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Abstract

Four historically documented large and potentially dangerous lacustrine waves in Swiss lakes show that these waves
have been seiches (standing waves) triggered by sublacustrine slides; a statement which is in accordance with the
experience of seismologists who see earthquakes triggering seiches in lakes. Nevertheless, large historical waves in
Switzerland have recently been modeled as progressive shallow water waves (tsunamis), probably because the slide/
seiche dynamics are not known, and experiments with subaquatic slides fail to generate seiches in test—flumes. It
appears that these tests exhibit a small shear-energy/slide—energy ratio ¢, if compared with the situation in lakes.
These facts incite a shear—stress lemma that states that € is the constituent factor for the slide/seiche coupling. The
structure of the subagueous mass flow deposit (MFD) in lakes Lucerne and Geneva suggests the occurrence of
subcritical and of supercritical slide flows. The former would generate a contortite, a MFD with contorted bedding,
the latter a debrite (mudclast conglomerate). Potential slide energy considerations are used for an estimation of the
amplitudes of large seiches produced by subaquatic slides, a proceeding that yields partly similar and partly very dif-
ferent results, as compared with numerical tsunami simulations.
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1 Seiches and progressive shallow water waves
(Tsunamis) in lakes

Since almost 20 years after Siegenthaler et al. (1987) had
found an earthquake/MFD coupling in Lake Lucerne,
several studies on Swiss sublacustrine mass flow deposits
(MFD) have been published, primary to reconstruct the
local earthquake history (Kremer et al., 2015; Schnell-
mann, 2004; Schnellmann et al., 2002, 2006; Schwester-
mann, 2016; Strasser & Anselmetti, 2008; Strupler, 2017).
Later, the coupling “subaqueous slide/wave” came into
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the focus of interest because of the need to know more
about the hazards of dangerous large waves in lakes. Sie-
genthaler et al. (1987) identified large and potentially
dangerous waves in Lake Lucerne as seiches, triggered
by subaqueous slides after an earthquake occurred. The
seiche/earthquake coupling in lakes had been already
been demonstrated by Mercanton (1946), Wilson (1953),
Kvale (1955), Richter (1958) and McGarr and Vorhis
(1968). Schnellmann (2004) called these waves "tsunami
and/or seiches" and from that time on large waves in
Swiss lakes have always been called tsunamis without any
further discussion (Strasser & Anselmetti, 2011; Girard-
clos & Kremer, 2012; Kremer et al., 2012, 2015; Hilbe &
Anselmetti, 2015; Strupler, 2017).
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Usually, tsunami waves are understood to be sur-
face gravitational waves exhibiting periods within the
range T'~10? — 10* [s]. Tsunamis pertain to long waves,
therefore not only the subsurface layer, but the entire
thickness of water becomes involved in the motion.
The propagation velocity ¢ of long waves in a reservoir
of depth D is determined by the formula c=(gD)"?, g
is the free—fall acceleration of gravity (Lewin & Nosov,
2009). For tsunamis, which are shallow water waves,
X D! is larger than~10 (Katopodes, 2019) and the
period p is=\ ¢! with p>10 (D/g)'% \ is the wave-
length. The potential and the kinetic energies of the
tsunami are both 0.25-pga® per unit horizontal area, p
is the water density, and a is the amplitude of the wave
(Wiegel, 1955). The large horizontal kinetic energy
of tsunamis leads to important wave set—ups when
approaching a shore and strengthens the destructive
forces of the waves. It turns out that for hydrostatic rea-
sons the lead of a tsunami is a wave crest if the wave has
been triggered by a submarine slide (Rabinovich et al.,
2003): the displacement of parts of a delta towards the
open sea provokes a depression of the sea level above
the delta and a sea level elevation seawards.

Seiches, or standing waves, are rhythmic, rocking
motions that water bodies undergo after they have been
disturbed and then sway back—and—forth as gravity and
friction gradually restore them to their original, undis-
turbed conditions (Korgen, 1995). The water level is con-
stant at nodal lines and is a maximum and a minimum at
antinodal lines. In long basins the antinodes are usually
encountered at the front sides of elongated basins, asso-
ciated with a wave set—down depending on the topogra-
phy of the shore. The period T, in rectangular basins is
2.1.n1.(gD)™V2, n is the number of nodes, n=1, 2, 3, ...,
is the basin length and 2 /-n~" is the wave—length (Merian,
1828; Rabinovich, 2010). The period is hardly affected by
small deviations from the vertical rectangularity of basins,
e.g., with a trapezoidal lake bottom (Wilson, 1953). The
horizontal water velocity is a maximum below a node
with a back—and—forth motion V= j:2-ao(gD)1/2~D‘1, a
is the wave amplitude (Katopodes, 2019). This motion
disappears below an antinode. The fundamental oscilla-
tion mode with n=1 often prevails in narrow basins such
as Lake Zurich and Lake Geneva (personal observations,
Anonymous, 1954). A special seiche is the harbor wave
with #=0.5, the node being at the entrance of the harbor
or bay and the antinode at the end of the bay. The energy
of a seiche is half the energy of a tsunami if both waves
have the same amplitude (Wiegel, 1964). Damages due
to seiches are often limited to harbors, where fixed and
floating installations, such as ships, are destroyed—a typ-
ical seiche attribute (Rabinovich, 2010). It is important to
know that relevant aspects of seiches are not yet known,
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especially the slide/seiche energy relation if the seiche is
triggered by a slide.

Large seiches in lakes can be disastrous: on June 26,
1954, eight fishermen were swept away from the pier
when a~3 m seiche hit the Chicago waterfront on Lake
Michigan. A seiche in Lake Erie on October 18, 1844,
demolished buildings and claimed 39 lives. In Lake
Lucerne 9 lives were claimed on September 16, 1601
(Cysat, 1601; Katopodes, 2019).

The symbols and notions most frequently used are as
follows. a: wave amplitude [m]; c: wave velocity [ms™'];
g gravitational acceleration [ms™]; ¢: densimetric gravi-
tational acceleration g-(peq — Py) Psed P is the density
[kg m®]; & slide thickness; D: water depth; E: energy; e:
energy ratio; L: the slide length; V: velocity; mass flow
deposit, MFD: the slide mass plus the lake bottom sedi-
ments eroded by the slide [m®]; contortite: MFD with
contorted bedding; mudclast—conglomerate or debrite: a
MED, matrix and conglomerate are both fine grained and
differ generally only in color; homogenite: a fine—grained
deposit of a suspension cloud; hydraulic jump, a forced
internal supercritical flow impinging on an obstacle. The
subscripts w, sl, sh and sed refer to water, slide, shear, and
sediment. The Reynolds number Re for shear is VLv™!
and the Froude number Fr of the slide is V(g’ h)*°, Vis
the slide velocity; v-(10° m?s™!) is the kinematic viscosity
of water.

2 Historical large waves in Swiss Lakes

On February 23, 1549, the surface of Lake Constance
rose and fell at Constance with an amplitude of ~0.3 m,
the Rhine flowed backwards and forwards near the
town and there was no wind. This happened five times
in about 1 h until after noon, but decreased with time.
No damages were noticed (Hollan et al., 1980). A suba-
quatic MFD in 70 m depth is known, with a volume of
70,000 m® and dated 1581 93 (Schwestermann, 2016).
On March 11, 1584, after an earthquake, a rocking of
Lake Geneva occurred, the Rhone flowed backwards at
Geneva. The riverbed dried out for an estimated quar-
ter of an hour and people looked for fish and iron in the
riverbed. This happened three or four times, the differ-
ence between low and high water was 1.5 m, obviously
enlarged by the funnel-shaped Little Geneva Lake. The
description of the activities of the riparians in Geneva
during low water suggests a wave period of around one
hour. The water was impetuous in the harbors and was
quiet nearby and “at many other places” A wave height
of three spears (~ 6 m) is mentioned with no further par-
ticulars about the location but only minor damages were
reported (Egli, 1901; Fritsche et al., 2012; Schwarz—Zan-
etti, 2008). The volume of the MFD is difficult to figure,
a simultaneous subaqueous slide south of Lausanne
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amounts to 1 Mm?, another slide is presumed in the
Rhone delta (Kremer et al., 2015). The total slide vol-
ume is possibly not more than 1.5 Mm?®. On September
16, 1601, large waves occurred in Lake Lucerne after an
earthquake, a rock—fall and more than 10 sublacustrine
slides. At that time the lake level was ~1-2 m lower than
today (Siegenthaler et al., 1987). According to the eyewit-
ness Cysat (Cysat, 1601) the water went up and down in
Lucerne with a period of ~ 10 min and the bed of the river
Reuss dried out periodically. After around eight hours
the movements faded out. In the funnel-shaped basin of
Kiissnacht the wave was as high as~4 m. Nine persons
drowned at Buochs and Beckenried, two locations in the
vicinity of the largest slide with a volume of ~50 Mm?,
when an estimated 4 m surge flooded the alluvial plane
of Buochs 800 m further inland. Ships were destroyed at
several places; other damages were not reported. The vol-
umes of all the 1601 MFDs amount to around 80 Mm?
(Schnellmann, 2004; Siegenthaler et al, 1987). At ten
in the night of September 23, 1687, the waters of Lake
Uri went up and down during one or two hours “like a
marine tide’, as well as in Lucerne with an amplitude of
0.7 m. Severe damages occured in Brunnen and in Treib,
on the other side of the lake, where the water rose more
than 2 m; at Brunnen displacements of large rocks and
destructions of harbor walls were reported. It was night
and most people were at home and sheltered. More than
10 Mm? of the Muota delta at Brunnen had slumped
down into the basin of Uri (Siegenthaler & Sturm, 1991).

Excurse 1. Many large prehistoric MFDs are docu-
mented in Lake Lucerne (Schnellmann, 2004). In the
seventeenth century the contemporaries of Lucerne and
Uri called large destructive waves “Wasserbidem” The
expression is unknown today, as well as the verb “bid-
men’, which describes a rocking motion (Bachmann &
Groger 1898), a description identical with Korgen’s defi-
nition of seiches (Korgen, 1995). The expression “Was-
serbidem’, which was used until at least 1687 by the
riparians of Lake Lucerne, is seen as an indication that
the occurrence of large seiches was always present in lan-
guage as a collective memory (Halbwachs, 1967).

According to all these accounts the water level went
quietly up and down, causing damages mainly to the
fastened ships in harbors, phenomena typical for large
seiches (Rabinovich, 2010). Hazardous events, especially
1601 and 1687 in Lake Lucerne and probably 1584 in
Lake Geneva, occurred near the slides. Such waves are
considered to be large local surges and have been erro-
neously interpreted as tsunamis, e.g. by Siegenthaler and
Sturm (1991).

The April 24th, 1996, events in Lake Brienz were
examined by Girardclos et al. (2007). A floating 50-ton
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dredging bagger was tightly anchored with five wire
cables, two of them onshore and three anchored offshore
in the Aare delta. At about 8:00 GMT two wire cables,
one onshore and one offshore broke at once. After this
incident, upon reaching the harbor, the team reported
that the boat was then half a meter lower on the quay
than normal. Sometime later, the workers noted that the
boat was then half a meter higher than its former posi-
tion and deduced that the lake level was greatly fluctuat-
ing without generating any noticeable surface waves. The
period between the highest and the lowest lake level was
15-20 min. The wave phenomenon is regarded, without
further substantiation, as a tsunami or tsunami-like wave
by Girardclos et al. (2007).

Lake Brienz is a NE-SW orientated basin, whose
length, mean width, and maximum depth are 14 km,
2 km and 260 m, respectively. The lake basin is distally
connected by a 5 km long channel to the 17 km long and
3 km broad Lake Thun. On April 24th, a collapse of the
Aare delta generated a turbidity current and a 2.7 Mm3
turbidite. The digital limnograph near the lake outflow
measures the lake level every second and lists the mean
during periods of 4=10 min, i.e., 600 measurements per
period. Such a limnograph program would ignore sinu-
soidal water—level motions with periods p=d/n, n=1,
2, 3,.., since at the end of the period p the record of the
water level returns to the position at the start of that
period. The fundamental seiche period (m=1) in Lake
Brienz is ~ 10 min. The period is ~20 min (#=0.5) and is
possible if Lake Brienz is regarded as an appendix of Lake
Thun. Such a seiche is called harbor wave.

The slow vertical motion of the water-table at the
shore, observed by the eyewitnesses, is a strong indica-
tion against a tsunami, a wave which may not occur in
lake Brienz if the wave period is> 10 min (Fig. 1). Deci-
sive are the limnigraph data of the station Ringgenberg
near the western end of the lake. These data do not give
the slightest indication of a wave around 8:00, April 24th
(Fig. 2), a tsunami is therefore definitely excluded. The
opposite opinion of Girardclos et al. (2007) is not com-
prehensible, since they knew, but do not report, the lim-
nigraph data of that day. The following interpretation of
the April 24 event is proposed. (i) The observed wave
is a seiche. (ii) The eyewitnesses mistook an observed
wave—period of 15-20 min for a half wave period, com-
municated ten years after the event. (iii) The seiche
was a harbor wave with a 20 min period, a wave with
this period a limnograph near the node at the lake out-
flow cannot register. (iv) The limnograph data indicate
another event the same day, thirty minutes past noon.
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Fig. 1 The wave period p as a function of the wave length L and
the water depth D, using Airy’s theory for progressive shallow waves
(tsunamis), Katopodes (2019), Eq. 3.44. A 10-min wave period is the
maximum for tsunamis in Lake Brienz
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Fig. 2 The digital record of the Ringgenberg limnograph near the
lake outflow, the digital increment is T mm, and the records of the
three river discharges on April 24th 1996, the time unit is GMT. Large
waves have been noticed by two eyewitnesses at 8 h but are not
registered by the limnograph near the lake outflow. Indicated is also a
300 kg Telsit explosion near Iseltwald, 6 km away from the Aare delta
and 1 h after a striking deflection of the limnograph. The Telsit time
signal is probably wrong

Possibly a second sub-lacustrine slide occurred, trig-
gered by a nearby explosion, provided the given times are
not correct (Fig. 2).

No eyewitness report is known about the great wave
disaster in Lake Geneva, 563 CE, with many casualties,
and generated by a sublacustrine slide with an estimated
volume of 250 Mm? (Kremer et al., 2015). A large slide
scar is still visible on the 1:25’000 map, a deep depression
in the western part of the Rhone delta, adjacent to the
steep north-dipping flank of the lake basin (Office Fédé-
ral de Topographie 2018, map #1264). The 563 CE event
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is mentioned in two chronicles, a short text from bishop
Marius who was 573 CE sent to Avenche, the diocese
of Lausanne, and a longer chronicle from the bishop of
Tours, 500 km W of Geneva and written 20 years after
the event (Schoeneich et al., 2015). The former chroni-
cler mentions that there were victims and severe dam-
ages in the city of Geneva. Conversely, no casualties were
reported in Lausanne, the biggest city and namesake of
the lake at that time, Lacus Lausonnius, Lacus Losanete
(Bergier, 2009). The bishop of Tours on the other hand
tried to elaborate a logical sequence of events which did
lead to the catastrophic 563 CE wave. He assumes a huge
landslide that dammed the river in the upper Rhone val-
ley and generated a lake behind this barrier. There is evi-
dence neither for a landslide nor for a lake at that place
(Schoeneich et al., 2015) and hence it must have been an
invention of the bishop’s chronicler.

Excurse 2. The chronicler of Tours did use the sup-
positious lake in the upper Rhone valley to explain the
enormous water wave in Lake Geneva after a supposi-
tious breakdown of the dam. It is extremely strange that
he used the expression aqua retrorsum petiit, the water
flowed backwards, just for to say that a lake is grow-
ing behind the suppositious landslide. Writing a text on
such a strange event 20 years earlier, any chronicler must
obviously evaluate a multitude of often—contradictory
messages, letters, rumors, eyewitness reports of such a
disaster never heard of before. A chronicler could omit
what is not credible or he could try to find an explana-
tion for the unbelievable if he thinks to have rather trust-
worthy reports. It seems that the chronicler of Tours
tried to attempt the latter. He could of course not believe
an information about a backward flow of the Rhone at
Geneva, concomitant with the flooding of the town. So,
he transferred such reports eastward to the supposed
dammed and growing lake in the upper Rhone valley and
thus attested credibility to corresponding informants. His
text suggests that the chronicler invented a dammed lake
in the upper Rhone valley to explain the wave disaster in
Lake Geneva, but also to move to the upper Rhone valley
reports of a Rhodanus retrorsum petiit at Geneva.

A tsunami, 563 CE, would be excluded if a backward
flow of the Rhone at Geneva had been observed by con-
temporaries: after the arrival of a tsunami crest, there
would have been no witness to watch the Rhone’s behav-
ior during the subsequent wave trough. A wave crest/
trough sequence is expected if the tsunami is generated
by an underwater slide (Rabinovich, 2010).
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3 The shear-stress lemma

In the nineties the author ran, together with K. Kelts, a
series of tests with sliding subaqueous bodies in the 6 m
long and tiltable flume of the Geological Institute of the
ETH Zirich. Standing waves did never occur. In labo-
ratory conditions seiches result if a wind shear stress is
applied on the water surface, as shown by Tickner (1961).
This fact would suggest that a shear stress at the other
boundary of a water basin, the lake bottom, exerted
by a sublacustrine slide, does produce seiches. Such a
proposition, called shear—stress lemma, is plausible if it
can be shown that the shear—energy/slide—energy ratio,
Ey/Eq=¢, is less in flumes than in lakes. The following
approximation operates with mean values of the shear
force W and mean values of the free fall velocity V,

W = pwV?bLecy - cos(B) {kg m 5_2}, (1)

if the subaqueous slide is considered to be a rigid plate
(Blasius 1908; Schlichting, 2006, Eq. 2.10); L and b are the
slide length and width, p,, is the water density, c,, [-] is
the drag and §3 is the slope angle of the slide. The kinetic
energy of a slide with thickness # is

Eq = pgV2bLh {kg mzsfz} (2)

and the shear/slide energy ratio is
¢ = Eqn/Eq = cw - pw/psi - L/h - cos (B) 3)

€ is an expression of the kinetic slide energy percentage
transferred as shear energy to the water body. Ej, = WL is
the shear energy transferred to the water. The drag c,, of a
plate is a function of the Reynolds number,

k'In(05-cy-Re)—5= 0 (4a)

if Re> ~10* (Schlichting, 2006, Eq. 18.98), k is the Kar-
man constant, k= 0.4; or

cw = 1,328 Re 70, (4b)

if Re< ~10% according to Blasius (1908) (Schlichting
2006, Eq. 2.10). The addend -5 in equation 4a presup-
poses a rough slide/water interface; the result is insignifi-
cantly affected if the interface is interpreted as smooth.
The function

g =f(Re) (5)

is plotted in Fig. 3, which shows that the energy ratio ¢ is
less in flumes with Re ~10°, if compared with lakes. The
shear—stress lemma can explain the absence of seiches
generated by slides in flumes and would predict seiches
in miniature models with Re < 10%.
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Fig. 3 The energy ratio € between the shear and slide energy,
e=Ey/Ey, as a function of the shear Reynolds number for different
values of p,, /py -L/h -cos(B3). The shadowed areas indicate the
domains of lakes,~ 10°<Re < ~ 10", of flumes, Re ~ 10°, and of
miniature models (Blasius, 1908), Re ~ 10%. £ is low for flumes and
explains the difficulties to generate experimentally standing waves
with subaqueous slides

4 Mass flow deposits

Based on the detailed investigations of Schnellmann
(2004), the sedimentary structures generated by the
mass flow events in different basins of Lake Lucerne on
September 16, 1601, suggest the following kinematics:
A section of a slope or delta deposit becomes unstable
and starts to move downward, hitting the lake bottom.
The impact zone is seismically transparent and usu-
ally~10 m deep and distally up to 200 m long, virtu-
ally identical with the impact zones of marine slides
(Casalbore et al., 2016). The impact scours the lake bot-
tom (Fig. 4a). The maximum velocity V of the slide is
(2-g'H)** for free fall, H is the vertical distance of the
slide mass center to the deposition plane. The Froude
number for a subaqueous slide is V-(¢’4)™%° and gets
Fr=(2H/h)%>, h is the thickness of the slide; it is there-
fore expected that a slide flow can attain a supercritical
state. The MFD distally of the impact zone was studied
in Lake Lucerne by Schnellmann (2004) and Siegent-
haler et al. (1987), and in Lake Geneva by Kremer et al.
(2015). The deposit of these events comprises three dif-
ferent strata, which are from bottom to top:

i. A sheet-like contortite, consisting of slope- or delta-
sediments and of scoured lake-bottom layers, as
shown in Fig. 4a. Its state during the flow is consid-
ered to be a fluid, as can be seen from the contortite
of the 50 Mm? slide in the Gersau basin where the
even upper boundary of the contortite is not affected
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Fig.4 aThe suggested scenario of the mass flow dynamics, an
expanded version of Schnellmann (2004). The overall horizontal
length is around 200 m. A: The material of the slide is considered

as a liquid, scouring semi-pelagic sediments at the impact zone

and continues to flow on the lake—bottom, producing contortites
or gets partly homogenized as 1996 in Lake Brienz. A small part of
the mass is ejected into suspension. The horizontal pressure causes
the seabed to bulge. B: In the final phase, the eroded depression is
filled or partly filled. b “Scour hole in plunge pool due to dynamic
impact of trajectory jet” (from Hager, 1995, p. 143). The shown energy
dissipater illustrates the forces of an internal hydraulic jump of a
slide, which disintegrates its own structure and also the structure of
the precedingly deposited slide material. A mudclast-conglomerate
(debrite) results and large parts of the material are injected into
suspension

by a 4 m high and 500 m wide bump of the underly-
ing lake bottom (Siegenthaler et al., 1987). Contor-
tites are the dominant MFDs in Lake Lucerne but
are missing in the 563 CE in Lake Geneva, at least
distally, proximal deposits are seismically not visible
and out of reach for Kullenberg borings.

ii. A few dm thick mudclast—conglomerate occasion-
ally overlays the contortites in Lake Lucerne, the
slope angles of the slides are generally ~20° and the
slide masses amount to a few Mm?>. An up to 5 m
thick mudclast—conglomerate, named debrite by
Kremer et al. (2015), is distally the basal layer of the
large 563 CE mass flow in Lake Geneva.

Excurse 3. In the late Eocene a ~10 m thick mudclast—
conglomerate (called "Fleckenmergel", spotty marl-

C. Siegenthaler

stone, by hard-rock geologists) does ring in the
impressive sequence of turbidites, the "Taveyannaz
series", in the eastern Northhelvetic Flysch of Swit-
zerland (Siegenthaler, 1974).

ili. The final MFD is a homogenous silty mud with
graded sand at its base but also occasionally inter-
calated within the deposit, as seen in the Gersau
basin of Lake Lucerne. Kastens and Cita (1981)
called such a deposit homogenite whereas Kremer
et al. (2015) and Schnellmann (2004) regarded it as
a turbidite. Strictly speaking, the homogenite cor-
responds to the last layer of the Bouma cycle and is
the fall-out of a large suspension cloud. The mass—
ratio, homogenite/(contortite plus debrite), is
around 0.1 in the Lake Lucerne basins and around
0.5, in the 563 CE event in Lake Geneva.

Such a sequence does not occur in Lake Brienz. A
probably important difference to the basins of Lake
Lucerne concerns the densities of the sediments, which
amount to~1.5 g/cm?® in the former, and to~1.2 g/
cm? in the latter lake (Girardclos et al., 2007; Schnell-
mann, 2004). ¢/, and the slide energy per unit mass, are
therefore two times larger in Lake Brienz. In addition,
it seems that two different slides occurred the same day
in Lake Brienz.

Comparing the MFDs of the 563 CE event in Lake
Geneva with the 1601 CE events in the basins of Lake
Lucerne, the following facts can be noted:

(i) A stratigraphic sequence “contortite — occasion-
ally a thin debrite — homogenite” in Lake Lucerne,
a “debrite — homogenite” sequence in Lake Geneva
(contortites are missing distally),

(i) An always abrupt structural change at the “contor-

tite — debrite” boundary in Lake Lucerne,
(iii) A homogenite/slide mass ratio of~0.1 in Lake
Lucerne and of ~0.5 in Lake Geneva,

(iv) Debrites associated with a large mass flow in Lake
Geneva, and associated with steep slide planes in
Lake Lucerne.

These observations suggest a possible change of
the mass flow dynamics during the flow. If the slide
attains a high velocity, the slide, considered as a liq-
uid, may enter a supercritical state with Fr>1. A forced
internal shooting flow impinging on a soft rock is
then established which is eroded and becomes fluid-
ized, a situation comparable with an internal hydrau-
lic jump (Hager, 1995). The sedimentary structures of
the involved masses are completely destroyed by the
impact and a debrite results; a large part is ejected into
the water as a suspension cloud. Such a mass flow sce-
nario is sketched in Fig. 4b.
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Table 1 The seiche/slide energy ratio of two events in Lake Lucerne and in Lake Geneva have been used to estimate the seiche

amplitudes, see Chapter 5; italics indicate input data

Lake Geneva:f=4.0 mean fall height lakearea slide Eige: slide energy  E iche: energy seiche maximum

slide density — of slides [m] [m?] volume J] seiche ratio amplitude amplitude
y= 3 N

1400 [kg m3] [m7] energy Eiciche/Esige  inthelake  at Geneva

*0.19=0.75/ f 1] [m] [m]

Lake Geneva 563 CE 150 5.82-10°8 25108 15E4+14 85E+12  57% 242 ~10

Lake Geneva 1584 CE 150 582-10° 1.5-10° 9.0E+11 51E4+10  57% ‘019 0.75

Lake Lucerne 1601 CE 0 1.10-10° 80-107 29E+13 97E+11  34% 1.88

Lake Lucerne 1687 CE 100 1.10-10° 1.0-10 40E+12 13E+11 3.4% 0.70

The forecast seiche amplitude of the 1601 CE event, 1.88 m, is in the estimated range of 1-2 m (Schnellmann, 2004; Siegenthaler et al., 1987). The same procedure
leads to an amplitude of 2.42 m, respectively 10 m at Geneva for the 563 CE event. ffigures the increase of the seiche amplitude at Geneva shown on February 12,
1950, and on July 28, 1950, due to the funnel-shaped “Petit Lac”; it must be noted, that the values in the last column are independent on f. The much larger energy
ratio in Lake Geneva as compared with Lake Lucerne is expected due to the complicated basin geometry of the latter. The 563 CE seiche—-amplitude at Lausanne is
estimated to be around 1 m for an expected one-node seiche and is much less compared than the 13 m tsunami simulation (Kremer et al., 2012). Such a large event

would have been probably mentioned by the bishop of the diocese Lausanne

5 An attempt to estimate the 563 CE wave
in Geneva using a seiche energy approach

The 563 CE wave was a catastrophe for the city of
Geneva, the riparians of the Petit Lac and those near the
collapsing delta where a large local surge is expected. If
the event is considered as a tsunami its digital simula-
tion leads to amplitudes of 8 m in Geneva and to13 m in
Lausanne (Frei & Marongiu, 2019). An energy compari-
son is used for a rough estimation of the amplitudes of a
seiche generated by a subaquatic slide, with the following
assumptions: (i) The seiche/slide energy ratio of a spe-
cific basin is independent of the slide mass magnitude.
This assumption is tested in Lake Lucerne with two mass
flow events, 1687 CE and 1601 CE, and slide volumes of
10 Mm? and 80 Mm?, respectively. (ii) The wave—ampli-
tude increase in the funnel-shaped “Petit Lac” is similar
to the amplitude increase of wind driven seiches meas-
ured during a limnograph campaign 1950-1952 in Lake
Geneva (Anonymous, 1954). (iii) The wave set-down of
large seiches at shores is neglected. The result is shown
in Table 1. The calculated seiche amplitude of 10 m in
Lake Geneva is similar to the modeled tsunami ampli-
tude (Girardclos & Kremer, 2012) but the seiche energy is
only half of the tsunami energy, the destructive forces of
a seiche are therefore significantly lower. The estimated
seiche/slide energy ratio e in Lake Geneva is 5.7%, the
shear/slide energy ratio € is ~20% according to the shear
stress lemma (Fig. 3, Re ~ 10'1). It follows that ~ 1/3 of the
shear energy is converted to seiche energy.

6 Conclusions

Archive studies show that historically documented
large and potentially dangerous waves in Swiss lakes
were seiches with periods of ~10 up to probably 70 min,
accompanied by periodic river outflow interruptions,
destructions of ships in harbors and large surges in the

vicinity of the sublacustrine slides. These waves had been
triggered by subaquatic slides caused by earthquakes.
Since the middle of the last century, seismologists
claimed that earthquakes do indeed generate lake—
seiches, documented by dozens of events. Assuming tsu-
namis in lakes is obviously just a construction to allow
digital modeling and leads to an exaggerated wave risk.
Distally from the impact zone of a slide, the MFD occa-
sionally exhibits a sedimentary structure, called a debrite,
that suggest the occurrence of a supercritical slide flow
regime which ejects a large mass into suspension, gener-
ating a thick homogenite. Important aspects of standing
waves, especially the energetic slide/seiche coupling, are
difficult to investigate. Such a coupling is weak in usual
models such as flumes, as postulated by shear—stress
lemma which states that it is the shear force at the slide/
water boundary that leads to a seiche. This lemma can
explain why slide/seiche couplings may occur in lakes
and in miniature lake models but not in flumes.
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