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Abstract. In slowly deforming intraplate tectonic regions
such as the Alps only limited knowledge exists on the occur-
rence of severe earthquakes, their maximum possible mag-
nitude, and their potential source areas. This is mainly due
to long earthquake recurrence rates exceeding the time span
of instrumental earthquake records and historical documen-
tation. Lacustrine paleoseismology aims at retrieving long-
term continuous records of seismic shaking. A paleoseismic
record from a single lake provides information on events for
which seismic shaking exceeded the intensity threshold at
the lake site. In addition, when positive and negative evi-
dence for seismic shaking from multiple sites can be gathered
for a certain time period, minimum magnitudes and source
locations can be estimated for paleo-earthquakes by a re-
verse application of an empirical intensity prediction equa-
tion in a geospatial analysis. Here, we present potential mag-
nitudes and source locations of four paleo-earthquakes in
the western Austrian Alps based on the integration of avail-
able and updated lake paleoseismic data, which comprise
multiple mass-transport deposits on reflection seismic pro-
files and turbidites and soft-sediment deformation structures
in sediment cores. The paleoseismic records at Plansee and
Achensee covering the last ~ 10 kyr were extended towards
the age of lake initiation after deglaciation to obtain the
longest possible paleoseismic catalogue at each lake site. Our
results show that 25 severe earthquakes are recorded in the
four lakes Plansee, Piburgersee, Achensee, and potentially
Starnbergersee over the last ~ 16 kyr, from which four earth-
quakes are interpreted to have left imprints in two or more
lakes. Earthquake recurrence intervals range from ca. 1000
to 2000 years, with a weakly periodic to aperiodic recur-
rence behavior for the individual records. We interpret that

relatively shorter recurrence intervals in the more orogen-
internal archives Piburgersee and Achensee are related to en-
hanced tectonic loading, whereas a longer recurrence rate in
the more orogen-external archive Plansee might reflect a de-
creased stress transfer across the current-day enhanced seis-
micity zone. Plausible epicenters of paleo-earthquake scenar-
ios coincide with the current enhanced seismicity regions.
Prehistoric earthquakes with a minimum moment magnitude
(My) 5.8-6.1 have occurred around the Inn valley, the Bren-
ner region, and the Fernpass—Loisach region and might have
reached up to My, 6.3 at Achensee. The paleo-earthquake cat-
alogue might hint at a shift in severe earthquake activity near
the Inn valley from east to west to east during postglacial
times. ShakeMaps highlight that such severe earthquake sce-
narios do not solely impact the enhanced seismicity region of
Tyrol but widely affect adjacent regions like southern Bavaria
in Germany.

1 Introduction

Lake paleoseismic studies in different tectonic settings have
demonstrated that seismic shaking can leave specific traces
in lacustrine sedimentary archives, e.g., by basin-wide mass
wasting or in situ soft-sediment deformation above a cer-
tain intensity threshold at the lake site (Avsar et al., 2016;
Doughty et al., 2014; Howarth et al., 2014; Monecke et
al., 2004; Petersen et al., 2014; Praet et al., 2017; Strasser
et al., 2013). As glaciogenic lakes are often characterized by
continuous sedimentation since deglaciation, they can have
continuously recorded earthquakes since then.
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Especially in slowly deforming, intraplate tectonic settings
like the Alps, recurrence rates of severe earthquakes often
exceed the time span of historical earthquake documentation
(Beck, 2009; Brooks, 2018; Kremer et al., 2017; Moernaut,
2020; Simonneau et al., 2013). Therefore, long-term lake pa-
leoseismic records provide valuable data to better constrain
the recurrence rate and the maximum possible magnitude of
severe earthquakes. However, the epicenter location, magni-
tude, and rupture extent of the event mostly remain unknown
solely based on a lacustrine paleoseismic archive. More-
over, on-fault evidence is hardly preserved in the Alps due
to penetrative anthropogenic landscape modification, grav-
itational slope processes, and relatively high erosion rates
(Ustaszewski and Pfiffner, 2008). The so-far unraveled active
faults are only discovered in special environments, such as
displaced Roman archeological remains (Galadini and Galli,
1999), tectonically damaged speleothems (Plan et al., 2010),
and the sedimentary infills of lakes (Fabbri et al., 2017, 2021;
Gasperini et al., 2020; de La Taille et al., 2015; Oswald et
al., 2021a). To date, two different ground motion modeling
methods have been developed to overcome these limitations.
The first method calculates potential magnitude-epicenter as-
semblages over a grid based on positive and negative shaking
evidence of a certain intensity threshold using a backward ap-
plication of an intensity prediction equation (IPE; Strasser et
al., 2006; Kremer et al., 2017, after Bakun and Wentworth,
1997). The second method calculates potential source faults,
the rupture length, and the magnitude in a forward model-
ing approach, which equally handles positive and negative
shaking evidence and considers the uncertainty in the IPE
(Vanneste et al., 2018). However, this method requires an ac-
curate map of potentially active faults, which is complicated
in the Alps due to the vast number of faults within a con-
fined space for which only limited knowledge exists on their
subsurface continuation and interrelation to other faults.

Recent lacustrine paleoseismological studies in the west-
ern Austrian Alps retrieved three continuous paleoseismic
archives covering the Holocene (Oswald et al., 2021a, b).
This study aims to extend these existing paleoseismic records
in the western Austrian Alps towards the timing of lake ini-
tiation where applicable. We compare the timing and rela-
tive imprint size of earthquake-related deposits. Based on this
we evaluate potential single-earthquake events with multiple
lake imprints and calculate recurrence statistics on the paleo-
earthquake catalogue of the region. Furthermore, we provide
possible earthquake parameters of paleo-earthquakes that can
explain the observational sedimentological evidence in the
lakes and discuss our results in the context of seismicity in
intraplate tectonic settings.

2 Setting

The study area is located within the western Austrian Alps
mainly composed of Austroalpine basement units in the
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south of the thin-skinned nappe stack of the Northern Cal-
careous Alps (Fig. 1). Towards the north, the Northern Cal-
careous Alps superimpose the Helvetic units, the Rhen-
odanubian flysch, and the Alpine foreland molasse. Penninic
and sub-Penninic units outcrop in the Tauern window and
the Engadin window in the southeastern and the southwest-
ern study area, respectively. The tectonic units are divided
by deep-reaching crustal faults, e.g., the Inntal shear zone,
Fernpass—Loisach fault system, or the Brenner Fault (Eis-
bacher and Brandner, 1996; Mancktelow et al., 2015; Ort-
ner et al., 2006). These faults were mainly active together
with the Periadriatic Fault south of the study area in Ceno-
zoic times caused by north-northwestward indentation of the
Adriatic microplate in the south and slab rollback in the
eastern Pannonian basin leading to lateral escape tectonics
(Ratschbacher et al., 1991; Rosenberg et al., 2004). GPS
measurements show that the Adriatic microplate is still push-
ing northward with about 1-2 mmyr~! (Métois et al., 2015),
causing moderate seismicity with dominant N—S thrust fault-
ing mechanisms focused in a 100 km wide E-W zone in the
Inn valley (Fig. 1; Reiter et al., 2018). This zone of enhanced
seismicity also hosted a few historically documented devas-
tating earthquakes (Hammerl, 2017; Hammerl et al., 2012;
Stucchi et al., 2013). Despite these earthquakes only reaching
moderate moment magnitudes My, of ~ 5.3-5.7, their impact
was considerable due to their relatively shallow depths (5—
10km; Reiter et al., 2018), leading to epicentral intensities
of Ip = VII-VIIL The strongest historical earthquake in Hall
(1670 CE) reached My, 5.7 £ 0.5 (Stucchi et al., 2013) and
caused very strong to severe damage (I = VII-VIII) in the
surrounding municipalities within approximately 120km?.
Moreover, this event was moderately felt (/ = V) up to the
250km distant Nuremberg and lightly felt with / =1V in
Salzburg (130 km). However, the exact intensity distribution
caused by the Hall earthquake is unknown due to the scarce-
ness of macroseismic reports (Hammerl et al., 2012; Stucchi
et al., 2013). For the historical M, 5.3 Namlos earthquake
(1930 CE), enough earthquake information exists in the form
of public macroseismic reports to characterize its regional
impact (Fig. 2; Oswald et al., 2021b). The Namlos earth-
quake reached intensities of VII-VIII in an area of ca. 75 km?
around the epicenter and was moderately felt (/ = V) in an
area of ca. 2500 km?. None of the historical earthquakes has
reached the maximum credible magnitude of My, 6 (40.5
if a strike slip mechanism is involved) estimated from world-
wide fault geometry—magnitude relationships and macroseis-
mic data (Lenhardt et al., 2007).

Recent studies established three paleoseismic records in
the study area spanning the last 10kyr by hydroacous-
tic imaging of the lake subsurface and multi-proxy sedi-
ment core analyses in the lakes Plansee, Piburgersee, and
Achensee (Fig. 1; Oswald et al., 2021a, b). The hydroacous-
tic data sets contain multibeam bathymetry data of all lakes
and reflection seismic profiles in the amount of 232km at
Achensee (99 km sparker source, 133 km pinger source) and
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Figure 1. Overview map of the study area. The investigated lakes are located within the Northern Calcareous Alps and Austroalpine basement
units subdivided and dissected by large-scale fault systems. Recent seismicity is concentrated in a 100 km wide E-W-oriented zone around
the Inn valley and along the Fernpass—Loisach fault system. Severe historical earthquakes are also documented in these regions. Earthquake
data derived from Stucchi et al. (2013) and Reiter et al. (2018). Inset map shows northward indentation of the Adriatic microplate into the
Eastern Alps delimited by the Periadriatic Fault (PF). The study area (black rectangle) is located in western Austria (A) and surrounded by

Germany (GER), Italy (IT), Switzerland (CH), and Liechtenstein (FL).

45km (pinger source) at Plansee. Two long cores were an-
alyzed at Achensee (10.9 and 8.1 m length), one long core
from Plansee (14.3 m length), and one long core from Piburg-
ersee (8.0 m length). Age control was obtained by radiocar-
bon dating and short-lived radionuclide data (210Pb/137Cs;
Table S1 in the Supplement).

All three lakes have a glaciogenic origin, i.e., an overdeep-
ened and underfilled valley for Achensee and Plansee, and
a glacially formed hanging valley for Piburgersee. Late
Glacial sedimentation is characterized by pure clastic sed-
imentation with enhanced sedimentation rates in a glacio-
lacustrine environment (for the cored sequence in Plansee
of 0.15cmyr~!, Achensee of 0.24cmyr~!, and Piburg-
ersee of 0.04 cmyr_l). In Holocene times, sedimentation
style is mixed hemipelagic-clastic in Plansee and Achensee
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due to the numerous alluvial fans bordering the lakes,
and mean sedimentation rates of 0.045 and 0.034 cmyr~!
were obtained, respectively. In Piburgersee, Holocene sedi-
mentation is characterized by organic-rich mud with abun-
dant macro-organic remains and relatively low sedimenta-
tion rates (0.025cmyr~!). In the relatively deep and large
lakes Plansee (68 m depth, 4.24 km?2 area) and Achensee
(134m depth, 6.8km? area), seismic-stratigraphic horizons
with multiple coeval mass-transport deposits (MTDs) di-
rectly overlain by a (mega-)turbidite were produced by basin-
wide subaqueous mass wasting, which is interpreted to be
triggered by strong earthquake shaking (cf. Praet et al., 2017;
Schnellmann et al., 2002; Strasser et al., 2013). In the shal-
low and comparably small lake Piburgersee (24 m depth,
0.14 km? area), in situ soft-sediment deformation structures
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Figure 2. Isoseismal map of the historical My, 5.3 Namlos earthquake in 1930 based on historical intensity data points (Oswald et al., 2021b).

(SSDSs) ranging from folded layers to intraclast breccia lay-
ers were observed in the flat central basin and were inter-
preted as signatures of strong seismic shaking (Oswald et
al., 2021b).

3 Methods

3.1 Extension of the paleoseismic records and event
scaling

The paleoseismic records of Plansee and Achensee are ex-
tended further back in time by (i) the investigation of out-
standing turbidite deposits within the glaciolacustrine sed-
iments by visual analyses of X-ray computer tomographic
(CT) and core image data in deeper core sections (only
Plansee) and by (ii) extending the age—depth models beyond
the reach of the core towards initiation of glaciolacustrine
sedimentation interpreted on seismic data, which allows the
timing of multiple coeval MTD horizons to be estimated. The
sediment depth between the base of the core and the inter-
preted horizon of the onset of glaciolacustrine sedimentation
is calculated using the two-way travel time (TWT) in seis-
mic data and a mean acoustic velocity of the glaciolacustrine
seismic unit (~ 1610ms~!) derived from P-wave velocity
measurements on the 12-15 m subsurface depth interval of
the cores that recovered the upper part of the glaciolacus-
trine unit. For the age—depth modeling, we used the broad
age range 15—17 ka as input age for the onset of glaciolacus-
trine sedimentation, based on the age bracketing of glacier
readvancement (~ 17 ka) and their final moraine termination
(~ 15 ka; Ivy-Ochs et al., 2008). This results in the extension
of the pre-existing age—depth models (Oswald et al., 2021a,
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b) covering the entire sequence of glaciolacustrine and lacus-
trine sedimentation from the deglaciation of the basin to the
present day.

Age—depth models from the long cores Planl18-L1 at
Plansee and ACH19-L3 at Achensee (Oswald et al., 2021a,
b) are based on a combination of short-lived radionuclides
(?'%Pb and '37Cs) and radiocarbon dates (Table S1) and cal-
culated using the R package Bacon version 2.5.0 (Blaauw
and Christen, 2011). For the age—depth modeling, event de-
posits with thicknesses of > 5cm are deleted to obtain an
event-free sediment depth. In order to also obtain an event-
free sediment depth for the calculated sediment depth below
the reach of the core, we assume a constant sedimentation
rate and comparable number and thickness of event deposits
as in the cored section of glaciolacustrine sediments.

In principle, an earthquake causes a specific sedimentary
imprint when a certain, lake-specific seismic intensity thresh-
old is exceeded (e.g., Monecke et al., 2004; Van Daele et
al., 2015). Above this threshold, measurements of the sed-
imentary imprints such as outstanding turbidite thickness
(Moernaut et al., 2014) or the occurrence of postseismic
landscape response (Howarth et al., 2016) might actually in-
dicate much higher intensities. Therefore, the inferred earth-
quake events are relatively scaled above the lake’s individual
intensity threshold based on their imprint size. The largest
measured sedimentary imprint in each record corresponds to
a value of 1. For Piburgersee, SSDSs are scaled based on
three development stages ranging from folded layer, incipient
breccia to intraclast breccia with increasing intensity (Mole-
naar et al., 2021; Oswald et al., 2021b; Wetzler et al., 2010)
including the deposit thickness and a normalization to the
range 0 to 1. The event scaling of SSDSs from a single sed-
iment core might contain indeterminable uncertainties as the
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development stage and thickness of SSDSs might vary later-
ally (e.g., Alsop and Marco, 2011), and the formational pro-
cesses are not fully understood. At Plansee and Achensee,
events are relatively scaled based on the MTD volume (V)
and turbidite thickness (7') as follows: in a first step, V is di-
vided by the slope area (Agiope), and T is divided by the ratio
of Aglope t0 basin area (Apasin) to make the imprints of sev-
eral lakes with different morphometric characteristics com-
parable (Egs. 1 and 2).

Vv
Veorr = —— ey
A slope
T
Teon=———+—" 2
Aslope/Abasin

V is obtained from mapping MTDs in reflection seismic data,
Ajlope and Apasin are derived from spatial analysis of bathy-
metric data, and 7 is measured from the sediment core. The
total MTD volume is strongly dependent on the slope area
but does not change with basin area. The turbidite thickness
is dependent on both the slope and the basin area because,
for example, a small depocenter surrounded by large slopes
would result in a relatively thicker turbidite. To calculate a
scaled sedimentary imprint SEDgcq1eq, the morphometrics-
corrected MTD volume (V) and turbidite thickness (7corr)
are normalized to the range O to 1, where the largest Vior
and T¢opr corresponds to a value of 1, and summed up. Along
the Alpine Fault in New Zealand, postseismic landscape re-
sponse was documented to indicate one to two intensity lev-
els higher than events that lack such response (Howarth et
al., 2016), but in our case study there is no quantitative data
to confidently determine this value for incorporation in the
event scaling. In order to also add the occurrence of postseis-
mic landscape response (L) as a third parameter, we define
L =1 for events with postseismic landscape response and
L =0 for events without landscape response. In a last step,
SEDjgcaleq of the individual records is normalized to the range
of 0 to 1 for a better comparison between different paleoseis-
mic records (Eq. 3).

(Vcorri - min(vcorr))
(max(vcorr) - min(vcorr))
(Tcorri - min(Tcorr))

(maX(Tcorr) - min(Tcorr))

SEDscaled =

(+L) 3
3.2 Recurrence statistics

The average earthquake recurrence interval (in years) is cal-
culated on the interevent times obtained on each lake record.
To account for dating uncertainty, interevent times are de-
rived from all individual age—depth model simulations in
the software Bacon, resulting in a range of possible recur-
rence intervals. For records with a relatively long open end
(> 1000 years) since the last event, recurrence interval cal-
culation is carried out once only considering the closed in-
terevent times and a second time where an imminent event in
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the following year is assumed (cf. Griffin et al., 2020). In this
way, we also consider the elapsed time since the last event as
a minimum value for the latest interevent time. Additionally,
insights into the recurrence pattern of earthquakes (i.e., aperi-
odicity) of the lake records are obtained from the calculation
of burstiness, which is directly transformed from the coef-
ficient of variation (CoV) representing the mean-normalized
standard deviation of the interevent times (Goh and Barabasi,
2008). In analogy to the recurrence interval, burstiness and
CoV are calculated on interevent times derived from all age—
depth model simulations of each record (Kempf and Moer-
naut, 2021). We subdivide recurrence patterns, where a pale-
oseismic record with burstiness —1 to —0.33 (CoV < 0.5) is
strongly periodic, —0.33 to —0.05 (CoV 0.5-0.9) is weakly
periodic, —0.05 to 0.05 (CoV 0.9-1.1) is aperiodic, and 0.05
to 1 (CoV > 1.1) is bursty. It has to be noted that our ap-
proach does not incorporate the uncertainty in the estima-
tion of burstiness due to the limited event number; i.e., there
is a tendency to underestimate the burstiness of the true
population mean (Kempf and Moernaut, 2021; Williams et
al., 2019). However, we consider this approach appropriate
for first-order estimations, especially given the fair number
of paleoseismic events (8—11) in each record and the record
continuity. In addition, we calculated recurrence interval and
burstiness of the regional event record, where the individ-
ual events of all three lakes, each comprising all ages of the
individual age—depth model simulations, are sorted by their
mean age. This has the advantage that the stratigraphic order
is also retained for the recurrence rate within the individual
records but samples somehow randomly between the differ-
ent records. Hence, this sampling technique does not artifi-
cially overestimate the interevent times of subsequent events
within an individual record, which is the case for a pure ran-
dom sampling between event ages of several records. How-
ever, interevent times might be slightly underestimated when
shifting from one record to another as the sampling might not
be completely random due to the prior defined event order.

3.3 Source area and magnitude reconstruction of
paleo-earthquakes

Reconstruction of potential source areas and magnitudes of
paleo-earthquakes is based on a two-step geospatial grid-
search analysis (Strasser et al., 2006, 2013; Kremer et
al., 2017, after Bakun and Wentworth, 1997) reversely ap-
plying the empirical IPE developed for deep earthquakes in
the Swiss Alps, which is also applicable for > My, 5.5 earth-
quakes (Féh et al., 2011). The input parameters consist of the
intensity threshold for generating lacustrine mass wasting or
SSDSs, along with site coordinates of positive and negative
evidence for seismic shaking that exceeds this threshold. In
this study, we consider earthquake-related deposits, i.e., en-
hanced mass wasting or SSDSs, to be potentially coeval
for the calculation of paleo-earthquake scenarios when more
than 40 % of the 95 % probability density functions (PDFs)
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of the event ages overlap. If a lake recorded earthquake-
related deposits at the observed event period, the intensity
threshold was exceeded, and the lake shows positive evi-
dence for seismic shaking. In contrast, when no earthquake-
related deposits are present in the lake record at the ob-
served time, it is assumed that the intensity threshold was not
reached, resulting in negative evidence for seismic shaking as
input for the calculation of plausible magnitudes and source
areas. For the studied lakes in Tyrol, the intensity threshold
is defined as seismic intensity (SI) ~ VI 1/4 on the European
macroseismic scale (EMS-98; Griinthal, 1998), representing
the mean value of the lake’s individual threshold intensities
(Oswald et al., 2021a, b). This intensity threshold is also sim-
ilar to the threshold value VI 1/5 established for Swiss peri-
alpine lakes (Kremer et al., 2017), which further justifies the
application of the estimated threshold value SI ~ VI 1/4 to
all studied lakes for the reconstruction of paleo-earthquake
scenarios. In a first step of the grid-search analyses, mini-
mum magnitudes are calculated for each cell based on the
positive earthquake evidence. In a second step, each cell is
evaluated for the sites with negative evidence and rejected if
the calculated site intensity from the magnitude of the cell
exceeds the intensity threshold of a site with negative earth-
quake evidence (see also Kremer et al., 2017).

3.4 Calculation of paleo-earthquake ShakeMaps

For a deterministic presentation of the paleo-earthquake ef-
fects, we created ShakeMaps to show the expected seismic
intensity (EMS-98) in the broader study area for selected
paleo-earthquake scenarios. Therefore, we used the empiric
intensity (/)—distance (d) relation (Eq. 4) for earthquakes in
central Europe by Sponheuer (1960):

/L2 2
1(d) = Ip — 3logy, <hh+d> ~1.3a (x/h2+d2 —h), 4)

with an absorption coefficient « (0.002 for earthquakes in
central Europe) and the expected maximum intensity /o from
the empiric relation by Rudloff and Leydecker (2002) using
estimated local magnitudes (M) and hypocentral depths (%)
in Eq. (5).

M 4 0.154 — (0.555log ;o (h)) s
- 0.636 ©)
As these relations do not describe site effects that contribute
to the expected intensity in the study area, we used the
macroseismic data from regional earthquakes of central Eu-
rope recorded between 2013 and 2020 to determine site pa-
rameters a and b for each point x that describe the median
intensity difference from the empirical relation (Eq. 6). In a
second step, we used the intensities of historical earthquake
with My, > 5 in Tyrol (Stucchi et al., 2013) to estimate the
difference Iy of the maximum intensity to the empirically
calculated Iy. The resulting equation has the form

1(x)=1(d)+a(M,h,d)b(x)+ I4. ©)

Iy
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While parameter a depends on earthquake parameters, b re-
lates to local topographic effects taken from a 1 km resolu-
tion digital elevation model. Therefore, uncertainties can be
expected for topographic features < 1 km, especially narrow
valleys.

4 Results
4.1 Prehistoric earthquake records in Tyrol

4.1.1 Extension of the paleoseismic records at Plansee
and Achensee

Seismic data of Plansee hold 11 seismic-stratigraphic hori-
zons of multiple coeval MTDs (A-K in Fig. 3a), of which
the upper 5 each correspond to an amalgamated turbidite in
the sediment core (Oswald et al., 2021b). As this assem-
blage of observational evidence for horizon A is linked to
the severe, historic My, 5.3 Namlos earthquake, also horizons
B-E were interpreted as earthquake-induced mass-wasting
events (Oswald et al., 2021b). Towards greater depths six ad-
ditional horizons of multiple coeval MTDs occur in seismic
data (F-K in Fig. 3a), each containing three to five MTDs in
the main basin of Plansee (see the Supplement of Oswald et
al., 2021b).

In the sediment core, two main types of turbidites thicker
than 5Scm are observed in the glaciolacustrine clays and
mapped throughout the core (Fig. S2 in the Supplement).
The first turbidite type is characterized by brown- to light-
gray-colored, normally graded deposits with a distinct light-
colored clayey-silt cap on top and contains terrestrial macro-
organic remains (Fig. 3b). In analogue to the lacustrine sed-
imentation, these graded turbidites are interpreted to result
from lake-external detrital sediment transported into the lake
during hydrological events (Kiefer et al., 2021). The second
type consists of overall gray homogeneous turbidites with
only a thin graded base and a distinct clayey-silt cap on top
and without any macro-organic remains (Fig. 3c). These ho-
mogeneous turbidites are interpreted as sediment remobiliza-
tion of lake-internal slopes (Kiefer et al., 2021; Oswald et
al., 2021b). The turbidite of event J contains a 5 cm, angular
dolomite gravel within a homogeneous silt matrix in the up-
permost part. This gravel potentially indicates a dropstone
transported within a snow avalanche on a frozen lake (cf.
Vasskog et al., 2011). Additionally, based on core-to-seismic
correlation, each of the seismic-stratigraphic horizons H-J
correspond to a homogeneous turbidite in the 15 m long sed-
iment core (Fig. 3a). Therefore, we interpret these homoge-
neous turbidites derived from lake-internal enhanced mass
wasting as earthquake-related in analogue to the earthquake
proxy in the Holocene lacustrine sediments in Plansee (Os-
wald et al., 2021b) and similar lake settings (e.g., Strasser et
al., 2013). In contrast, seismic-stratigraphic horizons F and
G correlate to a single or a sequence of graded and much
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Figure 3. Extension of the paleoseismic record at Plansee. (a) Core-to-seismic correlation of the seismostratigraphic event horizons with
multiple coeval MTDs (I-K) in seismic data to event deposits within the glaciolacustrine sediments. Correlation of event horizons A-E
with amalgamated turbidites in the sediment core are derived from Oswald et al. (2021b). Core depth is extrapolated below the reach of the
core to the onset of glaciolacustrine sedimentation. Inset figure shows the location of the seismic line on Plansee. (b) Single turbidites or
a turbidite stack characterized by a normal grading and terrestrial macro-organic remains in histogram-equalized core images and CT data
correlate to the seismic-stratigraphic event horizons F and G. These event horizons cannot be conclusively interpreted and either represent
earthquakes or hydrological events. (¢) Turbidites characterized by an overall homogeneous sediment body on top of a thin normally graded
base in histogram-equalized core images and CT data are correlated to the seismic-stratigraphic event horizons H-J and are interpreted as
earthquake-related deposits within the glaciolacustrine sediments. (d) Age—depth model of Plansee including calibrated l4c ages from this
study and Oswald et al. (2021b; Table S1) and an assumed lake initiation age (~ 15-17 ka) derived from the regional deglaciation age (Ivy-
Ochs et al., 2008). Horizontal lines depict (projected) event horizons A—K. The dashed horizontal line represents the stratigraphic boundary
between glaciolacustrine and lacustrine sedimentation. Sediment depths below the reach of the core (thin gray line) are calculated towards
the glacial unconformity from TWT in seismic data assuming an acoustic velocity of 1610 ms 1.

thinner turbidites separated by background sediment (Fig. 3a
and b). The interpretation of seismic-stratigraphic horizons F
and G is not unique, and they could represent either earth-
quakes with potentially lower intensities at the lake or hy-
drological events that caused onshore mass wasting within a

https://doi.org/10.5194/nhess-22-2057-2022

short period. Therefore, event horizons F and G are not fur-
ther used for the paleoseismic catalogue of the region.

The pre-existing age—depth model covering the Holocene
is extended towards the base of glaciolacustrine sediments
by adding an additional radiocarbon age in the Late Glacial
at 7.5 m event-free sediment depth (Table S1 and Fig. S2)

Nat. Hazards Earth Syst. Sci., 22, 2057-2079, 2022
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and an inferred deglaciation age at ca. 15-17ka at 13.5m
(Ivy-Ochs et al., 2008). This results in paleo-earthquakes at
ca. 12.7, 13.4, 14.6, and 16.0ka with 95 % age ranges of
12.5-12.9, 13.3-13.6, 14.3-14.9, and 15.6-16.4 ka, respec-
tively (Table 1).

Achensee contains 12 seismic-stratigraphic horizons
with multiple MTDs, delta collapse deposits, and (mega-
)turbidites (A—L in Fig. 4a; Oswald et al., 2021a). Similar to
Plansee, sedimentary earthquake imprints are expressed by
the occurrence of multiple coeval MTDs in seismic data and
a corresponding amalgamated turbidite because the second-
youngest event horizon B was previously correlated to the
historical severe My, ~ 5.7 Hall earthquake in 1670 (Oswald
et al., 2021a). Therefore seismic-stratigraphic horizons B—
L were interpreted as earthquake-related, but only a rough
age estimate (11-18 ka) was provided for the event horizons
K and L, which are below the reach of the sediment cores.
In contrast, the youngest event horizon A is not earthquake-
related and represents a period of enhanced shoreline ero-
sion due to anthropogenically induced lake level changes
especially at the early phase of hydropower generation at
Achensee.

In reflection seismic data of Achensee, lake strata are off-
set by subaqueous surface ruptures in prolongation of an on-
shore mapped fault. The upper terminations of these sur-
face ruptures occur at three different stratigraphic levels,
where each termination is directly overlain by multiple co-
eval MTDs (event horizons G, K, and L). This association be-
tween surface rupture and MTDs was previously interpreted
as combined on-fault and off-fault paleoseismic evidence for
three local severe earthquakes (Oswald et al., 2021a). The
other event horizons with multiple coeval MTDs and a cor-
responding turbidite were interpreted as the record of remote
earthquakes exceeding the intensity threshold at Achensee
SI~ VL. So far, 8 of the 11 seismic-stratigraphic horizons
with multiple MTDs (B-I) and 1 surface-rupturing horizon
(G) are cored and dated by two 11 m long sediment cores.
The extension of the age—depth model results in two local
surface-rupturing events at ~ 11.0 and ~ 11.5ka (K and L)
and a remote earthquake at ~ 10.8 ka with 95 % age ranges
of 10.6-11.5, 11.0-11.9, and 10.4-11.2 ka, respectively (Ta-
ble 1 and Fig. 4b).

4.1.2 The paleo-earthquake catalogue of Tyrol and its
surrounding regions

The sedimentary archives of Plansee, Piburgersee, and
Achensee represent the first continuous records of prehistoric
earthquakes in the western Austrian Alps (Tyrol and its sur-
rounding regions) and cover the last 16000 years (Fig. 5a
and Table 1). For each event, a qualitative intensity scaling
is applied above the intensity threshold for recording earth-
quakes based on sedimentological criteria, such as MTD vol-
ume, turbidite thickness, development stage and thickness
of SSDSs and occurrence of postseismic landscape response

Nat. Hazards Earth Syst. Sci., 22, 2057-2079, 2022
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(Fig. 5a; Oswald et al., 2021a, b). In contrast to Plansee
and Achensee, the paleoseismic record of Piburgersee is lim-
ited to the Holocene lacustrine sediments due to the lack of
earthquake-induced soft-sediment deformation structures in
the glaciolacustrine sediments and due to the missing seismic
penetration (< 0.003 s TWT) to potentially link outstanding
turbidites to multiple coeval MTDs.

The Plansee paleoseismic record (event number n =9)
shows the most regular recurrence pattern of the investi-
gated records being at the boundary of “weakly periodic” and
“strongly periodic” with a mean burstiness of —0.29 (range
—0.40 to —0.22; Fig. 5b). It also has the largest mean re-
currence interval of ca. 2000 years. The Achensee paleoseis-
mic record (n = 11) is “weakly periodic” (mean burstiness
—0.20, range —0.32 to —0.11) with a mean recurrence in-
terval of ca. 1100 years. For the Piburgersee record (n = 8),
aperiodicity and recurrence intervals are calculated in two
ways to account for the relatively long earthquake quies-
cence since ~ 3.0ka, once considering only the closed in-
terevent times and a second time with assuming an imminent
event next year. Both calculations show a “weakly periodic”
to “aperiodic” recurrence pattern (mean burstiness of —0.04
and —0.06, range of —0.16 to 0.03 and of —0.13 to 0.00) but
vary in the recurrence interval with ca. 1000 and 1250 years
for the closed intervals and the imminent event next year,
respectively. The “real” recurrence interval at Piburgersee is
potentially even longer as the imminent event will probably
be further in the future. Note that the smaller scatter of bursti-
ness and recurrence interval in the Piburgersee data set con-
sidering an imminent event next year is artificial due to the
small age error in the assumed event in 2022 compared to
the event ages derived from the individual age model simu-
lations. Evaluating these recurrence statistics in light of the
geographical position of the records within the Alpine oro-
gen, the more externally situated Plansee shows the longest
recurrence interval and most periodic recurrence pattern,
whereas the more orogen-internal records (Piburgersee and
Achensee) tend towards aperiodic recurrence behavior with
about only half of the recurrence interval at Plansee. Addi-
tionally, we combine the event ages of all earthquake-related
sedimentary imprints derived from the three paleoseismic
records and consider the interpreted coeval events at ca. 3.0,
4.1, and 6.8 ka only once (Oswald et al., 2021b; Fig. S3). This
results in 25 severe earthquakes that occurred in the study
area every 630 years on average with a weakly periodic re-
currence pattern.

We examined the paleo-earthquake catalogue of Tyrol pre-
sented herein (Table 1) for further overlapping event ages as
this potentially indicates that a single event left traces in mul-
tiple lakes and thus impacted an area of several tens of kilo-
meters in circumference. The assessment of a single severe
earthquake from overlapping event ages requires caution be-
cause an age overlap could also be generated by two or more
less strong earthquakes at different locations which occurred
within a shorter time period than the error in the age—depth
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Figure 4. Extension of the paleoseismic record at Achensee. (a) Earthquake imprints are expressed as horizons of multiple coeval MTDs and
subvertical subaqueous surface ruptures (Oswald et al., 2021a). The vertical thin gray line shows the prolongation of the previously published
sediment core ACH19-L3 towards the interpreted onset of glaciolacustrine sedimentation at the top of unit 1. Inset shows the orientation of
the seismic profile on Achensee. (b) Extension of the age—depth model of core ACH19-L3 towards the assumed begin of glaciolacustrine
sedimentation (~ 15-17 ka after Ivy-Ochs et al., 2008). Projected event-free sediment depths of event horizons J-L are marked by horizontal
lines. Dashed horizontal lines represent stratigraphic boundaries. The calculated event-free sediment depth results from the depth calculation
between the base of the core and the interpreted onset of glaciolacustrine sedimentation of TWT in seismic data assuming an acoustic velocity

of 1610ms~ 1.

model (Kremer et al., 2017; Oswald et al., 2021b). For the
event age synchronicity evaluation, we incorporated the pre-
existing surrounding lacustrine paleoseismic archives at the
lakes Constance (Schwestermann, 2016), Ziirich (Strasser et
al., 2013; Strasser and Anselmetti, 2008), Walen (Zimmer-
mann, 2008), Silvaplana (Bellwald, 2012), Iseo (Lauterbach
etal., 2012), and Ledro (Simonneau et al., 2013; Fig. 6a) for a
potential event age overlap but found only negative evidence
for overlapping event ages with the three Tyrolean lakes.
Moreover, the sedimentary archive of Ammersee, which was
primarily investigated for its flood record, holds no paleo-
seismic events in the available core data of the last ~ 5.7 kyr
(Czymzik et al., 2013). At Starnbergersee, limnogeological
investigations found enhanced mass wasting in seismic and
core data at around 4 ka (3.7 to 4.7 ka) and in the Early At-
lantic (ca. 6.5 £0.5ka; Daut, 1998). As the establishment
of a continuous paleoseismic record was not the focus of
the study at Starnbergersee, we only consider the two mass-

Nat. Hazards Earth Syst. Sci., 22, 2057-2079, 2022

wasting events at ca. 4 and 6.5ka to be potential evidence
for seismic shaking (Fig. 5a) but do not extract negative evi-
dence from this record. The paleoseismic event catalogue of
the western Austrian Alps holds six periods with overlapping
event ages in two records at ca. 3.0, 6.4, 6.5, 6.6, 6.8, and
8.3ka and one period at ca. 4.1 ka with overlapping event
ages in three records (Fig. 5a). A single severe event with
impact on multiple lakes is very likely for the events at ~ 3.0
(Plansee, Piburgersee) and ~ 4.1ka (Plansee, Piburgersee,
and potentially Starnbergersee) because the 95 % PDFs of
the event age ranges at Plansee and Piburgersee match well
with 55% and 45 %, respectively (Oswald et al., 2021b;
Fig. S3). Additionally, potential terrestrial secondary pale-
oseismic evidence is documented during these periods by
the occurrence of several large prehistoric rockslides (up to
1 x 10°m3 rockslide deposit volume; Prager et al., 2008;
Oswald et al., 2021b). Furthermore, a single earthquake at
ca. 6.8 ka is indicated by a 68 % PDF event age overlap be-

https://doi.org/10.5194/nhess-22-2057-2022
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Figure 5. Lacustrine paleoseismic records of the western Austrian Alps, recurrence statistics of their paleo-earthquakes, and potential sin-
gle earthquakes with impact on multiple lakes. (a) Timeline of the paleo-earthquakes at Plansee (this study and Oswald et al., 2021b),
Piburgersee (Oswald et al., 2021b), and Achensee (this study and Oswald et al., 2021a) also including the potential earthquake-related
mass-wasting events at Starnbergersee (Daut, 1998). Earthquake symbols are relatively scaled based on their imprint size above the EMS-98
intensity threshold for recording earthquakes at the lakes (cf. Oswald et al., 2021b). The likelihood assessment that these periods represent
single earthquakes with an impact on multiple lakes (green—red color scale) is based on age overlaps of the individual event age PDFs
(Fig. S3) and sedimentological evidence further described in the main text. Mean ages of age overlap are noted on the colored bars. Duration
of lacustrine and glaciolacustrine sedimentation is indicated by continuous and dashed horizontal gray lines, respectively. (b) Recurrence
interval-burstiness diagram of the three records calculated on all individual age—depth model simulations at the respective lake resulting in
> 5400 data points for each record. The recurrence interval varies from ca. 1000 to 2000 years for the individual records and is ca. 680 years
for all three records combined. The burstiness shows weakly periodic to aperiodic recurrence patterns for all data sets. Note that Piburgersee
is considered as two data sets given the long open end since the last event: one data set where only the closed interevent times were considered
and a second data set where an imminent event is assumed in the next year.
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tween lakes Piburgersee and Achensee (Fig. 5a). In the time
period of ~ 8.3ka the PDF event age overlap at the lakes
Achensee and Plansee is low (19 %), and also the observa-
tional evidence contradicts the possibility of a single event
at this time. In detail, the rupture location is restricted to
the Achensee area based on primary paleoseismic evidence.
Within the same period, seismic shaking beyond the EMS-
98 intensity threshold is indicated at Plansee by extensive
mass wasting and the occurrence of postseismic landscape
response, but no earthquake-related sedimentary imprint is
found at Piburgersee. We also propose rejecting the possibil-
ity of a single earthquake with an imprint in multiple lakes at
ca. 6.4 (Piburgersee—Plansee) and 6.6 ka (Plansee—Achensee)
due to the poor PDF event age overlap of 6 % and 4 %, re-
spectively.

4.2 Paleo-earthquake scenarios

Based on the interpreted coeval earthquake evidence in mul-
tiple lakes at ca. 3.0, 4.1, 6.5, and 6.8 ka, we investigate as-
semblages of potential source area and magnitude for these
events under the assumption of a single earthquake event
based on a reverse application of the IPE in a geospatial
analysis (Fig. 6). For the following scenarios, the surround-
ing paleoseismic archives of the lakes Constance, Ziirich,
Walen, Iseo, Ledro, Silvaplana, and Ammersee (for the last
~ 5.7 kyr) were applied as negative earthquake evidence due
to missing event age overlap or no earthquake imprints at all
in the case of Ammersee.

4.2.1 Scenario A at ~ 3.0ka

Positive earthquake evidence is present in Plansee and
Piburgersee at ~ 3.0 ka, whereas Achensee, Ammersee, and
the Swiss and Italian paleoseismic archives show negative
evidence (Fig. 6b). The grid-search analysis provides solu-
tions of potential earthquake sources in the western study
area with a minimum-magnitude source area in the middle
between Plansee and Piburgersee around the village Nassere-
ith with My, 5.7 (Fig. 6b). The large prehistoric rockslides
at Tschirgant and Haiming indicated as violet triangles in
Fig. 6b also fall within the time range of this event and were
interpreted to be earthquake-triggered (Oswald et al., 2021b).
These rockslides are located slightly south of the minimum-
magnitude area and much closer to Piburgersee than to
Plansee. Additionally, the relative scaling of the sedimentary
imprint size (0.98 at Piburgersee and 0.11 at Plansee; Table 1)
indicates a much higher shaking intensity at Piburgersee than
at Plansee. Therefore, we interpret the epicenter of scenario
A to be more likely located south of the halfway distance be-
tween the two lakes (white line in Fig. 6b) with a minimum
magnitude of M,, 5.8. Hereinafter we consider My, 5.8 to be
the minimum magnitude for scenario A and use this value for
further considerations and analyses (Sect. 4.3).

Nat. Hazards Earth Syst. Sci., 22, 2057-2079, 2022

4.2.2 Scenario B at ~4.1ka

At ~ 4.1 ka, positive earthquake evidence is found in Plansee
and Piburgersee and potentially in Starnbergersee, whereas
Achensee, Ammersee, and the Swiss and Italian lakes show
negative evidence for seismic shaking (Fig. 6¢). The rock-
slides at Fernpass, Eibsee, and Stottelbach (violet triangles in
Fig. 6¢) were previously related to this earthquake (Oswald
et al., 2021b). Moreover, results from structural analyses and
rock slope failure modeling in response to seismic shak-
ing also suggest a seismic trigger for the Fernpass rockslide
(Lemaire et al., 2020). The derived minimum-magnitude area
and source area lie north of Garmisch-Partenkirchen with a
magnitude of My, 6.1. This event had the largest sedimentary
imprint at Plansee (relative imprint scale = 1) but had only
an intermediate imprint size in Piburgersee (relative imprint
scale = 0.63; Table 1). This observational evidence further
supports the localization of the already-small region of plau-
sible source areas and minimum magnitudes from the grid-
search analysis (Fig. 6¢). It must be noted that this analysis
strongly relies on the less constrained evidence at Starnberg-
ersee. Not considering Starnbergersee as a data point would
result in the same magnitude—source area distribution as in
scenario A (Fig. 6b) but resulting in a minimum-magnitude
estimate of My, 6.0 around Plansee and the rockslides at
~ 4.1 ka considering the sedimentary imprint size and the lo-
cations of the earthquake-triggered rockslides (see argumen-
tation above).

4.2.3 Scenario C at ~ 6.5ka

Plansee and potentially Starnbergersee have positive evi-
dence for seismic shaking at ~ 6.5 ka, and negative evidence
is found in the other available records (Fig. 6d). The region
north of Garmisch-Partenkirchen is a potential source area
with a minimum magnitude of M, 5.9, centrally located be-
tween the two lakes, or increasingly higher if the epicenter
would have been located further towards the north, west, or
south. Better constraining the epicenter based on the sedi-
mentary imprint is not feasible for this event as there are
no data on the imprint size at Starnbergersee. However, the
low imprint size in Plansee (0.11; Table 1) hints at an earth-
quake which occurred farther away. Therefore, we assume
the identified minimum-magnitude area to be the most likely
epicenter location for this event. Similar to scenario B, the
grid-search analysis strongly relies on the less constrained
evidence in Starnbergersee. In the case of falsely interpreted
evidence in Starnbergersee for this event, the minimum-
magnitude area would shift towards Plansee.

4.2.4 Scenario D at ~ 6.8ka
At ~6.8ka positive earthquake evidence is found in

Achensee and Piburgersee, whereas negative evidence is
derived from Plansee (Fig. 6e). The minimum-magnitude
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Figure 6. Magnitude and source area estimations of plausible paleo-earthquake scenarios with consideration of positive and negative earth-
quake evidence at multiple sites reversely using an IPE in a grid-search analysis (Strasser et al., 2006; Kremer et al., 2017, after Bakun and
Wentworth, 1997). (a) Map with historical and instrumentally recorded earthquake data (Reiter et al., 2018; Stucchi et al., 2013); zones of
present-day enhanced seismicity (dashed lines) around the Inn valley (INN), the Brenner Pass (BRE), and the Fernpass—Loisach region (F—
L). The lacustrine event records investigated for the scenario modeling are Achensee (Ac; Oswald et al., 2021a), Ammersee (Am; Czymzik
et al., 2013), Lake Constance (Co; Schwestermann, 2016), Lake Iseo (Is; Lauterbach et al., 2012), Lake Ledro (Le; Simonneau et al., 2013),
Piburgersee (Pi; Oswald et al., 2021b), Plansee (Pl; Oswald et al., 2021b), Silvaplanasee (Si; Bellwald, 2012), Starnbergersee (St; Daut,
1998), Walensee (Wa; Zimmermann, 2008), and Lake Ziirich (Zu; Strasser and Anselmetti, 2008; Strasser et al., 2013). (b—e) Calculated
plausible source areas and minimum magnitudes for paleo-earthquakes with assumed coeval positive earthquake evidence in more than one
lake at (b) ~ 3.0ka, (¢) ~4.1ka, (d) ~ 6.5ka, and (e) ~ 6.8 ka. In (b) and (c) the interpreted earthquake-related rockslides are indicated as
violet triangles (Oswald et al., 2021b). Note that in (b) the transparent source area north of the white line is less likely due to the relatively
large sedimentary imprint in Piburgersee compared to Plansee, and the earthquake-triggered rockslides further support this interpretation.
Hence, the estimated source area is interpreted more in the south with a minimum magnitude of My 5.8, which is also used for further
considerations and analysis.
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source area is located around Innsbruck with a minimum
magnitude estimate of My, 6.0 and with increasing magni-
tudes towards the east and southeast. As both Achensee and
Piburgersee have only minor sedimentary imprint sizes for
this event (0.11 and 0.38, respectively; Table 1), an epicen-
ter location farther away from both records like the area of
Innsbruck or south of it is most likely.

4.3 Effects of selected paleo-earthquakes

The derived magnitudes from the modeled paleo-earthquake
scenarios are well above what has been calculated from in-
strumental earthquake records of the last century or from
historical documentation in the study area. To get a first-
order idea of the consequences of such rare high-magnitude
events we explore the regional shaking effects of four se-
lected paleo-earthquake scenarios, which are reasonably con-
strained by our lacustrine paleoseismic data. The epicen-
ter location of the earthquake scenarios for the ca. 3.0, 4.1,
and 6.8ka events are estimated based on the minimum-
magnitude source area as revealed from the grid-search anal-
ysis. In a second step, the epicenter locations are considered
more plausible closer to earthquake-triggered rockslides and
lakes with higher sedimentary imprint scales (see Sect. 4.2).
For the estimated epicenter area, we take the nearest town
and derive the magnitude calculated from the inverse ap-
plication of IPE in the grid-search analysis for the respec-
tive paleo-earthquake scenario. Besides the exploration of
regional shaking effects for plausible earthquake scenarios
at ca. 3.0, 4.1, and 6.8 ka, we test for the maximum possible
magnitude of the surface-rupturing earthquake at Achensee
at ca. 8.3 ka that did not exceed the EMS-98 intensity thresh-
old at Piburgersee and Plansee.

A focal depth of 10km is assumed for calculating the
ShakeMaps presented in Fig. 7, which lies within the 5—
15 km depth range of recent seismicity (Reiter et al., 2018).
The respective calculated seismic intensities for selected
towns in the broader study area are listed in Table 2.

4.3.1 Effects of a M,, 5.8 earthquake at Imst (Scenario
A at ~ 3.0ka)

A M,, 5.8 earthquake scenario at Imst would have an epi-
central intensity of VIII 1/4, and the earthquake would
affect large parts of Tyrol and also areas of southern
Bavaria, Baden-Wiirttemberg, and Vorarlberg (Fig. 7a). Es-
pecially western Tyrol and the northern Alpine foreland from
Kempten to Starnbergersee would be strongly affected (SI:
VI to VII) in a total area of ca. 9000 km?. The very strongly
affected area with intensities > VII (~ 550km?) is found
around the epicenter.
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4.3.2 Effects of a M,, 6.1 earthquake at Garmisch
(Scenario B at ~ 4.1ka)

A M,, 6.1 earthquake scenario at Garmisch would have an
epicentral intensity of VIII 3/4 and would affect large parts
of Tyrol and southern Germany (Fig. 7b). In detail, the earth-
quake would be strongly felt in an area of ca. 20 000 km?>
ranging from most of Tyrol up north to Augsburg and from
Lake Constance to Chiemsee. The very strongly affected area
(SI: VII-VIII) would be expected in an area of ca. 5200 km?
located in the Alpine foreland from Kempten almost to Te-
gernsee, up north to Ammersee, and also in the Inn valley and
the Wipp valley towards the south. Severe seismic shaking is
expected around the epicenter in an area of ca. 270 km?.

4.3.3 Effects of a My, 6.0 earthquake at Innsbruck
(Scenario D at ~ 6.8ka)

A M, 6.0 earthquake scenario at Innsbruck would have an
epicentral intensity of VIII 1/2 and would be felt in the whole
of western Austria, Bavaria, and South Tyrol (Fig. 7c). An
area of ca. 14300km? is expected to be strongly affected
by seismic shaking (SI: VI-VII) especially in the Inn valley,
but also in the Alpine foreland from Kempten to Rosenheim.
An area of 1300 km? in central Tyrol would experience very
strong seismic shaking (SI: VII-VIII), and severe seismic in-
tensities (SI > VIII) are expected in the Inn valley in the area
of the epicenter (~ 65 kmz).

4.3.4 Investigation of the maximum possible magnitude
for the surface-rupturing earthquake at Achensee
at ~ 8.3ka

As the ~ 8.3 ka surface-rupturing event at Achensee is not
recorded in Piburgersee or Plansee, we estimate its maximum
possible magnitude by considering that the threshold inten-
sities at Piburgersee and Plansee were not exceeded. These
conditions are met for an earthquake at Achensee with a mag-
nitude of My, 6.3, which defines the maximum possible mag-
nitude for the ~ 8.3 ka surface-rupturing event. Such an event
would have an epicentral intensity of VIII 3/4 and would af-
fect large parts of western and central Austria, Bavaria, and
parts of South Tyrol (Fig. 7d). In total about 30 000 km? is
expected to be strongly affected (SI: VI-VII). In large parts
of the Inn valley and southern Bavaria (ca. 8500 kmz) very
strong seismic intensities (SI: VII-VIII) are expected, and se-
vere shaking (SI > VIII) would occur in ca. 540 km? located
in the Achensee region and the adjacent Inn and Ziller val-
leys. Surface ruptures are commonly present for My, > 6.0
earthquakes (Stirling et al., 2002), which provides a mini-
mum magnitude estimate for the surface-rupturing events at
Achensee (Oswald et al., 2021a). In combination with the
maximum possible magnitude from the ShakeMap (Fig. 7d)
the magnitude range for the ~ 8.3 ka surface-rupturing event
at Achensee is bracketed to My, 6.0-6.3.
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Figure 7. ShakeMaps of selected paleo-earthquake scenarios. Magnitudes and epicentral location are based on the calculated source areas and
minimum magnitudes and evaluation based on the relative size of the earthquake-related sedimentary imprint and the location of earthquake-
triggered rockslides (see Sect. 4.2). The ShakeMaps show seismic intensities (EMS-98) calculated for the minimum magnitude estimates
of the paleo-earthquakes with presumed epicenters (a) near Imst at ~ 3.0ka, (b) close to Garmisch-Partenkirchen at ~ 4.1 ka, and (c) near
Innsbruck at ~ 6.8 ka. In contrast, (d) presents the maximum possible magnitude of My, 6.3 for a surface-rupturing earthquake at Achensee
without exceeding the seismic intensity threshold at Plansee and Piburgersee. The ShakeMaps are based on empirical relations of intensity to
distance (Sponheuer, 1960) and magnitude to epicentral intensity (Rudloff and Leydecker, 2002), modified by macroseismic data of recorded
earthquakes and epicentral intensities of historical events and corrected for site effects. The calculated seismic intensities at major towns for
the different paleo-earthquake scenarios are provided in Table 2.
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Table 2. Seismic intensities at surrounding major towns in Austria, Germany, Italy, and Switzerland for the paleo-earthquake scenarios shown

in Figs. 6 and 7. Bold values indicate seismic intensities > VII. Bold and italic values indicate seismic intensities > VIIL.

Country Town EMS98 seismic intensity

Scenario A:  Scenario B: Scenario D: My, 6.3 at Achensee

My, 5.8 at My, 6.1 at My 6.0 at (~ 8.3 ka event)

Imst Garmisch-Partenkirchen  Innsbruck
Austria Innsbruck VIi1/4 VII1/4 VIII1 /4 \2111
Austria Kufstein \Y% VI VI VII1/4
Austria Salzburg v1,2 V3/4 V1/2 VI3/4
Austria Zell am See V12 V1/4 Vi1/2 VIi1/4
Austria Bregenz VI VI1l/4 V3/4 VI
Austria Landeck VI3/4 VI V3/4 V3/4
Austria Lienz v IV 3/4 \" V3/4
Austria Villach 113/4 v1i/2 Iv3/4 V12
Austria Bludenz V1/4 V1/2 v V1/4
Austria Hallstatt 11 v v IV 3/4
Germany Rosenheim V1/2 VI3/4 VI1/2 VII1/2
Germany Garmisch VI1/2 VI /2 VI3/4 VII1/4
Germany Miinchen V1/2 VI3/4 VI1/4 VII
Germany Kempten VI1/4 VII VI1/4 VI1/2
Germany Augsburg V1/4 VI1l/4 V3/4 VI1/2
Germany Oberstdorf VI1/2 VI1/2 VI VI
Germany Ingolstadt IV 3/4 V3/4 Vi1/4 VI
Germany Ulm V1/4 VI V1/4 V3/4
Germany Stuttgart v 1/4 Iv3/4 Iv1/4 1V 3/4
Italy Sterzing V3/4 VI Vii/2 VIi1/2
Italy Meran V3/4 V3/4 Vi1/4 VIil/4
Italy Cortina d’Ampezzo 1V 3/4 v V1/2 V3/4
Italy Belluno vV1/2 v V1/4 V3/4
Italy Trento IvV3/4 v V1/4 V1/2
Italy Tolmezzo v Ivi1/2 IV 3/4 V1/2
Italy Locarno IvV1/2 IV 1/4 vV 1/4 v1/2
Switzerland ~ Scuol V1/2 v v v
Switzerland ~ Chur v1/2 v1/2 V12 v1/2
Switzerland ~ St. Moritz v 1/2 IvV1/4 IvV1/4 IvV1/4

5 Discussion

5.1 Extension of paleoseismic records to Late Glacial
times

In both Plansee and Achensee, the different lithologies and
sedimentation rates of the glaciolacustrine and the lacustrine
sediments may also affect the sensitivity of the lake acting
as a natural seismograph. The earthquake proxy for mul-
tiple MTDs with a corresponding turbidite cannot be val-
idated by historical events on site for the glaciolacustrine
sediments from Late Glacial times. However, similar signa-
tures have been successfully validated as proxies for seismic
shaking in actual proglacial lakes in Alaska (Van Daele et
al., 2019; Praet et al., 2017), which could be seen as ana-
logues for the Late Glacial Achensee and Plansee. Increased
sedimentation rates as present in the glaciolacustrine sedi-
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ments might increase the sensitivity of the subaqueous slopes
to failure (Chassiot et al., 2016; Wilhelm et al., 2016), which
implies a lower intensity threshold to record seismic shak-
ing (Praet et al., 2017). This in turn could lead to a misinter-
pretation of increased seismicity within Late Glacial times
as a cause for the high event frequency in the Late Glacial
Plansee record (ca. 820 years recurrence rate). It can be as-
sumed that seismicity in the western Austrian Alps was en-
hanced in Late Glacial-Early Holocene times due to post-
glacial unloading and following isostatic rebound, as inter-
preted in other formerly glaciated regions (Beck et al., 1996;
Bellwald et al., 2019; Brooks and Adams, 2020; Strasser et
al., 2013). Also, the relative imprint size scaling might not
be fully comparable between the Holocene and Late Glacial
sediments due to different sediment properties and sedimen-
tation dynamics. Sedimentary imprints of earthquakes might
be misinterpreted as hydrological event layers in the glacio-

https://doi.org/10.5194/nhess-22-2057-2022



P. Oswald et al.: Severe prehistoric earthquakes in the western Austrian Alps 2073

lacustrine sediments due to the failure of slopes predom-
inantly influenced by clastic sedimentation. This makes it
challenging to distinguish turbidites that originate from in-
lake remobilization versus external fluvial sources (Praet et
al., 2020). Despite the uncertainties in potential temporal
changes in the intensity threshold and a potential incomplete
earthquake record, the expansion of continuous paleoseismic
records to their longest-possible extent is especially valuable
in intraplate tectonic settings where recurrence rates are long,
and paleoseismic event number is typically low, and thus lit-
tle knowledge is available on recurrence patterns of severe
earthquakes.

5.2 Intensity values used for the paleo-earthquake
scenarios

For the calculation of potential source areas and magnitudes
of paleo-earthquakes an IPE is reversely applied in a grid-
search analysis using a single, uniform positive and nega-
tive intensity threshold solely on the lake records with a pre-
sumed intensity threshold of SI VI 1/4. This is due to the
fact that the intensity thresholds at the individual lakes could
only be determined with maximum one piece of positive ev-
idence of a historical earthquake (Oswald et al., 2021a, b).
Additionally, the magnitudes of such historical earthquakes
can already have relatively large uncertainties, as is the case
for the 1670 Hall earthquake (Stucchi et al., 2013), which
in turn gets transferred to the intensity threshold estimation.
For Piburgersee, the intensity threshold of SI VI 1/2 to VII
was estimated from negative evidence of the 1930 Namlos
earthquake (Oswald et al., 2021b), which also corresponds
to intensity thresholds obtained in similar lake settings (Mo-
necke et al., 2004). Moreover, due to the absence of a well-
documented historical earthquake that left evidence at multi-
ple lake sites, we are not able to test the performance of the
grid-search analysis using the presumed intensity threshold
(Kremer et al., 2017). The earthquake-related rockslides are
not included as input data points for the grid-search analysis
due to their unknown and potentially very variable intensity
threshold. Though, when simply applying the environmental
seismic intensity scale (ESI scale; Serva et al., 2016), rock-
slides with deposit volumes > 10" m? would indicate a seis-
mic intensity of X, which would contradict the negative evi-
dence found at Achensee at only 50 to 65 km distance to the
potential source areas of the ~ 4.1 and ~ 3.0 ka events. This
negative evidence constrains the maximum intensity at the
rockslide sites to ca. SI VIII 1/2. Such a lower threshold for
rockslide triggering can be explained by the relatively long-
lasting interplay of hydromechanical and seismic weakening
of the rock slope stability (Oswald et al., 2021b; Prager et
al., 2008).
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5.3 Discussion of the individual paleo-earthquake
scenarios

The calculation of plausible source areas and minimum mag-
nitudes of paleo-earthquakes assumes a single event with
impact on multiple lakes. However, especially in the in-
traplate tectonic setting of the Alps earthquake successions
or periods with enhanced seismicity are common, as exem-
plified by some of the strongest historical earthquakes that
have occurred as clusters, e.g., six events with magnitudes
ranging from My, 5.1-6.4 within 5 months in the Friuli re-
gion in 1976 (Carulli and Slejko, 2005) and two events of
My, 5.5 to 5.7 (£0.4) in central Tyrol in 1670 and 1689
(Stucchi et al., 2013). The time periods between these histor-
ical earthquake successions are far below the age uncertainty
in radiocarbon-based age—depth models and would remain
undifferentiated unless multiple consecutive earthquake im-
prints can be distinguished within the sedimentary record
(Wils et al., 2021). Therefore, it cannot be excluded that one
or the other of the presented paleo-earthquake scenarios ac-
tually represents two or more closely spaced and consecutive
earthquakes with slightly smaller magnitudes.

The proposed source areas of the scenarios A (~ 3.0ka)
and D (~ 6.8 ka) are both within the zone of present-day en-
hanced seismicity in the area of the Inn valley and the Bren-
ner region (Sect. 4.2 and 4.3), where large-scale fault sys-
tems are present, and also severe historical earthquakes are
documented (Hammerl, 2017; Stucchi et al., 2013). There-
fore, we propose that the scenarios A and D are likely to
have happened in these regions near Imst and Innsbruck with
the calculated minimum magnitudes of My, 5.8 and 6.0, re-
spectively (Fig. 7). With increasing distance and magnitude,
the resulting magnitude and source area from the grid-search
analysis cannot be further evaluated and narrowed down due
to missing data points, which is especially the case for sce-
nario A (towards the south; Fig. 6b) and scenario D (towards
east and south; Fig. 6e). Plausible source areas of scenar-
ios B (~4.1ka) and C (~ 6.5ka) are located at the northern
part of the Fernpass—Loisach region (see considerations in
Sect. 4.2), which is characterized by slightly increased seis-
micity within the generally seismically less active Alpine
front (Fig. 6a; Reiter et al.,, 2018). It is conceivable that
enough deformation is transferred towards the north and lo-
calized at this inherent, large-scale fault structure to generate
severe earthquakes. However, the lack of present-day seis-
micity in the northern study area (Reiter et al., 2018) com-
plicates the assessment of other potential active fault zones
in the Alpine foreland despite the presence of major Alpine
thrusts successively approaching the surface.

The ShakeMaps of selected paleo-earthquake scenar-
ios provide first-order information that severe earthquakes
within the western Austrian Alps also strongly affect large
areas in the northern Alpine foreland in southern Germany.
Several perialpine lakes are located in southern Germany,
which are not yet studied for their potential paleoseismic
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records but could essentially help in identifying more earth-
quake scenarios with multi-lake impact and help in bet-
ter constraining epicenter locations and magnitudes of the
scenarios proposed herein. A previous study at Ammersee
found no earthquake imprints for the last 5.7 kyr (Czymzik
et al., 2013). This contradicts the results of the ShakeMaps
of the paleo-earthquake scenarios (Fig. 7), where at least two
events have exceeded SI VII at Ammersee, which is above
the upper threshold value to record seismic shaking in com-
parable Swiss perialpine lakes (Monecke et al., 2004). Either
the sediments of Ammersee have a different susceptibility to
failure during seismic shaking, or event horizons of multi-
ple mass wasting remained undiscovered due to the lack of
reflection seismic data or inadequate core siting to capture
earthquake-related turbidites.

The proposed source areas of the paleo-earthquake scenar-
ios A, B, and C (see argumentation in Sect. 4.2) potentially
indicate a spatio-temporal migration of paleo-earthquakes
from NE to SW in the area of the Fernpass—Loisach fault sys-
tem (Fig. 8). When assuming these events ruptured on this
fault system, this could indicate a progressive failure along
this major fault structure similar to what is observed in some
transform plate boundary regions, e.g., the North Anatolian
Fault (Stein et al., 1997). Such stress redistribution patterns
are not limited to active tectonic regions with high deforma-
tion rates but are also documented for the Friuli 1976 earth-
quake sequence in the Alps (Slejko, 2018). Yet, the interpre-
tation of a progressive failure at the Fernpass—Loisach fault
system might be biased by the fact that we can only estimate
source areas for paleo-earthquakes that are recorded in at
least two lakes. This interpretation ignores at least four paleo-
earthquakes recorded only in Piburgersee between the 6.5
and the 4.1 ka events. However, these events are likely pro-
duced by a different fault source than the Fernpass—Loisach
fault system, considering the missing coeval earthquake evi-
dence in Plansee.

5.4 Potential implications of the paleoseismic catalogue
of the western Austrian Alps

The three presented paleoseismic archives are located at dif-
ferent positions within the Alpine orogeny in terms of current
seismicity (Fig. 6a), which is also reflected in their earth-
quake recurrence rates and patterns. We interpret the rela-
tively shorter recurrence rates within the more inneralpine
records Piburgersee and Achensee to be related to enhanced
tectonic loading around the Inn valley also in prehistoric
times. Hence, longer recurrence rates in the more external
Plansee potentially reflect a decreased stress transfer across
the current-day enhanced seismicity zone in the south. Ad-
ditionally, recurrence behavior of the inneralpine records is
slightly more aperiodic than the more external Plansee. This
could reflect different processes increasingly affecting and
modulating seismicity with increasing topography and ele-
vation in the area of the inneralpine records, i.e., glacial iso-
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static adjustment, topographic potential energy, or erosion
(Mazzotti et al., 2020). Especially a change in lithospheric
stress due to postglacial unloading and isostatic rebound has
been previously discussed to increase seismicity within the
western Alps during Late Glacial to Early Holocene times
(Beck et al., 1996; Kremer et al., 2017; Strasser et al., 2013).
Without being able to resolve the processes modulating seis-
micity, increased seismicity related to postglacial unloading
could potentially be indicated by the increased event fre-
quency (822 years recurrence rate) between 12 and 16ka at
Plansee.

In comparison to the overall aperiodic recurrence pat-
terns of other lacustrine paleoseismic records within the Alps
(lakes Cadagno, Ledro, Bohinj, Savine, Lucerne, and An-
necy compiled by Moernaut, 2020), the paleoseismic records
of Tyrol are slightly more periodic, but with longer re-
currence rates, except Lake Lucerne (recurrence interval =
2034 years, burstiness = —0.09), which is comparable to
Plansee. The slightly more periodic recurrence behavior in
the Tyrolean records could be partly artificial as records
with low event numbers tend to underestimate the burstiness
and thus tend towards a more periodic recurrence behavior
(Kempf and Moernaut, 2021; Williams et al., 2019). How-
ever, the more regular earthquake recurrence pattern in Tyrol
could indicate active deformation localization within one or
only a few fault sources, whereas deformation in the other
Alpine paleoseismic records is distributed over a complex
system of interacting fault sources, which is more typical for
intraplate tectonic settings (Liu et al., 2011). In Tyrol, the ca.
20km broad and 100km long zone of currently enhanced
seismicity around the Inn valley is likely to mostly occur
on a single active fault source or strongly interrelated fault
sources linked in connection with activity at the sub-Tauern
ramp (Ortner et al., 2006; Reiter et al., 2018). Additionally,
constant tectonic loading of these faults is caused by ongoing
1-2mmyr~! northward pushing of the Adriatic microplate
(Métois et al., 2015) located directly south of the study area.

The paleoseismic catalogue also provides insights into
the spatio-temporal patterns of strong earthquake occurrence
from the two inneralpine records Achensee and Piburgersee
(Fig. 5a). A high event frequency (590-year recurrence rate)
occurred at ~ 12 to ~ 8ka at Achensee, during which only
one event is documented at Piburgersee. In contrast, the pe-
riod of ~ 7 to ~ 3ka is characterized by a high event fre-
quency (540 years recurrence rate) at Piburgersee and only
two events in Achensee. Since then, three events are recorded
in Achensee but none in Piburgersee. This observation poten-
tially indicates a spatial shift in paleoseismicity from east to
west to east in postglacial times. Strikingly, the proposed pe-
riods of enhanced seismicity at Achensee and Piburgersee
both end with an outstanding severe earthquake, as docu-
mented by the size and number of their sedimentary imprints
(Fig. 5a). Whether such a particularly severe earthquake sig-
nificantly altered the local stress field by releasing a signif-
icant portion of energy accumulated by tectonic loading in
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Figure 8. Potential NE-SW migration of severe earthquakes between ~ 6.5 and ~ 3.0ka (paleo-earthquake scenarios A, B, and C) might
indicate a progressive failure of the Fernpass—Loisach Fault. Solutions for the source area and minimum magnitude are derived from the
inverse application of an IPE using the lacustrine paleoseismic evidence in a grid-search analysis (see Sect. 5.2 and Fig. 6).

the respective area or whether this observation is just coinci-
dence cannot be resolved by the available number of paleo-
seismic archives.

A maximum credible earthquake magnitude of M, 6
(+0.5 if a strike slip mechanism is involved) was previ-
ously assessed based on macroseismic data in this region
(Lenhardt et al., 2007). The paleo-earthquake scenarios pre-
sented herein provide data-based observational evidence that
an earthquake with a maximum credible magnitude, e.g., the
M,, 6.0-6.3 at ~ 8.3 ka at Achensee, happened several times
in the study area during the past 16 kyr. In particular, this has
implications for the seismic demand in the building code of
critical infrastructure such as dam structures, which are con-
structed based on the assessed maximum credible earthquake
(Zenz and Obernhuber, 2002). In contrast, these findings do
not have implications for the seismic design of general build-
ings and infrastructure (ONORM B 1998-1, 2011) as the re-
currence interval of all three records combined (~ 630 years)
is larger than the recurrence interval (475 years or 10 % prob-
ability of exceedance within 50 years) considered therein.
However, it is left to future earthquake hazard assessments
and policy makers to find adequate strategies to implement
such low-frequency—high-impact scenarios, evaluate avail-
able mitigation and response strategies in the case of such
a cross-border event, and prepare society also in intraplate
tectonic regions for a possible worst-case scenario.

https://doi.org/10.5194/nhess-22-2057-2022

6 Conclusions

The first lacustrine paleoseismic archives of the western
Austrian Alps revealed in total 25 earthquakes expressed
as multiple coeval MTDs, SSDSs, or subaqueous surface
ruptures. At the individual studied lake sites, seismic shak-
ing with SI > VI 1/4 occurs every 1000-2000 years in a
weakly periodic to aperiodic recurrence behavior. Severe
paleo-earthquakes with minimum magnitudes of My, 5.8-6.1
have occurred in the present-day zone of enhanced seismicity
around the Inn valley, Brenner region, and Fernpass region,
but also in the present-day low-seismicity zone of the upper
Loisach region. A surface-rupturing earthquake at Achensee
is constrained to M,, 6.0-6.3. NE-SW migration of paleo-
earthquakes between ca. 6.5 and 3.0 ka might hint at a pro-
gressive failure along the Fernpass—Loisach Fault. Moreover,
a shift in paleoseismicity from east to west to east in the area
of the Inn valley during postglacial times might be indicated
by the lacustrine paleoseismic archives. The ShakeMaps of
paleo-earthquake scenarios highlight that severe earthquakes
in the study area could strongly affect the northern foreland
regions. Complementary paleoseismic investigations espe-
cially north and east of the study area are required to evaluate
and further improve these initial results.
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