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A calibrated multi-scale 14 ka lacustrine earthquake record from the 
Eastern Alps, Austria - validating seismic hazard curves

Seismotectonic setting and seismic hazard assessment in Austria

Our study region is the state of Carinthia (southern Austria, bordering Italy and Slovenia; Fig. 1). The seismotectonic en-
vironment of this area is governed by the counterclockwise rotation of the Adriatic microplate, which causes N-S direct-
ed convergence of ~2-3 mm/yr. The convergence is accommodated by i) the indentation of the relatively rigid Adriatic 
microplate into the European plate; ii) uplift in the Eastern Alps and iii) eastward extrusion of the Pannonian fragment 
(Fig. 1a & b; Brückl et al., 2010; Serpelloni et al., 2016). These processes lead to seismicity along major strike-slip faults in 
the Eastern Alps and the Dinaric system and along thrust faults in the Southern Alps (Friuli),  resulting in a comparably 
high seismic hazard in Carinthia (Fig. 1). 

Figure 1: A Tectonic map (sim-
plified after Schmid et al., 2004) 
and crustal structure of the Alps 
(modified after Brückl et al., 
2010; Faccenna et al., 2004). Ar-
rows indicate relative motion of 
the Adriatic plate (AD) and the 
Pannonian fragment (PA) rela-
tive to the European plate (EU). 
B Current seismic hazard map of 
Austria (Weginger et al., 2019). 
KF: Katschberg normal fault, MF: 
Mölltal fault, MMF: Mur-Mürz 
fault, PAF: Periadriatic fault, 
SEMP: Salzach-Ennstal-Maria-
zell-Puchberg fault. Earthquake 
locations and Mw are plotted ac-
cording to the Austrian earth-
quake catalogue (ZAMG, 2021). 

The probabilistic seismic hazard analysis (PSHA) in Austria is based on the Austrian earthquake catalogue (ZAMG, 
2021), complemented by the catalogue of the International Seismological Centre (ISC, 2022). The magnitude-frequency 
model is built on events with M ≤ 5 (local intensities ≤ V at the studied lake) and extended to an Mmax of ~6.5 estimated 
via the EPRI approach (Coppersmith et al., 2012). Presumably, even stronger earthquakes (estimated M up to ~7; Fig. 2) 
affected the study area in historical time. Due to insufficient catalogue completeness and unclear epicentres, these are not 
considered by PSHA, thus adding some uncertainty to the validity of seismic hazard curves.
Episodic, clustered and migrating seismicity is often observed in intraplate areas (Stein et al., 2015) and might lead to 
phases of enhanced seismic hazard. It is therefore crucial to test the seismic hazard maps created via PSHA with long, 
calibrated paleoseismic archives and assess the interevent times and recurrence patterns of strong earthquakes.
Here, we reveal the long-term earthquake recurrence in Carinthia using a ~14 ka long paleoseismic record from 
Wörthersee and compare it to the seismic hazard curves derived from PSHA.
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Studied lake and field data acquisition

Figure 2: Overview of the study area. A Seismotectonic setting (simplified from Reinecker & Lenhardt 1999; Schmid et al. 2004; 
Reiter et al. 2018). IF: Idrija fault, LFZ: Lavanttal fault zone, MF: Mölltal fault MM: Mur-Mürz fault, SF: Sava fault. Earthquake epi-
centres and magnitudes of the strongest earthquakes in the area were compiled from SHEEC 1000-1899 (Stucchi et al., 2013), SHEEC 
1900-2006 (Grünthal et al., 2013) and the Austrian earthquake catalogue (ZAMG, 2021). B Bathymetric map of Wörthersee. Coring 
locations are indicated as red (long Kullenberg cores) and white (short percussion cores) dots. Each coring location has a specific in-
tensity threshold for recording earthquakes, given in roman numerals (cf. Daxer et al., 2022). Different depositional areas are outlined 
in white (simplified after Daxer et al., 2022). In the lower left, the acquired reflection seismic grid using two different seismic sources is 
shown.

Wörthersee (See = german for lake)
•	 glacigenic lake
•	 area  = 19 km2
•	 max. depth = 84 m
•	 divided into several depositional areas
•	 affected by strong (IL > V) earthquake shaking in 1976, 

1857, 1690, 1511 and 1348

Studied via
•	 bathymetric mapping
•	 high-resolution seismic data (3.5 kHz and 8 kHz)
•	 26 short (1.5 m) and 8 long (~11 m) sediment cores

→ possibility to identify and map landslide deposits and 
turbidites induced by earthquakes in great detail
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Core analysis and identification of event deposits

Figure 3: Correlation and general lithology of long sediment cores in Wörthersee. Depending on the distribution of turbidites, we assign 
an earthquake trigger confidence level to each turbidite-interval. The background-sedimentation of Wörthersee can be divided into 
three main lithologies: i) partly laminated dark organic-rich sediments with relatively low amount of calcite; ii) laminated calcite-rich 
sediments and iii) grey, laminated late glacial clays and silts (cf. Daxer et al. 2020). As indicated by the distribution of Calcium in the 
sediment (blue to red palette), the organic-rich sediments are mainly present in the upper part of the sediment cores. The Ca-rich sedi-
ments occupy an intermediate position in the cores and are followed downcore by late-glacial clays.

•	 Sediment core analysis at the Austrian core facility (University of Innsbruck) by i) detailed macro- and microscopic 
description, ii) high-resolution magnetic susceptibility (2 mm step size), iii) γ-density (5 mm) measurements and iv) 
very high-resolution (0.2 to 1 mm step size) X-ray fluorescence measurements.

•	 Identification of turbidites based on i) their homogeneous or fining-upward macroscopic appearance, ii) peaks 
in Ca or Ti due to their composition and iii) their colour, which contrast to the finely laminated hemipelagic back-
ground sediment

•	 Core-to-core correlation of time-correlative turbidites (“events”) and background sediment

•	 Confirmed by AMS 14C dating carried out on terrestrial macro-remains from different short and long cores

•	 Inferring an earthquake trigger confidence level (ETCL) of event deposits based on the “synchronicity criterion” 
(e.g. Moernaut et al., 2014; Praet et al., 2017; Schnellmann et al., 2002) and turbidite composition
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Calibration of the turbidite record with historical earthquake data

Figure 4: Spatial imprint of synchronous 
event deposits in Wörthersee, corre-
sponding to the main earthquakes, and 
site-specific earthquake-recording thresh-
olds (from Daxer et al., 2022). Individu-
al subaqueous slope failures are denoted 
by arrows. Grey arrows indicate slope 
failures that could not be mapped in the 
bathymetric or seismic data but are in-
ferred from the presence of turbidites in 
the sediment cores. a Imprint of the 1976 
CE earthquake. Depositional areas are 
outlined in white. b Imprint of the 1857 
CE earthquake. c Imprint of the 1690 CE 
earthquake. d Imprint of the 1511 CE 
earthquake. e MTDs caused by the 1348 
CE earthquake. f Turbidites related to 
the 1348 CE earthquake. g Site-specific 
earthquake-recording thresholds derived 
from the presence or absence of sedimen-
tary imprints related to earthquakes. Be-
tween the subbasins, the “general” EQRTs 
differ strongly (from V-VI to VIII-IX), 
depending on the depth of the respective 
subbasin. One coring site (WOER17-04), 
situated in the central middle basin, did 
not record any of the historical earth-
quakes, indicating a very high EQRT.

Daxer et al. (2022) investigated the imprints of the well-known historical earthquakes of 1976, 1857, 1690, 1511 and 
1348 CE (Fig. 4). Based on the presence or absence and the thickness of deposits caused by these earthquakes, they in-
ferred site-specific intensity recording thresholds and established size scaling relationships of earthquake imprints vs. 
seismic intensity (Fig. 5). 
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Applying the calibration - inferring intensities of prehistorical earthquakes

Figure 6:  We use the site-specific intensity thresholds and the relationships between earthquake intensity and i) the relative number 
of depositional areas that record an earthquake and ii) the cumulative turbidite thickness provided by Daxer et al. (2022) to derive a 
“mean intensity” of prehistorical earthquakes recorded in the long sediment cores of Wörthersee.

Figure 5: Size-scaling relationships 
of EQ imprint vs. seismic intensity 
derived by Daxer et al. (2022). Ove-
rall, the calibration curves underesti-
mate mid-range intensities (VI-VIII) 
and overestimate low (<VI) and high 
(>VIII) intensities.
a Seismic intensity vs. total number of 
mappable MTDs 
b Seismic intensity vs. MTD volume. 
The volume of remobilized sediment 
increases exponentially with seismic 
intensity. 
c Seismic intensity vs. relative number 
of depositional areas in a lake that 
record an earthquake. The higher the 
seismic intensity, the more depositio-
nal areas show an earthquake imprint.  
d Seismic intensity vs. normalized 
cumulative turbidite thickness (= the 
cumulated mean turbidite thicknesses 
per depositional area, normalized to 
the thickness of the AD1348 (mega-)
turbidite).

Size-scaling relationships between earthquake imprint and seismic intensities
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Intensities and temporal distribution of (prehistorical) earthquakes

Figure 7: Temporal distribution of recorded events. The sedimentation rates derived from the age-depth models show a general increase 
towards the core top. 44 earthquakes of intermediate and high earthquake triggering confidence level are recorded in Wörthersee. Two 
phases of increased seismic activity (seismic bursts) are present in the event record spanning ~14,000 years.

•	 44 event deposits fulfilling the synchronicity criterion → 44 earthquakes recorded in the last ~14 ka

•	 Two intervals of clustered earthquake occurrence at 13.3 ka BP and 3.5 ka BP

•	 Lithological change and increased occurrence of earthquake-related event deposits from ~2.8 ka BP onwards

•	 → lowering of the earthquake recording threshold in unit III

•	 → calibration only valid for unit III, potential underestimation of intensities during unit II
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Recurrence statistics

Figure 9: Interevent time vs. burstiness diagram of different subsets of 
the turbidite paleoseismic record from Wörthersee. Individual datapo-
ints result from different age-depth model iterations (>3500 in total). So-
lid lines indicate 95% confidence intervals, dashed lines 68% confidence 
intervals. Numbers in brackets indicate the number of interevent times.

Complete dataset:
mean interevent time
(mean ± stdev of interevent 
times) =
324 ± 536 years (I ≥ V)
639 ± 886 years (I ≥ VI)

Unit II:
608 ± 755 years (I ≥ V)
788 ± 1078 years (I ≥ VI). 
Gamma distribution (α < 1)
→ bursty

Unit III:
114 ± 94 years (I ≥ V)
Gamma distribution (α > 1)
→ aperiodic or weakly periodic
(confirmed by statistical tests)

•	 3586 age-depth-model iterations

•	 Unit II: bursty or aperiodic/bursty behaviour confirmed

•	 Unit III: aperiodic/weakly periodic pattern confirmed; age un-
certainty plays a minor role (rather large N (24) for a paleoseis-
mic record;  cf. Kempf and Moernaut, 2021)

→ Poissonian behaviour can be confidently attributed to the 
unit III, I ≥ V subset

Figure 8: Return time statistics of earthquakes (ETCL intermediate and high). A-E Histograms of interevent times for different observa-
tion intervals and intensity ranges. F-H Normalized recurrence data for different observation intervals for comparison to distribution 
shapes.

Influence of age uncertainty
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Validating probabilistic seismic hazard curves with lacustrine data

Calculation of exceedance probability in 50 years (PoE50) of a certain intensity Ix by dividing the number of recorded 
events in our lake record (I ≥ Ix) by the record span
→	 PoE50 decreases exponentially with seismic intensity
→	 PoE50  of I ≥ V½ event in unit III: 40 % (well-calibrated)
→	 PoE50  of I ≥ V½ event in unit II: 10 % (due to higher EQRT)
→	 PoE50 of very high (> VIII) intensity events: ~1% (can only be inferred from unit II)

Testing the seismic hazard curve of the Wörthersee area provided by ZAMG (Weginger et al., 2019):
•	 Conversion of PGA values to intensity degrees using conversion formula given by (Faenza and Michelini, 2010) & 

comparison to PoE50 obtained from lake data (Fig. 10b)
•	 Lake data (I > 5) is complementary to instrumental and historical dataset used by PSHA (I < ~V)
•	 very good agreement between both datasets → verification of the PSHA in the area of Wörthersee

Figure 10: Seismic hazard curves. A Lake-derived probability of exceedance of certain intensities in 50 years. Arrows indicate underesti-
mation of hazard for the combined (black) and unit II (red) dataset. B Comparison between the hazard curves derived from lacustrine 
data of unit III (blue) and the probabilistic seismic hazard assessment (green). 

Conclusions

In a recent publication (Daxer et al., 2022), we established size-scaling relationships between earthquake intensity and 
sedimentary imprints as well as and site-specific intensity thresholds based on five historically/instrumentally docu-
mented earthquakes in the south-eastern Alps. Here, we apply these calibration curves on a 14 ka long record from 
Wörthersee and draw the following conclusions:

•	 Poissonian earthquake recurrence, as used in PSHA, is confirmed for the last 2.8 ka

•	 The current seismic hazard curves of the study area are in agreement with the lacustrine paleoseismic record

•	 Intervals of enhanced earthquake frequency can occur and need to be considered in seismic hazard analysis

•	 Compared to the whole record, the last ~800 years show a relatively high number of strong intensity events
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