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Abstract

Slovenia is an earthquake-prone country with a moderate seismic hazard, characterized by
relatively long recurrence intervals for strong earthquakes. With newly compiled data and
revised info on active faults of the region, we are now able to supplement and enhance the
probabilistic seismic hazard assessment, which was previously based mainly on the seismic
catalog. The core of the seismic hazard model is the seismogenic source model combining
various seismogenic representations i.e. area and gridded sources, and active faults. The
ground motion model is characterized by a backbone model with regionalized parameters,
which was also used to update the European seismic hazard model. We considered epis-
temic uncertainty in the most influential input parameters, implemented in a logic tree with
1377 branches. Considering the existing and forthcoming requests of the seismic design
standard—Eurocode 8, we have developed the peak ground acceleration map of Slovenia
and spectral acceleration maps for ten spectral periods, as well as seismic hazard curves
and spectra for selected locations. The highest peak ground acceleration values (0.325 g)
are at the western border of Slovenia with Italy. Other high-hazard areas extend across the
Dinarides, in southeast Slovenia, and around the capital Ljubljana.

Keywords Probabilistic seismic hazard assessment - Slovenia - Seismogenic source
models - Peak ground acceleration - Spectral accelerations - Logic tree

1 Introduction

Slovenia is an earthquake-prone country with low to moderate seismicity. The estimated
moment magnitudes Mw of historical earthquakes are up to 6.5 and hypocenters are rather
shallow, within the upper crust down to approximately 20 km. The current official ground
shaking hazard map of Slovenia (ARSO 2001; Lapajne et al. 2003) is shown in Fig. S1
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in the electronic supplementary material (ESM). It was prepared in 2001, in accordance
with the Eurocode 8 (EC8) (CEN 2004) recommendations, by which the design ground
acceleration is estimated in terms of the reference peak ground acceleration (PGA) on type
A ground (according to EC8 classification) for the return period of 475 years. The highest
values are in the central, NW, and SE parts of the country, while the hazard towards the
NE and SW is rapidly decreasing. In 2005, Slovenia accepted EC8 as Slovenian standard
and prepared its National Annex and since 2008, the National Annex specifications are law
enforcement for seismic design in Slovenia.

Twenty years after the development of the current seismic hazard map, significant new
data, models, methods, and knowledge have become available. The new findings require
not only an update but a completely new development of the Slovenian seismic hazard
model. Hereinafter, we will address the official hazard map, and the corresponding model
as “previous”, and label the models and results of this study as “new”. Over the last seven
years, the Slovenian Environment Agency (ARSO) and the Geological Survey of Slovenia
(GeoZS) have been working together to develop a new national seismic hazard model.

For the first time in Slovenia, we established a database of active faults, complete with
the corresponding seismotectonic parameterization (Atanackov et al. 2021a), which is one
of the important features of the new seismic hazard model. Several active fault systems
developed in the contact zone between Adriatic and European plates. Reverse faults prevail
at the contact between Adria Foreland and Dinarides and in the Italian part of the Southern
Alps, and regional strike-slip faults prevail in the Dinarides and the southeastern Alps in
Slovenia (Fig. 1).
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Fig.1 Tectonic units [simplified from Schmid et al. (2020)) and active faults (summarized after Atanackov

et al. (2021a) and Poli and Zanferrari (2018)] in the study area—Slovenia, and parts of Italy (IT), Austria
(AT), Hungary (HU), and Croatia (HR)
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Besides the development of the fault source model from the database of active faults,
an area source model and a smoothed seismicity model were also considered. The struc-
ture of the described seismogenic source models together with the corresponding logic tree
represents the core of the first part of this study. In detail, it addresses the estimation of the
parameters that determine the magnitude-frequency distribution (MFD), which includes
the slope of the function curve, the maximum possible magnitude (i.e. Mmax), and the
annual rate of earthquakes above a threshold magnitude, which are systematically evalu-
ated for each seismogenic source model. Determination of other parameters of seismogenic
sources (e.g., fault type, focal mechanism, slip rate) is described in Atanackov et al. (2021a,
b). The seismic source geometry and parameterization files are available in Pangaea online
repository (Atanackov et al. 2022). Please see the Excel tables FS_PSHA and AS_PSHA
for fault and area seismic source parameters, respectively, as well as FS_PSHA_Help and
AS_PSHA_Help for their description.

In the second part, we present and discuss the results of the new probabilistic seismic
hazard assessment (PSHA). The forthcoming EC8 is expected to replace the most fun-
damental parameter PGA with two spectral acceleration (SA) parameters, namely at the
spectral period of 1 s, and at the spectral period that determines the plateau of the elastic
response spectrum (CEN 2021). Therefore, besides the PGA map, the new PSHA provides
also SA maps for 10 spectral periods. Results in terms of seismic hazard curves and spectra
for selected locations in Slovenia are also presented.

2 Methodology of the Key components of SHMS21
2.1 PSHA main features

The previous and the new seismic hazard maps of Slovenia resulted from a probabilis-
tic framework (Cornell 1968), which calculates the ground shaking hazard considering all
possible earthquakes that could affect the study area. The approach was described in four
steps by e.g. Reiter (1990): (1) delineation and parametrization of all possible seismogenic
sources in the influential area; (2) determination of the MFD at each seismogenic source;
(3) choice of the ground motion model (GMM) describing how ground motion values
decrease with distance; and (4) calculation of the probability of exceedance of the ground
motion reference values.

By definition (e.g. Reiter 1990), the seismogenic sources represent structurally and seis-
mically homogeneous areas. The main source of seismological data is an earthquake cata-
log, harmonized in the border region, and unified in terms of earthquake magnitude. The
probabilistic approach assumes a Poissonian distribution of earthquakes in time and space,
which means that all dependent events (foreshocks and aftershocks) are removed from the
catalog. For the estimation of the annual seismicity rate, only the complete part of a declus-
tered catalog is used.

Due to the comparatively limited available data and knowledge around the year 2000,
the previous seismic hazard model was mainly based on historical seismological data, and
a simplified seismotectonic model (Poljak et al. 2000). The seismogenic source model
was based on spatially distributed seismic activity rates. The smoothing (Frankel 1995)
approach was methodologically modified and adapted to Slovenian geological character-
istics (Lapajne et al. 1997, 2000, 2003; Sket Motnikar et al. 2000), and implemented in
OHAZ software (Zabukovec 2000). The chosen MFD function form was the same as for
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the new model. The empirical ground motion model of Sabetta and Pugliese (1996) was
used.

The methods used in the development of the new Slovenian seismic hazard model are
described in the following sections. We begin with a description of the seismogenic source
representation i.e. point, area, and fault source models. Point sources implement the grid-
ded smoothing of observed seismicity, which is quite similar to the previous PSHA model,
and rely mostly on seismological data. Area source model parametrization makes use of
both, seismological, and geological data, while the fault sources are mostly based on geo-
logical data. Epistemic uncertainty and aleatory variability of input parameters are thor-
oughly addressed.

For the calculation of seismic hazard, we used the OpenQuake (OQ) software (Pagani
et al. 2014; OpenQuake 2021), which has been validated under the PSHA code verification
procedure performed by the Pacific Earthquake Engineering Research Center (Hale et al.
2018).

2.2 Earthquake catalog

Systematic collection of macroseismic data on the territory of Slovenia started after the
great Ljubljana earthquake (epicentral intensity I,= VIII-IX EMS-98) in 1895. A few years
later, the first seismographs in the Austro-Hungarian monarchy were installed in Ljubljana
(in 1897) and Trieste (in 1898) (PleSinger and Kozéak 2003).

Following the Skopje, Northern Macedonia earthquake in 1963, a large project that
studied seismicity, seismotectonics, and seismic hazard in the Balkan region was carried
out in the early seventies. One of the major outcomes was the compilation of the first mod-
ern catalog of the region (Shebalin et al. 1974), compiled using the methodology developed
within the European earthquake catalog project (Karnik 1971). The part for Slovenia was
compiled by V. Ribari¢ and later published as the Catalogue of Earthquakes in Slovenia
(Ribari¢ 1982). Most of the earthquake parameters were derived from macroseismic data.
The reason is that Ljubljana station was the only station operating in Slovenia until 1975
(and even so with only a few years of operation between 1918 and 1958). The neighboring
countries had very few stations as well, which was not sufficient to estimate hypocentral
parameters from instrumental records.

The Ribari¢ (1982) catalog is the basis for the KPN2018 catalog (Ziv&ic et al. 2018)
used in this study. For recent years, it was supplemented by seismic bulletins of the Slove-
nian network and annual reports published regularly as Potresi v letu (PVL 1994-2019). To
assess the seismic hazard in Slovenia it is necessary to evaluate the contributions also from
the neighboring areas. For that reason, we supplemented the KPN2018 catalog to cover the
area between 12° and 18.5° E and between 44° and 48° N. We used the most recent avail-
able catalogs of the neighboring countries (ZAMG 2002) for Austria, (Zsiros et al. 1988)
for Hungary, (GFZ 2008) for Croatia, and (Poli et al. 2002) for Friuli/Italy), and bulletins
(NEIC 2015) and databases of the international seismological agencies (ISC 2021) as well
as the most recent European SHARE (Stucchi et al. 2013) and Balkan area BSHAP cata-
logs (Markusic et al. 2016).

The target threshold magnitude for the KPN2018 catalog was set to local magni-
tude ML =3.5, which is lower than the threshold for some of the input earthquake cata-
logs. To include smaller magnitude earthquakes than the input catalog threshold and to
extend the time coverage past the most recent entry we used ISC and national bulletins
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(GeoRisk 1995-2019 for Hungary, INOGS 1977-2014 for Friuli, ZAMG 2006-2014, and
1998-2013 for Austria).

2.2.1 Harmonization on borders and unification of moment magnitude

In compiling the final version of the KPN2018 catalog, we adopted the sovereignty prin-
ciple according to which the best parameters for an earthquake are the ones determined
by the authors from the country where the earthquake happened. The only exception was
Bosnia and Herzegovina for which no recent catalog was available and we had to rely on
BSHAP and Croatian earthquake catalogs as the nearest proxy. In the case of a “double”
(conflicting) claim, the preferred location was the one with higher intensity reported or, in
the case of a tie, the one from the most recent publication.

For use in PSHA applications, all earthquakes are described by moment magnitude Mw.
Very few earthquakes and only that from the most recent period have Mw determined from
the moment tensor inversion. For all the earthquakes in the KPN2018 catalog, we collected
various size estimates (epicentral intensity I, magnitudes of various types: surface wave
magnitude MS, body wave magnitude mb, local magnitude ML, surface wave magnitude
from horizontal component MLH, duration magnitude MD). Due to a rather small number
of Mw determinations, the number of earthquakes with both Mw and some other size esti-
mate did not allow the derivation of reliable conversion relation to Mw. We rather searched
the published relations derived on larger data sets in nearby geographic regions and tested
them against our limited data set to apply the one with the best chi-squared score. The only
exception is the relation between epicentral intensity I, and Mw that we derived for lower
intensities (up to VI-VII EMS-98) using orthogonal regression on available data. The rela-
tions used for the conversion are given in Table S1 (in ESM).

2.2.2 Catalog declustering

Further requirement on the earthquake catalogs for the time-independent seismic hazard
assessment is to use only independent events that follow a Poisson distribution. Removing
dependent events (foreshocks and aftershocks) is a rather subjective task as there are no
clear definitions of how to distinguish between independent and dependent events. Among
numerous algorithms based on different assumptions, the Gardner and Knopoft (1974) win-
dowing method is the most often used one. It assumes that an event that is within the time
and space window of a stronger event is dependent. The size of the windows scales with
the magnitude of the stronger event. The window sizes used for declustering KPN2018 are
given in Table S2 (in ESM), and the declustered earthquake catalog is shown in Fig. 2.

2.2.3 Catalog completeness

We analyzed the completeness of the declustered earthquake catalog KPN2018 inside the
influential area, which includes 1595 main shocks (Fig. 2). The majority of earthquakes
in the catalog is from the pre-instrumental era, which enables only magnitude estimation
from macroseismic data (Ziv&ié 1994, 2004; Ziv&ié et al. 2010, 2015). As a consequence,
the frequency of earthquakes by magnitude classes strongly depends on the conversion
from intensity I, using equation Mw =0.749 * I,+0.022 for I, up to VI-VII, and equation
Mw=0.423 * I,+2.182 for larger I, (Zive&ié et al. 2015). Converted from the two equa-
tions, Mw magnitude values are not continuous, but one can obtain only values of 3.8, 4.1,
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Fig.2 Harmonized and declustered earthquake catalog from period 456 to 2018. Size and color of circles
denote moment magnitude Mw

4.5, ... that correspond to intensity V, V-VI, VI, ... EMS-98, respectively. Therefore the
completeness analysis only makes sense for these values of Mw.

The completeness period is estimated graphically by determining the most promi-
nent change in gradient of the cumulative curve that shows the number of earthquakes in
10-year time intervals with Mw > Mc. For Mc=3.8, we estimated the corresponding com-
pleteness year as 1875 (blue curve in Fig. 3), and the corresponding complete catalog is
shown in Fig. 4.

Similarly, we analyzed the cumulative curves for Mw values that correspond to integer
intensity values. As the recurrence interval of earthquakes increases with Mw, we accord-
ingly increased the time interval (graphs for individual Mc are not shown). We estimated
the completeness year for Mc=4.5 (intensity VI), 5.1 (intensity VII), and 5.6 (intensity
VIID) to be 1850, 1840, and 1570, respectively (Table 1).

Completeness analysis for Mw 5.6 and especially for larger magnitudes is unreliable
due to a very small number of events. At first glance, approximately the same completeness
period for various Mw up to 5.1 seems surprising (Fig. 3), but on the other hand, histori-
cal reasons set an important boundary in macroseismic investigations around 1880. Begin-
ning with the Zagreb earthquake (9 November 1880, Mw =5.6), a series of moderate and
strong earthquakes occurred in the considered area until the Ljubljana earthquake in 1895
(Mw =5.8), which encouraged authorities to order the systematic work on reporting, col-
lecting, and analyzing earthquakes.
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Area (A) source model and earthquakes with Mw > 3.8 from the complete catalog from 1875 onward

@ Springer



4872 Bulletin of Earthquake Engineering (2022) 20:4865-4894

Table 1 Intfensny value I, the I, Me Year of
corresponding completeness complete-
magnitude Mc, and completeness ness
year for the declustered catalog
KPN2018 v 38 1875
VI 4.5 1850
VII 5.1 1840
VIII 5.6 1570

With the reorganization of macroseismic practice at that time, some work has been done
more thoroughly also on damaging earthquakes from the recent past, which supports the
estimated year of completeness 1875 for Mc=3.8. This could explain, why there is only a
slight difference in completeness year for stronger earthquakes.

Due to the almost identical completeness periods for Mw 3.8, 4.5, and 5.1, we decided
to use only the complete catalog for Mw =3.8, as it provides the largest number of events
and therefore better determines activity rates in statistical terms. Also, a too-small number
of earthquakes at larger magnitudes prevents us to determine reliable completeness periods
for larger magnitudes. To overcome this, we consider the specific values of the magni-
tudes from the whole earthquake catalog by applying the energy-based model (Lapajne
et al. 2003) in point seismic sources (See Sect. 2.3.7). We believe that this has successfully
replaced the use of several complete earthquake catalogs.

2.3 Seismogenic source model: characterization

While the previous hazard map is based mostly on earthquake catalog, the new hazard
model relies on all known seismotectonic, geological, and seismological data and knowl-
edge. This is achieved by using three seismogenic source models: area sources (A model),
grid point sources (P model), and combined fault & background sources (F+B model),
where background considers all earthquakes below a magnitude threshold M,. The mod-
els’ weak and strong points, as well as our confidence in the model’s credibility for future
seismicity forecasting as a weight in hazard computation, are expressed in Table 2. In the
continuation, we briefly explain each seismogenic source model and the methodology of
the estimation of the parameters. The parameterization tables AS_PSHA and FS_PSHA for
area and fault sources respectively, as well as shape files of their geometry, are provided in
an online repository (Atanackov et al. 2022).

2.3.1 Area source model (A model)

Area zones are the most common type of seismogenic sources in PSHA (Danciu and
Giardini 2015). For the delineation of the area sources, we gave priority to the presence of
faults or fault systems with the potential to generate earthquakes with Mw >M, in which
geometric and kinematic structural trends are uniform or related. We decided to use this
criterion, as we consider it to be more representative for modeling (future) seismicity than
the information on past seismicity, mainly because of the relatively short period of earth-
quake catalog completeness, and because the presence of the faults might be an indicator
of the future migration of seismicity along such structures. Furthermore, this may most
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likely be true for area zones that consist of known large active faults, with the seismic
moment being released in strong but infrequent earthquakes.

The model consists of 18 area source zones that cover the whole influential area (Fig. 4).
We parameterized area source zones based on geological (geometry delineation, dip, strike,
rake, seismogenic depth) and seismological (seismic activity rate, Mmax, seismogenic
depth) data and knowledge, as we briefly describe in the next sections.

2.3.2 Point sources—smoothed seismicity model (P model)

We introduced the point source model P to consider the distributed seismicity. Point
sources are centers of grid cells, which are set in the whole influence area of the hazard
calculation. Cell dimensions are 10X 10 km because a denser grid would overestimate the
accuracy of the epicenter location from the non-instrumental period of the earthquake cata-
log. P model is zone-free and assumes that future earthquakes will occur in the vicinity of
past earthquakes (historical approach). We applied two stages of the smoothing procedure.
The first stage of smoothing is circular, which considers uncertainty in epicenter location.
The second stage is fault-oriented elliptical smoothing, which is based on the presupposed
directions of seismogenic faults in different tectonic regions (Lapajne et al. 2003). We esti-
mated the parameters in each grid cell mostly from seismological data (seismic activity
rate, Mmax, hypocentral depth) but we inherited some geological information (dip, strike,
rake) from the A model.

2.3.3 Fault and background model (F + B model)

For the first time, we parameterized fault-specific seismogenic sources in Slovenia and
its surroundings, which enables us to estimate the hazard also outside areas of observed
past seismicity. However, as only large faults in Slovenia are known and parameterized,
we have to combine seismogenic faults with background seismicity. Based on the assump-
tion that a large majority of faults capable to generate earthquakes with Mw >M, is known
and parameterized, we model the seismicity from M, to Mmax on fault sources and the
seismicity from Mmin to M, in the background. We have defined background sources as
area sources (A model), and as smoothed seismicity in grid cells (P model), in two equally
weighted models F+ A, and F+P.

A compilation of regional geologic characteristics, active faults capable of generat-
ing Mw >5.5 earthquakes, and methodology of parametrization are described in detail by
Atanackov et al. (2021a). Based on this study, we determined the fault-specific seismogenic
sources, while some seismogenic faults fully outside the national border were compiled
from DISS (DISS 2018) and SHARE (Basili et al. 2013) databases. We further critically
evaluated the model of fault sources, to include only independent sources. Particularly,
we evaluated their geometry and proximity to other sources. If surface traces of two fault
sources are only a few kilometers apart, we merged them or retained only the dominant
source. A seismogenic fault source is geometrically a 3D structure, which is described by
fault trace, dip, and seismogenic depth. A fault buffer is a surface projection of a given fault
source (Fig. 5). We have defined four categories of fault activity with the corresponding
probability as follows (Atanackov et al. 2021b): active (1.0), probably active (0.7), poten-
tially active (0.5), and questionably active (0.25). The final fault-specific source model con-
sists of 89 fault sources, which we believe to be complete for Mw >5.8 earthquakes. This
is also the selected value of magnitude threshold M, between fault and background sources.
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Fig.5 Seismogenic fault (F) source model: fault traces and fault plane surface projections (fault buffers).
The thickness of the fault trace shows the probability of fault activity with weights in parentheses

We estimated fault source parameters mostly from geologic and seismotectonic data,
as we briefly describe in the continuation. A detailed description is given in Atanackov

et al. (2021b). Only seismogenic depth and seismic coupling are partly determined using
the seismological data.

2.3.4 Magnitude frequency distribution (MFD)
To describe the spatial and temporal seismic activity rates, we used a cumulative doubly

truncated Gutenberg-Richter (GR) magnitude frequency distribution, defined by Cornell
and Vanmarcke (1969):

lo—b(m—mo) _ 10—b(mu —mo)

N(m) = N(my) PP — )
where N(m) is the cumulative number of earthquakes with a magnitude equal to or higher
than m, the seismic activity rate N(my,) is the total number of earthquakes with a magnitude
equal to or higher than the lower bound magnitude m, m,, is the upper bound magnitude,
and b (or GR b-value) is the decay rate.

In our study, the given MFD is applied to the whole area of interest, and all seismogenic
sources. The upper bound magnitude m, equals the maximum possible magnitude (Mmax)
of earthquakes in any given area. GR a-value is defined as a logarithm of annual N(0).
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Since the estimate of the b-value is dependent on earthquake catalog declustering, we
tested the stability of the obtained b-values using different time and space window sizes.
Estimated b-values using Aki’s method (Aki 1965) range between 0.98 and 1.03 with a
standard deviation of 0.03. Considering that the uncertainty of the individual magnitude
estimates is 0.7 or larger for two-thirds of earthquakes, we adopted b=1 as the preferred
value for all seismogenic sources. To evaluate the seismic hazard, we have to consider the
long-term average of the GR a- and b-values. Stable values can be obtained if the area and
time span are large and with a sufficient number of earthquakes (e.g. Godano and Pingue
2000). Smaller datasets can be used providing that all magnitudes in the catalog were
determined in the same manner, which is not the case for the catalogs used for PSHA,
where Mw is derived by converting from various earthquake size estimates (e.g. Kagan
1999). We didn’t consider epistemic uncertainty in the b-value, because the results of our
sensitivity study show only negligible impact.

As described in Eq. 1, the parameters to be determined for MFD (besides the fixed
b-value) are the maximum magnitude Mmax and annual rate of seismic activity or GR
a-value. Their estimation approach depends on the seismogenic source geometry type
(area, point, or fault source), and is described in detail in continuation.

2.3.5 Minimum magnitude Mmin

For national seismic hazard maps, the minimum magnitude Mmin of hazard calculation
is typically between Mw 4.0 and 5.0. According to Bommer and Crowley (2017), Mmin
should denote the lowest magnitude of an earthquake that is capable of generating dam-
age of engineering interest. Therefore, Mmin depends on the purpose of the PSHA study;
for the national hazard maps, Mmin should be lower than e.g. for nuclear power plants.
The calculated ground motion values increase with lower Mmin, as GMMs give positive
values even for very low magnitudes. Therefore, the purpose of Mmin is also to exclude
contributions to the hazard arising from earthquakes causing no or negligible damage. As
Mmin may significantly affect the ground motion estimates, the choice of Mmin is quite
important.

According to the ECS8 standard (CEN 2004), objectives of seismic design are the protec-
tion of human lives, damage limitation, and smooth operation of important structures, so its
goal is not the prevention of small damage of intensity V or VI after European Macroseis-
mic Scale 1998 EMS-98 (Griinthal 1998). In Slovenia, the seismicity is shallow, and small
magnitude earthquakes can cause damage. The earthquake with the smallest instrumentally
determined magnitude that caused moderate structural damage (of grade 3 on EMS-98)
occurred on November 1, 2015. The estimates of its Mw range from 4.28 determined by
USGS (2021) to 4.45 determined by INGV (2021). It hit two villages in the Gorjanci area
with intensity VII EMS-98 (Sket Motnikar et al. 2016). Such relatively small, but damag-
ing earthquakes should not be overlooked, so we chose Mw =4.3 for Mmin.

2.3.6 Maximum magnitude Mmax

A model: The maximum observed moment magnitude in the whole earthquake catalog
KPN2018 (Zivéié et al. 2018) is 6.5, which occurred on 6 May 1976 in Friuli (Tertul-
liani et al. 2018; Finetti et al. 1979). The second-largest magnitude 6.4 was estimated for
the Idrija earthquake on 26 March 1511 (Camassi et al. 2011; KoSir and Cecic 2011).
Besides, there are 6 earthquakes in the catalog with magnitudes between 6.0 and 6.2. For
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the seismological assessment of Mmax, we defined five superzones that are based on seis-
motectonic characteristics and completely cover the influential area (Fig. S2 in ESM). We
determined Mmax following the EPRI approach (Johnston et al. 1994; Wiemer et al. 2016),
which is based on maximum observed magnitude and a priori Mmax distribution that is
suitable in a given seismotectonic region. In our case, we chose normal distribution for
European seismo-tectonically active regions (Ameri et al. 2015) with the mean value of 6.8
and sigma of 0.4 (yellow line in Fig. S3 in ESM). Secondly, we updated the prior distribu-
tion with a likelihood function L(Mmax), which is based on the doubly truncated exponen-
tial frequency magnitude distribution with b-value=1 (blue line in Fig. S3). Further, we
implemented Kijko’s correction (Kijko 2012), which turns out to be unnecessary because
differences are negligible. Finally, the estimated Mmax is given in terms of the probabil-
ity density function, which is continuous, so it should be discretized to a few Mmax val-
ues with the corresponding weights. For this purpose, we used the 3-point discretization
method (Miller and Rice 1983). An example of this discretization and the results of Mmax
estimation in all five superzones are shown in Fig. S4 and Table S3 (in ESM), respectively.
Mmax estimates in each area source zone are inherited from the corresponding superzone.

P model: The maximum magnitude for the whole influential area is determined as the
maximum observed value in the earthquake catalog (6.5) plus an increment. We chose
three increment values with the corresponding weights in parentheses: 0.0 (0.2), 0.2 (0.5),
and 0.4 (0.3), which are modeled as epistemic uncertainty of Mmax in the logic tree. The
largest weight is given to the best estimate value of 6.7.

F model: We have calculated the maximum possible moment magnitudes using three
empirical magnitude scaling relationships (MSR): Wells and Coppersmith (1994), Hanks
and Bakun (2002), and Leonard (2010). For all three MSR, we have assumed a full-length
rupture scenario, which is quite unlikely; in order not to be overly conservative in Mmax
estimates, we used the mean relationship (and not e.g. mean +sigma). We consider the
relationship with rupture length (RL) parameter for strike-slip faults and with rupture area
(RA) parameter for dip-slip faults because we think RL and RA are more robust parameters
for strike-slip and dip-slip faults, respectively.

2.3.7 Annual activity rate (GR a-value)

A model: We statistically determine the annual activity rate in each source zone, by count-
ing the number of earthquakes from the complete catalog (Mc=3.8, 1875). The GR
a-value is the logarithm of the corresponding number of earthquakes above magnitude 0,
as defined and used in OpenQuake (Pagani et al.2014).

P model: We determined the GR a-value with two approaches. In the first, all earth-
quakes from the complete catalog (Mc =3.8, 1875) are circularly and elliptically smoothed
and counted in each grid cell. In the second approach, we calculated the activity rate from
the energy-based model that enables us to consider large historical earthquakes, not regis-
tered in a complete catalog due to their too short time span. This model considers estimated
magnitude values of past earthquakes and consequently as such replaces the use of several
complete earthquake catalogs (for different magnitude thresholds). As already described,
we consider only one complete earthquake catalog, when characterizing the seismo-
genic potential of the region. Calculation details of the energy-based model are described
in (Lapajne et al. 2003). Instead of earthquakes counting, we determine the activity rate
using the relationship between magnitude and released seismic energy, which is further
converted to the corresponding number of earthquakes. The energy-based model considers
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the whole earthquake catalog from the year 456 onward. However, from the strongest his-
torical earthquakes that influence hazard results in terms of the energy model, only the
earthquakes near Idrija in 1511, Mw 6.4 (Camassi et al. 2011; KoSir and Cecic 2011), and
near Villach in 1348, Mw 6.2 (Caracciolo et al. 2021) are not in the complete catalog.
Both earthquakes have been thoroughly investigated, and their effects have been recorded,
so there is no doubt about their existence and the maximum intensity estimate is at least
approximately adequate.

F model: For a fault-specific source, we estimate its annual activity rate using the
Youngs and Coppersmith (1985) equation for converting the slip rate estimates. We have
determined the minimum, maximum, and best estimates of slip rate, all as an expert opin-
ion based on all available data, including geologic data (offset of lithologic markers, sedi-
ments), age dating, geomorphic data (offset of geomorphic markers), geophysical and
geodetic data (GNNS, InSAR, leveling data, extensometer), as is described in (Atanackov
et al. 2021a, b). We additionally estimated seismic coupling, the percentage of slip rate
that is released as seismic activity. It was determined in two ways: with a fixed fraction
of 70% (Ward 1998), and with a fault-specific seismic coupling ratio defined by Carafa
et al. (2017). Exceptionally, for some seismogenic faults fully outside Slovenia, we adopted
the parametrization from DISS (2018), including slip rates estimates, which are already
adjusted for coupling ratio (present 100% coupling).

2.3.8 Other parameters of seismogenic sources

Besides the parameters of MFD, source parametrization requires also a determination of
seismogenic (upper and lower) depth, focal mechanism (dip, strike, and rake), seismic cou-
pling, and rupture aspect ratio. For most parameters, estimation is primarily done for fault
sources and deduced for the corresponding area zones and point sources. Additionally, for
area and point sources, the hypocentral depth has been determined as well. Estimation of
all the above-mentioned parameters was based on published methodology and data, field-
work, paleoseismic trenching, geomorphologic analyses, and interpretations of all available
geophysical and seismological data (Atanackov et al. 2021b, 2022).

2.4 Ground motion model (GMM)

In the previous Slovenian seismic hazard map (Lapajne et al. 2003), the GMM of Sabetta
and Pugliese (1996) was used because many accelerograms, used in the estimation of coef-
ficients, were from the neighboring Friuli area. However, in the next decade, having availa-
ble strong-motion data set from new seismic stations, and consequently new ground-motion
prediction equations (Douglas 2021), it turned out that this GMM does not adequately fit
new data, because of its small standard deviation and its non-zero bias (Bindi et al. 2009).

The sensitivity study on nine published GMMs was performed (Sket Motnikar 2010),
with all other parameters remaining the same as for the previous hazard map. The choice of
the nine GMMs was influenced by publications in peer-reviewed journals, experts’ elicita-
tion and recommendations, magnitude range, the proximity of used ground-motion data,
and limitations of the software used. The results showed an approximately 30% increase
in PGA values compared to values obtained in 2001 using Sabetta and Pugliese (1996)
relations. It was also shown that GMM with magnitude-dependent sigma exaggerated the
impact of low magnitudes and in turn the choice of minimum magnitude.
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Nowadays, many new predictive ground-motion equations are available in differ-
ent regions of the world (Douglas 2021). First, we intended to apply similar criteria for
the selection of GMMs as in (Sket Motnikar 2010), putting forward the most often used
GMM of Bindi et al. (2014, 2017), Akkar and Bommer (2010), Akkar et al. (2014a, b,
2014a), and Chiou and Youngs (2014). But contrary to the previous practice of using a set
of GMMs, the scaled backbone concept has been introduced and increasingly used in the
last years (Douglas 2018). A backbone model relies upon a reference model, for which the
parameters are calibrated and their distribution is modeled in a logic tree. In such a way, a
backbone model uncertainty is more apparent, in comparison to the case with a classical
suite of GMMs.

Another advantage of a backbone model is that parameters might be regionally adapted,
which is another reason to consider the same scaled backbone GMM (Weatherill et al.
2020; Kotha et al. 2020) that was used in the 2020 update of the European Seismic Hazard
Model (ESHM20) (Danciu et al. 2021) for active shallow crust tectonic regime. In the final
model of our choice (Weatherill et al. 2020), two parameters are region-dependent, namely
a coefficient of attenuation (c3), which describes the attenuation rate, and a source scal-
ing factor (L2L), which is related to a local stress regime at the source. The distribution
of both parameters was determined region by region in five clusters (besides the default
values, denoted as region 0). As recommended by the authors, the three-point discrete
approximation to the Gaussian distribution is applied for both region-dependent param-
eters, resulting in 9 branches of the Slovenian logic tree. Actually, the source scaling factor
node was replaced with the envelope of the source-scaling factor and statistical uncertainty
that describes the within-model uncertainty of GMM. For the majority of magnitude and
distance ranges, the source-scaling factor dominates (Weatherill et al. 2020).

The whole Slovenian territory (except three sites at the Hungarian border), and the
majority of the surrounding influence area were classified in region 1, which denotes slow
to average attenuation. The few remaining sites belong to region 0, denoting the default
(European average) attenuation rate. A sensitivity study, comparing the described original
regionalization with the case, where all sites are classified in region 1, shows no significant
difference in the results. This is even more evident, when the area of hazard calculation
consists only of the sites inside the Slovenian border, resulting in negligible difference. So
for the final calculation, we classified all sites as region 1, and we set the grid of sites at
33 km.

Besides the constant regression coefficients, the seismic source parameters that enter
the chosen GMM are magnitude Mw, distance R (in terms of RJB, the shortest distance
from a site to the surface projection of the rupture plane), focal mechanism, hypocentral
depth, and soil type (vs30=800 m/s in our case). In particular, the OQ input data for area
and point sources contains also nodal plane parameters (strike, rake, dip) and hypocentral
depth (including their aleatory variability), and the upper and lower seismogenic depth,
which enables the calculation of the RIB distance based on the finite rupture settings. In
this calculation, we have used a finite rupture model with OQ, as described in Monelli et al
(2014).

2.5 Epistemic uncertainties: logic tree
Epistemic uncertainty of Slovenian PSHA is modeled through a logic tree, representing

alternatives in seismogenic source models, in some most important source parameters, and
parameters of GMM. The structure of the logic tree with 1377 branches is shown in Fig. 6.
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Fig.6 Logic tree of the Slovenian PSHA model with 1377 branches

The core of the logic tree for hazard computation is represented by three seismogenic
source models: A, P, and F+B models. Their weights 0.4, 0.4, and 0.2 respectively,
have been determined by expert judgment according to Table 2. For the F+B model,
there is a slight difference in the spatial distribution of PGA, depending on whether the
background is represented with the area or with the point sources. As we do not have
any reason to prefer one or another type of background, we decided that both options
are considered with equal weights for F+ A (0.1) and F+ P (0.1) models.

In the seismogenic fault source model, we have defined logic tree branches that deter-
mine some most important parameters and their weights in parenthesis as follows:

— 4 logic tree branches according to the probability of fault activity: only active (A)
faults (0.3); only active and probable (AP) faults (0.2); active, probable, and poten-
tial (APP) faults (0.25); and all (APPQ) faults (0.25);

— 3 values of slip rate; min (0.2), max (0.2) and best estimates (0.6);

— 2 values of aseismic ratio: fixed 30% aseismic ratio (0.3), and fault specific value
calculated from (Carafa et al. 2017) (0.7);

— 3 values of Mmax based on MSR from Leonard (2010) (0.70), Wells and Copper-
smith (1994) (0.15), and Hanks and Bakun (2002) (0.15).

In the A model, we have defined 3 Mmax estimates: low (0.25), best (0.5), and
high (0.25), using the EPRI method and (Miller and Rice 1983) 3-point discretization
approach.

The P model logic tree consists of:

— 3 values of Mmax: maximum observed value 6.5 plus an increment (0, 0.2, 0.4),
defined as an expert opinion: 6.5 (0.2), 6.7 (0.5), 6.9 (0.3);

— 2 values of activity rate based on the complete catalog (0.5), or energy-based model
(0.5).
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As mentioned before, the chosen scaled backbone GMM of (Weatherill et al. 2020) has
two regionally defined parameters (two nodes), for which 3-point discretization gives 9
logic tree branches:

— three values of attenuation coefficient, and
— three values of the envelope of source variability and statistical uncertainty.

Besides the logic tree, aleatory variability of the hazard model is considered in the
ground motion model, but also in some other source parameters of A model: faulting style,
strike, rake, dip, and hypocentral depth (Atanackov et al. 2022). As all the above area
source parameters are inherited also to the corresponding point sources, the same aleatory
variability is considered in smoothed seismicity (P) model.

3 Main results

Following Cornell (1968), and using the OpenQuake hazard library (Pagani et al. 2014;
OpenQuake 2021) we have calculated the annual probability of exceedance of the refer-
ence intensity levels on rock (Vs30=800 m/s) in terms of PGA and SA. The main results
consist of ground shaking hazard curves, uniform hazard spectra (UHS), and hazard maps
for various return periods. The mean results represent weighted mean values according to
the logic tree with 1377 end-branches from Fig. 6. Median and four percentiles (5th, 16th,
84th, 95th) values are calculated as well.

3.1 Results per seismogenic source models: ground shaking hazard maps

Ground shaking maps depicting PGA values for a mean return period of 475 years are pre-
sented in Fig. 7 for each seismogenic source models A, P, F+ A, and F+P. The F+B mod-
els, namely F+ A, and F+P consists of two parts, where the threshold magnitude M, =5.8
divides the contributions from the fault sources and the background. Their separate con-
tributions are shown in Fig. 8 (for fault sources above M 5.8) and Fig. 9 (for background
sources below magnitude 5.8; left: area sources, and right: point sources).

3.2 PGA seismic hazard map for the 475-year return period

The overall mean and median values of the PGA maps on rock (Vs30=2800 m/s) for a 475-
year return period, which combine four seismogenic source models, are shown in Fig. 10.
The 5, 16, 84, and 95 percentile PGA maps are also calculated, and their values are com-
pared in the Discussion and Conclusion section.

For designing earthquake-resistant buildings (as part of Slovenian legislation), we pro-
posed the use of mean values, because they are sensitive to skewness, and consider all
branches of the logic tree, including conservative values from fault seismic sources and
energy-based models. The mean values are significantly higher than median values in
western Slovenia, in the area from Bovec to Postojna. Mean values consider the important
Dinaric fault system, and the location of the strongest historical earthquake in the Slove-
nian catalog, while using median values we would completely overlook them.

In analogy to the current official seismic hazard map, all values below 0.1 g are
ascribed to 0.1 g, and all other calculated PGA values are rounded up in each PGA
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class of width 0.025 g. The places on the isolines should be classified into a higher
PGA class. It is proposed that the seismic hazard map from Fig. 11 replaces the current
official design ground acceleration map, which is an appendix to the National Annex of
ECS.

The new Slovenian seismic hazard map (Fig. 11) reaches the largest (rounded) mean
PGA values (0.325 g) in a sparsely populated area at the western border with Italy,
which is due to the highly active seismogenic sources in the Friuli region. The area of
0.3 g covers the region around Idrija (which coincides with the most important Dinaric
faults and the strongest historical earthquakes), and the SE part of Slovenia (which is
the area of the densest seismicity).

Fig. S5 (in ESM) shows the difference between the new (Fig. 11) and old (Fig. S1 in
ESM) national seismic hazard maps. On both maps, the area of larger seismic hazard
runs along the central part of Slovenia from the NW to the SE of the country and dimin-
ishes to the northeast and southwest. The old values are higher only around the Ptuj
area. In the northern part of central Slovenia, in NE, and SW Slovenia, the hazard val-
ues on both maps are comparable. In the Dinarides and Gorjanci area source zones, and
around Celje, the ground acceleration values are higher on the new map, with the largest
increase near Crnomelj in the SE part of Slovenia, with the difference up to 0.125 g.

We compared the new Slovenian PGA hazard map also with the ESHM13 (Giardini
et al. 2014; Woessner et al. 2015) (Fig. S6 in ESM) and ESHM20 (Danciu et al. 2021)
(Fig. S7 in ESM) mean PGA maps within national borders. Calculated ESHM PGA val-
ues are not spatially interpolated. For comparison purposes, values are grouped into the
same classes as on the new national map and shown at the class boundaries. The maximum
values from ESHM13 (0.350 g) and ESHM20 (0.325 g) maps are very similar to Slove-
nian (0.325 g) and the largest hazard values are again spread from the NW to the SE of
the country. However, both European maps peak near BreZice (SE of Slovenia), while the
national hazard map has three equally high areas (0.3 g): beside BreZice, also areas around
Bovec and Idrija, both in western Slovenia. The seismicity in this part of western Slovenia
is relatively low, however, there are some most important seismogenic Dinaric faults, and
in the Slovenian earthquake catalog, there is also the epicenter of the strongest (Mw 6.4)
known Slovenian earthquake from 1511 (Camassi et al. 2011; KoSir and Cecic 2011). The
main reason for higher values in western Slovenia in the national hazard map arises from
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Fig. 10 Mean (left) and median (right) PGA map on rock (Vs30=2800 m/s) for a 475-year return period
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Fig. 11 New seismic hazard map of Slovenia (2021): proposed design ground acceleration on rock
(Vs30=800 m/s) for a 475-year return period

the energy-based smoothing model, which is implemented only in the Slovenian seismic
source model.

Here we focused on the hazard results for the 475-year return period, however, two haz-
ard maps with return periods of 95 and 2475 years are shown in Figs. S8 and S9 in ESM,
respectively.

3.3 Ground motion hazard curves for the selected locations
The 475-year return period is recommended for ordinary buildings and the “no-

collapse” limit state requirement in modern seismic design standards i.e. EC8. The
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buildings of special importance (e.g., schools, hospitals), and ordinary buildings for
other limit states require the usage of importance factors or hazard estimates at longer
return periods. As the return period is inversely proportional to the annual probability of
exceedance of the reference intensity values, the hazard curves can be helpful. For illus-
tration purposes, the mean and fractile hazard curves for the overall seismogenic source
model on rock are shown for the four most populated cities and two towns in the areas
of the highest hazard (Fig. 12).

On the other hand, a set of fractile hazard curves presents the center, body, and range
of the considered epistemic uncertainty in the seismogenic source model and GMM. As
an example, the mean, Sth, 16th, 50th, 84th, and 95th percentile PGA hazard curves are
shown for the capital city Ljubljana (Fig. 13).

Sometimes, we would like to know the return period of certain PGA values for a given
settlement or site (Table 3). For the capital city Ljubljana, the return period of PGA=0.1 g
is around 100 years. This PGA value roughly corresponds to the intensity VII EMS-98.

@ Springer



4886 Bulletin of Earthquake Engineering (2022) 20:4865-4894

Table 3 Estimated return period

PGA B
(in years) for the given PGA (&) Bovec
values, for six chosen Slovenian 0.1 80 120

Kranj  Ljubljana Celje  BreZice Maribor

sites 100 160 85 1075
0.2 230 350 300 450 260 4820
0.3 460 700 600 900 530 12,000
0.4 800 1250 1000 1500 950 23,300
0.5 1300 1975 1650 2400 1500 40,000
1 7500 11,500 10,000 12,500 9000 265,000
0.9
0.8 —Q—Bove'c
Kranj
o 07 —&—Ljubljana
= Celie
:.% 06 —@—Brezice
8 05 Maribor
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Fig. 14 UHS for 475-year return period for six chosen Slovenian sites

The return period of PGA=0.2 g (approximately VIII EMS-98) is around 300 years. The
return period of PGA=0.3 g is around 600 years, and the return period of PGA=0.4 g
(approximately IX EMS-98) would be roughly around 1000 years.

3.4 Spectral acceleration hazard maps and UHS

Besides the PGA maps, we have calculated the mean SA maps for ten spectral periods
(0.02,0.05, 0.1, 0.15,0.2,0.3, 0.4, 1, 1.5, and 2 s), and the mean UHS for 23 selected loca-
tions. For illustration purposes, UHS for the 475-year return period for six Slovenian settle-
ments are shown in Fig. 14.

In the forthcoming EC8, PGA will no longer be the fundamental ground motion param-
eter, on which all other design ground motion parameters are based. Instead, of special
importance will be two parameters of the horizontal 5% damped elastic response spectrum:
S475, Maximum response SA, corresponding to the constant acceleration range, and Sg,475,
SA at the vibration period 1,0 s (CEN 2021). The forthcoming ECS8 defines two options
for deriving Sp,475: using a prescribed ratio with S,,475, or with a direct calculation from a
seismic hazard model.

The values of S,,;5 (plateau of the spectrum) could be estimated with the SA that gives
the largest value, or with a weighted average of SA values near the maximum. In our case,
the maximum SA values are obtained at the vibration period of 0.1 s for the majority of
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Fig. 15 Left: mean SA (0.1 s), right: mean SA (1.0 s) seismic hazard maps, both for 475 year return period
and on rock (Vs30=3800 m/s)

Table 4 Average PGA values inside Slovenia obtained from the overall seismogenic source model logic
tree, four individual seismogenic source models, and the separate parts of the F+ B model

Seismogenic source model  Overall A P F+A F+P Fonly B (A)only B (P)only

Average PGA (g) 0.186 0.183 0.178 0.198 0.2 0.098 0.15 0.152

Slovenian sites. One of the options for obtaining parameters S,.,;5 and Sg,475 on ground
type A for 475-year return period is presented in Fig. 15: mean SA (0.1 s), and SA (1.0 s)
seismic hazard maps, respectively.

4 Discussion and conclusions
4.1 Comparison of PGA maps from individual seismogenic source models

Figures 7, 8, and 9 show which parts of Slovenia are most influenced by the individual
seismogenic source model. The area seismogenic source model emphasizes the SE part of
Slovenia (around BreZice and Crnomelj), as the Gorjanci area source has the largest seis-
mic activity (the largest number of earthquakes per unit area).

The contribution of the P model consists of two parts: the density of earthquakes from
the complete catalog again exposes SE Slovenia, while the energy-based model points out
the area of the strongest earthquakes (Friuli and Dinarides) and consequently emphasizes
the hazard in the NW of Slovenia. The contribution of the fault model is clearly correlated
with the most active faults of the Dinaric system.

The comparison of an average PGA among the overall model, four individual seismo-
genic source models, as well as for the two parts of the F+B models, is shown in Table 4.
As can be seen, the four seismogenic source models are quite balanced, with the largest
difference of 11%, obtained between the largest contribution from the F+ P model, and the
smallest from the P model.

The two parts of the F+B model are less balanced, but still, the hazard results are
not driven either by seismogenic faults alone or by background alone. Considering the
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Table 5 Mean, standard deviation, and percentile PGA values in Slovenia

Mean, standard deviation, or percentile Mean SD 5 16 50 84 95
Average PGA (g) 0.186 0.136  0.076 0.104 0.167 0254 0334
max PGA (g) 0.323  0.327 0.137  0.201 0270 0469  0.524
Average percentile to mean ratio 0.41 0.56 0.90 1.37 1.80

appropriate magnitude range, the background sources produce larger ground motions than
the fault sources.

4.2 Range of epistemic uncertainty in overall hazard values

The mean PGA values (Fig. 9, left) range up to 0.323 g, while the largest median values
are up to 0.270 g (Fig. 9, right). The range of epistemic uncertainty is very large and is
expressed in Table 5 in terms of average, maximum, and average percentile to mean ratio.

For the capital city Ljubljana, the mean value for the 475-year return period is 0.259 g
(with a standard deviation of 0.173 g). The median value is 0.248 g, the difference between
the 5th and 95th percentile is around 0.4 g and the range is between 0.1 g and 0.5 g
(Fig. 13).

4.3 Comparison between UHS plateau and PGA values

For the majority of Slovenian sites, the spectra reach a peak value at SA (0.1 s). For the
sites with PGA below 0.2 g, the values of SA (0.1 s) and SA (0.15 s) are almost equal,
while for the sites with PGA <0.1 g, the peak value is reached at SA (0.15 s). This is partly
visible in Fig. 14. For design purposes, all PGA values below 0.1 g will be rounded up, so
we can assume that SA (0.1 s) is a good approximation of plateau for all locations inside
Slovenia. According to the current EC8, the value on the spectrum plateau should equal 2.5
PGA. The comparison among 2.5 PGA (plateau), SA (0.1 s), and SA (0.15 s) for the six
chosen settlements is shown in Table 6. We can see that both, SA (0.1 s) and SA (0.15 s)
approximate the plateau values quite well.

Considering all Slovenian sites, the average ratio between SA (0.1 s) and PGA is 2.55
(from 2.31 to 2.68), and the average ratio between SA (0.15 s) and PGA is 2.57 (from 2.50
to 2.73). However, both ratios are affected by sites of very low PGA values.

4.4 Highlights and features of the SHMS21 model

To conclude, we would like to summarize the main highlights of the new seismic haz-
ard model for Slovenia. In comparison to the previous hazard model from 2001, we first
updated the earthquake catalog to contain recent instrumental earthquakes and revised
historical earthquakes; this homogenous earthquake catalog was updated and harmonized
with the neighboring areas.

Further, we established a novel database of active seismogenic faults, together with
fault parametrization. State-of-practice seismogenic source models of area, gridded, and
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Table 6 SA values for the selected Slovenian sites, and PGA comparison with plateau values

SA vibration period (s) Bovec Kranj Ljubljana Celje Brezice Maribor
0 0.305 0.241 0.264 0.206 0.284 0.067
0.02 0.338 0.265 0.292 0.227 0.314 0.071
0.05 0.557 0.431 0.478 0.363 0.517 0.099
0.1 0.813 0.631 0.697 0.535 0.760 0.161
0.15 0.777 0.610 0.668 0.524 0.727 0.179
0.2 0.690 0.544 0.593 0.469 0.644 0.169
0.3 0.502 0.395 0.429 0.341 0.463 0.132
0.4 0.364 0.287 0.310 0.248 0.333 0.103
1 0.119 0.094 0.101 0.081 0.105 0.040
1.5 0.066 0.053 0.057 0.046 0.058 0.024
2 0.040 0.032 0.034 0.028 0.035 0.015
plateau: 2.5 PGA 0.764 0.602 0.660 0.516 0.709 0.168
SA(0.1 s)-2.5 PGA 0.050 0.030 0.037 0.019 0.051 -0.007
SA(0.1 s)/PGA 2.662 2.623 2.640 2.594 2.680 2.392
SA(0.15 s)/PGA 2.545 2.537 2.529 2.539 2.564 2.664

fault-specific seismogenic sources were ensembled to capture the spatial and temporal vari-
ability of the earthquake recurrence rates within the region.

We used a state-of-art regionally adapted backbone ground motion model, and a bal-
anced logic tree to capture inherent epistemic uncertainty of data quality, methods, and
model building assumptions. A seismic hazard was estimated in a mode compatible
with the European seismic hazard community and services (EFEHR 2022), including
the OpenQuake (Pagani et al 2014), which enables standardized input and output files.
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