

cores were collected. Regularly deposited sediment

consists of diffusely layered light to dark grey, silty

clays that reflect seasonally changing fluvial input.

Several sandy to clayey, graded turbidites that range
in thickness from a few millimeters up to 20 cm

interrupt the normal sedimentation. Furthermore,

several-meters-thick lithological units, with largely

destroyed bedding, are observed. These are inter-

preted as slump deposits. Within the younger sedi-
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ments, changes in the sedimentary record can be

attributed to anthropogenic lake level regulations due

to agricultural and hydroelectric use in the area of

Lungerer See. Five radiocarbon dates were measured

in the older sediments (Fig. 3, Table 1). Sedimentation

rates calculated without large slump deposits vary

between 2 and 15 mm/year. Sediment cores in the

central basin extend to roughly 1400 AD.

5.3. Baldegger See

Baldegger See is located in the northern Alpine

foreland at an altitude of 463 m a.s.l. (Fig. 1B). It has
Fig. 4. Seismic survey grid and coring locations in Baldegger See with com

are marked as calibrated 2r age ranges (see Table 1). All ages are calenda

(1991) (legend in Fig. 5).
a maximum water depth of 68 m and a surface area

of 5.2 km2 (Fig. 4). There are several small tributaries

feeding the lake, including a major one at the

southern end. The seismic lines show only locally a

good penetration of the seismic signal likely due to

gas in the sediments. Seven short and six long

sediment cores were taken in the deepest part of the

basin. The sediments consist mainly of light-brown,

carbonate-rich, and organic-rich mud formed by

biochemical processes within the lake. They show a

weak to well-developed layering. Dark-colored inter-

vals, with a fine lamination at millimeter scale, occur

at the top and partly within deeper parts of the core.
posite lithology log and age control of sediments. Radiocarbon ages

r ages AD. Climate data after Pfister (1999) and Pfister and Hächler
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They are interpreted as annually deposited, biochem-

ical varves (Lotter et al., 1997). Turbidites or clastic

layers generated during flood events are rare and

reach only a few centimeters in thickness. The

sediments were dated using historical climate data
Fig. 5. Seismic survey grid and coring locations in Seelisberg Seeli. Comp

Radiocarbon ages are marked as calibrated 2r age ranges (see Table 1). A
(Pfister, 1999; Pfister and Hächler, 1991) and radio-

carbon ages (Fig. 4, Table 1). The long sediment

cores cover the entire Holocene and date back to

about 13,000 years BC. During the last 1500 years,

sedimentation rates are about 1–1.5 mm/year.
osite lithology log and age control of sediments in Seelisberg Seeli.

ll ages are calendar ages AD. Climate data after Pfister (1999).
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5.4. Seelisberg Seeli

Seelisberg Seeli is a small lake located in the Alps of

Central Switzerland at 738 m a.s.l. (Fig. 1B). It is

formed by karst processes and has a surface area of only
Fig. 6. Macroseismic maps of the four largest historic earthquakes affecting

points from Fäh et al., 2003). Shaded areas mark regions with expected inte

1774 Altdorf, and 1601 Unterwalden earthquakes after Swiss Seismologica

1979). (A) Macroseismic map of 1964 Alpnach earthquake. (B) Macroseism

Unterwalden earthquake. (D) Macroseismic map of 1356 Basel earthquak
about 0.2 km2 but amaximumwater depth of 37m (Fig.

5). It has one small tributary that is active only during

periods of strong rainfalls (Theiler et al., 2003). The

seismic profiles show poor penetration of the acoustic

signal presumably because of gas in the sediments.
the area of Central Switzerland during the last 1000 years (intensity

nsity VII and more (intensity attenuation relation for 1964 Alpnach,

l Survey, 2002; 1356 Basel earthquake after Mayer-Rosa and Cadiot,

ic map of 1774 Altdorf earthquake. (C) Macroseismic map of 1601

e.



K. Monecke et al. / Tectonophysics 394 (2004) 21–4030
Four short and three long sediment cores were taken

from the deepest part of the lake. Regularly deposited

sediment consists of dark-brown to black, organic-rich,

and carbonate-rich mud with abundant plant remains. It

often shows a well-developed layering with intervals of

annual lamination (biochemical varves). Remarkable is

the large number of turbidites or clastic layers, which

range in thickness from a few millimeters up to 20 cm

and were generated during flood events (Theiler et al.,

2003). Units with largely destroyed bedding, which are

up to half a meter thick, occur rarely and are interpreted

as slump deposits. They are overlain by thick, slump-

generated turbidites. The age model is obtained by

using historical flood events and radiocarbon ages. The

long sediment cores extend to approximately 10,000

years BC. Sedimentation rates in the uppermost part are

similar to those of Baldegger See with 1–2 mm/year.
6. Signature of historic earthquakes

Four large earthquakes, with magnitudes of

Mw=5.7 to Mw=6.9 and epicentral intensities of

I0=VII to I0=IX, affected the area of Central Switzer-

land during the last 1000 years. In Sections 7–10, we

describe the lake sediments and deformation struc-

tures that can be attributed to these earthquakes.
Fig. 7. Undisturbed sediments in Sarner See deposited in the time

span of the 1964 Alpnach earthquake.
7. March 14, 1964—Alpnach

On March 14, 1964, an earthquake with Mw=5.7

and I0=VII occurred about 5 km east of Sarner See

(8.328E/46.878N) (Fäh et al., 2003; Fig. 6A). It was

part of a series of earthquake events occurring over

several months with a major event of magnitude

Mw=5 occurring only one month before. The earth-

quake was felt in large parts of Switzerland as well as

in southwestern Germany, southeastern France, and

northern Italy (Neue Zürcher Zeitung (NZZ),

16.03.1964). Numerous buildings within a radius of

8 km from the epicenter showed substantial damage.

The hypocenter was located at a depth of 5–7 km. A

focal mechanism proposed by Ahorner et al. (1972)

suggests a NNE–SSW-trending, steeply dipping,

strike–slip fault. Review of these data, however,

revealed no clear solution of the focal mechanism

(Deichmann et al., 2000).
7.1. Traces in Sarner See

Because of its proximity to the epicenter, several

short sediment cores were taken from the Sarner See

to find traces of the 1964 earthquake in the lake

sediments. Based on the 137Cs activity profile, the

year 1964 AD can be exactly determined in the

sedimentary record of Sarner See right above the
137Cs peak of 1963 AD (Figs. 2 and 7). Possible

deformation of the lake sediments, during the 1964

Alpnach earthquake, likely disturbed the sediments

immediately below the 1964 horizon as deformation

of water-saturated sediments is reported to occur close

to the water/sediment interface (e.g., Sims, 1973;

Sims, 1975; Obermeier, 1996). At greater core depth

with increasing compaction and decreasing water

content, the liquefaction potential of the sedimentary
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succession decreases rapidly. The sediments below the

1964 horizon consist of well-laminated, silty clays

interrupted by up to 4-cm-thick graded turbidites. In

some cores, this succession shows slight disturbances

and thickness variations. These features are attributed

to primary irregularities in the normal sedimentation.

No clear secondary deformation structures, which

could have been generated during earthquake ground-

shaking, are observed. The clay content probably

provides cohesion to the sediments, which may hinder

liquefaction or other soft sediment deformations.

Therefore, traces of the 1964 Alpnach earthquake

could not be found in the sedimentary record of

Sarner See.
Fig. 8. Microfault attributed to the 1774 Altdorf earthquake within

finely laminated sediments from Seelisberg Seeli (sediment core

Sel01-3; 60 cm).
8. September 10, 1774—Altdorf

The second largest historically reported earthquake

in Central Switzerland occurred on September 10,

1774 southeast of Vierwaldst7ttersee (8.678E/
46.858N) with a magnitude of Mw=5.9 and an

epicentral intensity of I0=VII (Fäh et al., 2003; Fig.

6B). The maximum intensity close to the epicenter

reached Ix=VIII. Major damages corresponding to an

intensity of I=VII to I=VIII were reported within a

radius of about 14 km from the epicenter. Historical

sources report several landslides and rockfalls (e.g., a

piece of land was sliding into the southeastern basin

of Vierwaldst7ttersee) (Deichmann et al., 2000; Heer,

1975). Water in the fountains became turbid and two

people were killed by falling chimneys and rocks.

In a previous study in the southeastern basin of

Vierwaldst7ttersee, rockfall and slump deposits were

correlated to the 1774 earthquake (Siegenthaler and

Sturm, 1991). However, in the sedimentary record of

the northwestern part of Vierwaldst7ttersee, there is no
evidence of any deformation corresponding to this

earthquake (Schnellmann et al., 2002).

8.1. Traces in Seelisberg Seeli

In the present study, only very small but significant

deformation structures were found in three of seven

cores from Seelisberg Seeli, which is situated at 10 km

distance from the historical epicenter. At a depth of 60

cm within carbonate-rich finely laminated sediments,

a 2-cm-long normal fault with a displacement of 1–2
mm occurs (Fig. 8). Furthermore, slight deformations

such as disrupted layers and incipient liquefaction

within turbiditic silts were observed within the same

stratigraphic level. Earthquake-induced faulting has

been reported by several authors, but often at a larger

scale and sometimes linked with clear liquefaction

structures (e.g., Seilacher, 1969; Ringrose, 1989;

Becker et al., 2002). As carbonate mud starts to

lithify early, these sediments quickly gain enough

strength so that brittle failure may occur. The observed

deformations are similar to the lowest deformation

level described by Ringrose (1989) for a paleoseismic

event in Scotland with fissuring and slight deforma-

tions at the centimeter scale. Such deformations are

not continuous within one stratigraphic horizon but

are separated by undisturbed zones. This explains that

in Seelisberg Seeli, only a few cores show deforma-

tion structures, whereas other cores are completely

undisturbed. Normal faulting could have also been

caused by sediment overloading and compaction;

however, there is no evidence of rapid and large

sediment loading. Furthermore, creep of sediments is

unlikely to be observed in these cores as they were

taken in the deepest, flat-lying part of the basin.
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8.1.1. Dating of deformation

At roughly 1 m core depth, a slump deposit

including a thick slump-generated turbidite occurs

(Fig. 5). These deposits correlate with the 1601

Unterwalden earthquake (see description below).

The overlying 1-m-thick succession thus should

correspond to the time span between the 1601

earthquake and the coring in 2001. Varve counting

is possible only in some intervals, but it matches well

with the average sedimentation rate of about 1.5–2

mm and places the year 1774 AD right above the

deformed horizon. Furthermore, periods of high flood

frequency compiled by Pfister (1999) from historical

data can be related to intervals with an increased

number of turbidites. The year 1774 AD would be at

the top of a period of high flood frequency from 1705

AD to 1785 AD right above the deformed horizon.
9. September 18, 1601—Unterwalden

On September 18, 1601, an earthquake occurred

south of Vierwaldst7ttersee (8.368E/46.928N) with a

magnitude of Mw=6.2 and an epicentral intensity of

I0=VII (Fäh et al., 2003; Fig. 6C). It is among the

strongest events in Switzerland during the last

millennium and has become well known because of
Fig. 9. (A) Seismic line through central basin of Lungerer See. Horizonta

seismic facies indicates slump deposit. White lines mark slump deposit rel

of the 1601 slump deposit in the northern and central basins of Lungerer
the detailed description of Renward Cysat, the

municipal clerk of Luzern at that time (Papastamatiou,

1983; Schwarz-Zanetti et al., 2003). Cysat (1601)

reports major to heavy damages (intensities between

VII and VIII) within a radius of at least 23 km from

the epicenter. Several masonry buildings and most of

the stoves close to the epicenter were entirely

destroyed. Some towers and churches had to be

pulled down and rebuilt. Luzern was severely hit by

the earthquake as chimneys and tiles fell and walls

cracked in part of the city. Remarkable are large water

movements in Vierwaldst7ttersee: a 1- to 2-m-high

standing wave (seiche) oscillated in the lake for

several days. This observation led to intensive

investigations in Vierwaldst7ttersee that revealed

numerous large slump deposits, which were generated

during the earthquake (Siegenthaler et al., 1987;

Siegenthaler and Sturm, 1991; Schnellmann et al.,

2002). Because of the high intensity and the epicenter

in the middle of the study area, we expected to find

traces of the 1601 earthquake in the lakes surrounding

Vierwaldst7tter See.

9.1. Traces in Lungerer See

In Lungerer See, at about 20 km distance to the

historical epicenter, the seismic lines image a wide (up
lly layered seismic facies represents regular sedimentation. Chaotic

ated to the 1601 Unterwalden earthquake. (B) Thickness distribution

See.



Fig. 10. Slump deposit related to the 1601Unterwalden earthquake in

sediments of Seelisberg Seeli (sediment core Sel01-6A; 110–180 cm)

The figure shows the uppermost part of the slump deposit with largely

destroyed bedding and the overlying slump-generated turbidite.
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.

to 7.2 m thick) unit of chaotic seismic facies with the

top at a depth of about 2 m (Fig. 9A). Cores from the

central basin of Lungerer See pass through this unit

and show structureless silty clays with intraclasts of

gravels, wood, and soil. Also larger sections of nearly

undisturbed lake sediments are incorporated within

the massive clays. The thickness distribution of this

unit indicates three different depositional centers (Fig.

9B). The unit is interpreted as multiple slump deposit

produced by simultaneous slumping at different lake

sides. The largest slump unit in the central basin was

generated within delta deposits in the southern basin.

Multiple slumping implies a regional triggering

mechanism such as an earthquake.

9.1.1. Dating of deformation

Three radiocarbon ages were obtained below the

slump deposit (Fig. 3). The resulting depth/age

relationship in the lower sediments gives an average

sedimentation rate of 0.56 cm/year, which would

place the year 1601 AD right below the slump

deposit. On top of the slump deposit, major turbidites

and changes in sedimentation can be attributed to

anthropogenic lake level regulations in the 19th and

early 20th centuries. According to two radiocarbon

ages, the sedimentation rate above the slump deposit

could be estimated at 0.24 cm/year. Extrapolating this

relation to the top of the slump deposit, the timing of

slumping is in the range of the 1601 earthquake. The

highly reduced sedimentation rate from 1601 AD to

1921 AD can be explained by reduced sediment

supply from the southern basin, as part of the southern

delta collapsed during slumping. Furthermore, from

1836 AD to 1921 AD, the whole southern sediment

supply was cut off because of the artificial lake level

low stand. In 1921 AD, the lake was dammed again.

From that time, annual lake level oscillations (up to 40

m) caused by a hydroelectric power station led to an

enhanced reworking of shore deposits and thus highly

increased sedimentation rates.

9.2. Traces in Seelisberg Seeli

The cores of Seelisberg Seeli in a depth of 1.50 m

contain a 40- to 60-cm-thick unit with overturned and

completely destroyed bedding and several fragments

of cretaceous limestone (Figs. 5 and 10). It is overlain

by a 20- to 60-cm-thick, graded, sandy to clayey
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turbidite. These deposits were generated by slumping

at the lake sides combined with, or probably triggered

by, a rockfall at the steep southern lakeside of

Seelisberg Seeli. A lot of material was brought into

suspension during slumping, leading to the deposition

of a thick turbidite that covers the slump deposit

(bhomogeniteQ after Siegenthaler et al., 1987).

9.2.1. Dating of deformation

The sediments above the slump deposit can be

dated by varve counting and correlation of periods of

high flood frequency after Pfister (1999) (Fig. 5).

They correlate well to the timespan between the 1601

earthquake and the coring in 2001 (see dating of 1774

Altdorf earthquake). Furthermore, radiocarbon ages

were obtained right below and above the slump

deposit. The lower age is likely too old because of

erosion during slumping or the dating of reworked

material. The upper age fits quite well with the 1601

earthquake so that, most probably, the slump in

Seelisberg Seeli was generated during this earthquake.

9.3. Traces in Baldegger See

In contrast to these large-scale slump deposits,

much smaller in situ deformation structures were

observed in Baldegger See, which is at 30 km distance

to the epicenter. In 6 of 10 cores, at a core depth of
Fig. 11. Deformation structures observed in different sediment cores from

Microfolds and microfaults (marked with arrows) (sediment core Ba02-4;

liquefied turbiditic silts (sediment core Ba97-3; 85–90 cm). (C) Folded an
about 60 cm, clear deformation structures occur

within a zone up to 40 cm thick. They include

microfaults, folds, disrupted layers, and loading

structures with carbonate-rich sediment sunk into

turbiditic silts (Fig. 11). These small-scale features

are interpreted as earthquake-induced in situ deforma-

tions similar to those described by Rodriguez Pascua

et al. (2000) and Marco et al. (1996) for well-

laminated lake sediments. Carbonate mud has a high

initial lithification rate and reaches a considerable

strength and density shortly after deposition (Weaver

and Jeffcoat, 1978). Therefore, it may show brittle

failure during earthquake shaking, leading to small

microfaults and disrupted layers. Furthermore, it is

denser than turbiditic silts. The latter were liquefied

during the earthquake, so that overlying heavier

carbonate mud sank into the turbidite material (cf.

Anketell et al., 1970). Microfolds are the result of

shear stress applied to poorly lithified sediment for

instance during earthquake shaking.

9.3.1. Dating of deformation

The deformational event must have taken place

shortly after deposition because of the higher

potential of soft sediment deformation close to the

water/sediment interface (Sims, 1973; Sims, 1975;

Obermeier, 1996). The cores of Baldeggersee are

very well dated (Fig. 4). Varve counting is possible in
Baldegger See and related to the 1601 Unterwalden earthquake. (A)

80–90 cm). (B) Liquefaction structure: carbonate-rich mud sunk into

d disrupted layers (sediment core Ba02-7; 80–85 cm).
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the uppermost 30 cm back to the year 1885 AD

(Lotter et al., 1997). The observed deformation

structures occur in a depth of about 60–90 cm also

in zones with biochemical varves. These varves form

under nutrient-rich conditions and are likely related to

the so-called Little Warm Age lasting from 1520 AD

to 1560 AD (Pfister, 1999). Deformation of these

varved units must have taken place shortly after their

deposition, which corresponds well with the 1601

earthquake. Furthermore, five radiocarbon ages were

measured within the uppermost 3 m, allowing a good

depth/age relationship. Two radiocarbon ages that are

only slightly older than 1601 AD were obtained right

above the deformed horizon.
10. October 18, 1356—Basel/BS

On October 18, 1356, the city of Basel was hit by

the strongest historically known earthquake in Mid

Europe, north of the Alps (7.68E/47.478N; Fäh et al.,

2003; Mayer-Rosa and Cadiot, 1979). It had a

moment magnitude of Mw=6.9 and an epicentral

intensity of I0=IX (Fig. 6D). Within a radius of about

30 km, nearly all churches and castles were destroyed.

Major damages corresponding to intensity VII

occurred in an area of 60 000 km2. The bred book

of BaselQ reports (translated into English): b. . .this
town was destroyed and broken by the earthquake and

no church, tower, or house of stone in this town or in

the suburb endured, most of them were destroyed. . .Q
Fig. 12. Liquefaction structure (pseudonodules) related to the 1356 Basel ea

210–215 cm). Carbonate-rich mud above sandy to silty layer is broken in
According to different authors, the number of lives

lost varies between 100 and 2000. This relatively low

number can be explained by a strong foreshock that

sent most people into the streets. Paleoseismic studies

focused on fault trenching (Meghraoui et al., 2001),

damage of stalagmites in caves (Lemeille et al., 1999),

and slope instabilities (Becker and Davenport, 2003).

First investigations of lake deposits in the Basel area

were carried out by Becker et al. (2002). They found

several earthquake-induced structures linked to pre-

historic earthquakes but no traces of the 1356 earth-

quake due to unfavourable conditions in lake

sedimentation during that time.

10.1. Traces in Baldegger See

Within this study, small-scale deformation struc-

tures were observed in two cores of Baldegger See,

which is situated at a distance of 57 km from the

epicenter. At a depth of 140 cm, a 0.5- to 2-cm-thick,

sandy to silty, clastic layer is overlain by carbonate-

rich mud (Figs. 4 and 12). In one core, the sand forms

a mushroom-like structure protruding into the carbo-

nate mud. In a second core, lenses of carbonate mud

are sunk into the clastic material (Fig. 12). Further-

more, slight disturbances in the layering and disrupted

layers occur below the clastic layer. These structures

are interpreted as earthquake-induced soft sediment

deformations with mushroom-like intrusions and

pseudonodules as described, for example, by Rodri-

guez Pascua et al. (2000). The sandy silts were
rthquake within sediments of Baldegger See (sediment core Ba00-3;

to pieces and sunk into liquefied material.
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liquefied during earthquake shaking so that the denser

and more cohesive carbonate mud was sinking into

the liquefied material while lighter, liquefied material

was intruding into the overlying carbonate mud (cf.

Anketell et al., 1970). More brittle deformation with

disturbed and disrupted layering occurred within the

already more lithified part in greater depth below the

clastic layer. Hints of other liquefaction-inducing

processes like wave action, rapid sediment load, or

large lake-level variations are missing in the environ-

mental and sedimentary records of Baldegger See.

10.1.1. Dating of deformation

As liquefaction occurs only in water-saturated

sediments, the deformation must have taken place

close to the water/sediment interface shortly after

deposition of the clastic layer (cf. Sims, 1973; Sims,
Fig. 13. Correlation of earthquake-induced deformation structures to histo

Fig. 6). The dataset shows that the threshold for sediment deformation du
1975; Obermeier, 1996). In 1342 AD, a 1000-year

flood event occurred in Mid Europe (Pfister and

Hächler, 1991) (Figs. 4 and 12). The liquefied layer is

one of the thickest, coarse-grained layers within the

sedimentary record of Baldegger See during the last

15,000 years. It was probably deposited during this

flood event and became deformed by the 1356 Basel

earthquake. Furthermore, radiocarbon ages were

obtained right below and above the deformed

sequence and are only slightly older than 1356 AD

(Fig. 4).
11. Discussion

Fig. 13 summarizes the observed deformation

structures in relation to the historically reported
rically reported macroseismic intensities from Fäh et al. (2003) (see

ring earthquake shaking lies at intensities VI to VII.
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macroseismic intensities of the four investigated

earthquakes. Numerous factors control the type, size,

and extent of earthquake-induced deformation struc-

tures. This includes seismological factors like the

duration of earthquake shaking, shaking amplitude,

and frequency. Furthermore, sediment type, geometry
Fig 14. Positive and negative evidence of deformation in lake deposits duri

Fäh et al. (2003). Open circles: Relationship between earthquake moment

structure of earthquakes worldwide with bound curve proposed by Ambra
of the lake basin, and amplification of shaking due to

site effects play an important role. Therefore, defor-

mation features can vary widely within a local area.

However, our dataset shows that deformation struc-

tures start to be formed during groundshaking of

intensity VI to VII (Fig. 13). Small-scale structures,
ng historic earthquakes in relation to moment magnitudes (Mw) after

magnitude (Mw) and epicentral distance to the farthest liquefaction

seys (1988) (modified after Obermeier, 1996).
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like disturbed and contorted lamination as well as

liquefaction structures, dominate at lower intensities

of VI to VII. Towards higher intensities, large-scale

mass movements, like slumps and rockfalls, become

more frequent and probably overprint small-scale

structures. These observations complement previous

studies: Galli and Ferelli (1995) and Obermeier

(1996) state that liquefaction structures become

common at groundshaking of intensity VII. This is

in agreement with experimental data indicating that

the threshold for liquefaction lies at magnitude 5–5.5

(Moretti et al., 1999). Paleoseismic investigations in

outcrops of lake deposits reveal threshold values of

intensity VI for the formation of soft sediment

deformation structures (Sims, 1973, 1975; Hibsch et

al., 1997). Rodriguez Pascua et al. (2000, 2003)

related soft sediment deformation structures within

Miocene lake deposits to magnitudes even smaller

than 4. However, in core samples and within our types

of sediment, no deformation structures related to

intensities lower than VI to VII could be found.

In situ soft sediment deformation structures are

widely used to determine earthquake size (e.g.,

Ringrose, 1989, Obermeier, 1996, Rodriguez Pascua

et al., 2000, 2003). Obermeier (1996) compiles

liquefaction features of numerous earthquakes world-

wide in different sedimentary environments and

tectonic settings (Fig. 14). The distance from the

epicenter to the farthest observed liquefaction struc-

ture is related to the reported earthquake magnitude.

Liquefaction effects are, for example, venting of sand

to the ground surface or ground fissuring mainly

within floodplain deposits. The resulting curve pro-

vides a minimum estimate of earthquake moment

magnitude (magnitude-bound method). In contrast to

the dataset of Obermeier (1996), we investigated lake

sediments with deformation structures at a much

smaller scale. Furthermore, only scattered information

about the occurrence and lateral development of soft

sediment deformation is available because of the

limited extent of lakes. However, using the dataset of

Obermeier (1996), we plotted the epicentral distances

of lakes with positive and negative evidence of

deformation to magnitudes after Fäh et al. (2003)

(Fig. 14). The uncertainty range of earthquake size

lies between the farthest observed liquefaction struc-

ture and the closest lake with no deformation. Our

data match very well the dataset of Obermeier (1996)
and datapoints are in the range of the uncertainties. No

traces of the 1964 Alpnach earthquake were found in

the lake sediments. This could be explained by clay-

rich sediments, which might have hindered liquefac-

tion and soft sediment deformation. Furthermore, the

duration and/or amplitude of shaking probably was

not high enough as this Mw=5.7 event is close to the

threshold for liquefaction, which is at about magni-

tude 5–5.5 (Moretti et al., 1999). The relation of the

1774 Altdorf earthquake is somehow uncertain as

only very slight deformation structures with incipient

liquefaction occur within the sediments of Seelisberg

Seeli. This could have been caused by a less intense

shaking due to site effects as the lake is situated on

hardrocks. Traces of the 1601 Unterwalden earth-

quake were found in all the investigated lakes.

Negative evidence of deformation structures is miss-

ing and therefore a minimum magnitude limit cannot

be estimated from our data. Considering the clear and

widespread deformation features within a zone of up

to 40 cm in the sediments of Baldegger See, we

suppose that the 1601 earthquake could have been

even stronger than calculated from historical data.

However, data from more distant lakes are necessary

to confirm this. Slight deformation structures related

to the 1356 Basel earthquake were found only in

Baldegger See. Unfortunately, in this case, there are

no data of lakes closer to the epicenter, which would

allow a better understanding of the lateral develop-

ment of deformation.
12. Conclusions

The results of this study show that traces of strong,

historic earthquakes are recorded in the sedimentary

archive of recent lake deposits using high-resolution

seismic data and sediment cores. The occurrence and

kind of deformation depend on seismological factors,

site effects, and sediment type. The spatial distribution

of deformation structures reflects the historical macro-

seismic dataset. Small-scale soft sediment deforma-

tion structures start to form at intensities of VI to VII.

Large-scale slumps and rockfalls become more

frequent at higher intensities. The small-scale soft

sediment deformation structures can be used to

estimate minimum values of earthquake size, provid-

ing additional data for historical macroseismic data-
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sets. Furthermore, this study allows the recognition

and calibration of earthquake-induced deformation

structures in prehistoric lake sediments and can be

used to extend historic earthquake records further

back into the Holocene.
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