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Abstract. Assessing seismic hazard in stable continental re-
gions such as Sweden poses unique challenges compared to
active seismic regions. With diffuse seismicity, low seismic-
ity rate, few large-magnitude earthquakes and little strong-
motion data, estimating recurrence parameters and determin-
ing appropriate attenuation relationships is challenging. This
study presents a probabilistic seismic hazard assessment of
Sweden based on a recent earthquake catalogue, which in-
cludes a high number of events with magnitudes ranging
from My, —1.4 to My, 5.9, enabling recurrence parameters to
be calculated for smaller source zones than in previous stud-
ies and with less uncertainty. Recent ground motion mod-
els developed specifically for stable continental regions, in-
cluding Fennoscandia, are used in the logic tree accounting
for their uncertainty, and the hazard is calculated using the
OpenQuake engine. The results are presented in the form
of mean peak ground acceleration (PGA) maps at 475- and
2500-year return periods and hazard curves for four seismi-
cally active areas in Sweden. We find the highest hazard in
Sweden in the northernmost part of the country, in the post-
glacial fault province. This is in contrast to previous studies,
which have not considered the relatively high seismic activity
on the post-glacial faults. We also find hazard to be relatively
high along the northeast coast and in southwestern Sweden,
whereas the southeast of Sweden and the mountain region to
the northwest have low hazard. For a 475-year return period
we estimate the highest PGA values to be 0.04—0.06 g in the
far north, and for a 2500-year return period it is 0.1-0.15 g
in the same area. Much remains to be addressed in regards
to the intraplate seismicity in Sweden, including the homog-
enization of small local magnitudes with large moment mag-
nitudes, the occurrence of large events in areas with little
prior seismicity and the uncertainties surrounding the poten-

tial for large earthquakes on the post-glacial faults in northern
Fennoscandia.

1 Introduction

Earthquakes are known to cause some of the most fatal nat-
ural disasters. As short-term prediction of where and when
large earthquakes occur is currently not routinely possible,
and as earthquakes can rapidly evolve into disasters, earth-
quake risk reduction strategies must focus on the mitigation
and preparation phases of the disaster cycle (Elliott, 2020).
One key component of this is producing an accurate seis-
mic hazard assessment in terms of probable ground motions,
which can help identify areas of high hazard and allow for
designing appropriate risk reduction strategies.

At plate boundaries, earthquake activity is high, and large
events can often be associated with identified fault zones.
Conversely, stable continental regions, such as Sweden, tend
to show a more diffuse geographically distributed pattern of
seismicity (Schulte and Mooney, 2005; England and Jack-
son, 2011), occurrence rates are low (e.g. Lund et al., 2021)
and areas of high hazard can be difficult to define (e.g. Calais
et al., 2016). However, as England and Jackson (2011) show,
the risk posed by earthquakes in such intraplate areas is far
from negligible. They showed that of the 130 earthquakes
with 1000 or more casualties occurring over a 120-year pe-
riod prior to 2012, about 100 took place in continental interi-
ors. These intraplate earthquakes also caused approximately
75 % more total deaths than the plate boundary events.

Based on their analysis of historical and instrumental data
before 2005, Bodvarsson et al. (2006) suggest that Sweden
can expect on the order of one magnitude 5 earthquake every
century and a magnitude 6 earthquake every millennium. As
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the rate of occurrence of these higher-magnitude earthquakes
is low, the national authority in charge of building codes
(Swedish National Board of Housing, Building and Planning
— Boverket) has no current plans to implement Eurocode 8
in Sweden (Boverket, personal communication, 2020), and
there is no official national seismic hazard map. The general
increase in risk awareness in society, especially after partic-
ularly disastrous earthquakes (Tan and Maharjan, 2018), has,
however, led to an increased number of requests for seismic
hazard information from building companies and corporate
site planning projects. For sensitive infrastructure sites such
as nuclear power plants, repositories of spent nuclear fuel,
dams and mines, seismic hazard estimates are required, and
there is therefore a need to better define the hazard spatially,
estimate potential ground motions and investigate associated
uncertainties.

In this paper, we review earlier estimates of seismic haz-
ard in Sweden, with a special emphasis on the recent release
of the European Seismic Hazard Model 2020 (Danciu et al.,
2021). We then discuss the development of a new probabilis-
tic seismic hazard model for Sweden, which will take into
account the large number of smaller earthquakes recorded
by the Fennoscandian seismic networks in the last 2 decades
(e.g. Lund et al., 2021; Veikkolainen et al., 2021; Ottemoller
et al., 2018) as well as recent developments in ground motion
models (Fiilop et al., 2020; Weatherill and Cotton, 2020).
We use the OpenQuake engine (Pagani et al., 2014) to de-
velop hazard maps with mean estimates for peak ground ac-
celeration (PGA) corresponding to return periods of 475 and
2500 years, as well as hazard curves for Sweden’s most seis-
mically active areas. Finally, we discuss the uncertainties in-
herent in the models and the potential need for additional
approaches to seismic hazard assessments in Sweden.

2 Earthquake activity in Sweden

Sweden is located in a stable continental region (SCR)
with very few damaging earthquakes (Bodvarsson et al.,
2006; Lund et al., 2021). Most of the country is part of
the Fennoscandian Shield of the East European Craton (see
Fig. 1), with Archean and early Paleoproterozoic rocks in
the north that were, to a large extent, reworked during
the Paleoproterozoic Svecokarelian orogeny (Stephens and
Bergman-Weihed, 2020). The eastern part of the country is
dominated by Svecokarelian rocks, whereas the southwest
contains Mesoproterozoic and Neoproterozoic rock of the
Sveconorwegian orogeny (Stephens and Bergman-Weihed,
2020). The Gulf of Bothnia in the east and the Baltic Sea
further southeast comprise Mesoproterozoic to Ediacaran
and lower Paleozoic sedimentary platformal cover rocks
of varying thickness. Onshore Finland comprises Archean,
Svecokarelian and Mesoproterozoic rocks, whereas further
south, the Baltic countries are covered by sedimentary rocks
deposited on the East European Craton (Bogdanova et al.,
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2008). In western Sweden, older basement and Paleozoic
cover rocks are affected by the Caledonian orogeny, which
created the present-day Swedish mountain chain (Stephens
and Bergman-Weihed, 2020). Further west, Norway is com-
posed mostly of rocks from the Caledonian and Sveconorwe-
gian orogens onshore and passive margin deposits offshore
(e.g. Corfu et al., 2014; Bingen et al., 2021). To the south,
the craton is separated from Phanerozoic Europe by defor-
mation zones through southernmost Sweden (the Sorgenfrei-
Tornquist Zone) and Denmark (the Trans-European Suture
Zone), over which major changes in lithospheric, crustal
and sediment cover thicknesses occur (e.g. Sandersen et al.,
2021). The opening of the Atlantic some 60Myr ago is
the latest large-scale tectonic event to significantly affect
Fennoscandia (Stephens and Bergman-Weihed, 2020).

Fennoscandia has been subject to repeated glaciations dur-
ing the Quaternary. The latest, the Weichselian ice sheet,
reached its maximum approximately 20000 yr BP (before
present) (Svendsen et al., 2004), before retreating and dis-
appearing around 10kyrBP. Large fault scarps in north-
ern Fennoscandia (see Fig. 1) have been dated to the final
deglaciation phase (Lagerbédck and Sundh, 2008; Smith et al.,
2021) and are inferred to have resulted from earthquakes with
moment magnitudes up to My, 8 (e.g. Lindblom et al., 2015).
Glacial isostatic adjustment is still ongoing in Fennoscan-
dia, and GNSS measurements show that all of Sweden is re-
bounding, with a maximum uplift velocity of 10.3 mm yr—!
on the northeast coast, decreasing to about I mmyr~—! in
southernmost Sweden (Vestgl et al., 2019).

The seismicity in Fennoscandia has been the subject of
many studies; Gregersen et al. (2021) provide a recent re-
view of the whole region, whereas Lund et al. (2021) fo-
cus on recent observations of earthquakes in Sweden, which
we briefly review here. The expansion of the Swedish Na-
tional Seismic Network (SNSN) from 6 to 65 stations during
the first decade of the 21st century has provided a wealth of
new earthquake observations, increasing the total number of
recorded events from about 1600 prior to the year 2000 to
about 12500 in 2021 (see Figs. 1 and 2). Most of the events
are small, with the magnitude of completeness estimated
at local magnitude Mj, 0.5 within the network. Earthquakes
in Sweden are mostly strike-slip, and focal depths vary be-
tween near-surface and 35 km depth. Areas of relatively high
seismic activity within Sweden include the southwest across
Lake Vinern, the northeast along the coast and in the far
north along the post-glacial faults (see Fig. 2). The southwest
and the northeast coast seismicity agrees well with what was
known already from the pre-instrumental period (e.g. Kjel-
1én, 1910); the new data have, however, revealed that activity
locally clusters along specific zones and is less diffuse than
previously thought. The new observations have significantly
changed how seismic activity in the north is viewed. We now
know that seismicity is strongly correlated with the mapped
post-glacial fault (PGF) scarps, indicating that the faults are
still very active, although event magnitudes are generally low
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Figure 1. Seismicity, geology, and tectonic map of Fennoscandia. Black dots indicate earthquakes in the declustered catalogue in this study.
Yellow stars indicate locations referred to in the text, from north: “P”, the Pirvie fault; “B”, the Burtrisk fault; “H”, the Hilsingland region;
“U”, Uppsala; and “VG”, Vistergotland, south of Lake Vénern. The Sorgenfrei-Tornquist Zone and Trans-European Suture Zone are marked
with dashed black lines. Post-glacial faults (red) from Munier et al. (2020). Map modified after Gregersen et al. (2021).

(M, —1 to 3.5, Lindblom et al., 2015). One reason for the
lack of early observations along the PGFs is the low popu-
lation density inland. On the Pérvie fault (Fig. 1), for exam-
ple, there is only one event in the catalogue prior to 1967 —
a My, 2.6 event in 1927. The largest recorded Pirvie event
had My 3.7 in 1967 (Ahjos and Uski, 1992). Conversely, the
Burtriask PGF (Fig. 1), on the northeast coast, has earthquake
reports going back to the 18th century, with the largest events
having magnitudes around My, 4—4.5 (Ahjos and Uski, 1992),
and the recent data show that it is the most seismically active
region in Sweden.

The largest historically recorded earthquake on land in
Fennoscandia was the 1819 Lurgy My, 5.9 event in Nord-
land, Norway, located about 80 km from the Swedish border
(Mintyniemi et al., 2020). In 1759, an event with a surface-
wave magnitude of 5.6 occurred in the waters between Swe-
den and Denmark (Muir Wood, 1989), and in 1904 a M, 5.4
event took place just off the Swedish west coast close to the
Norwegian border (Bungum et al., 2016). Additional M, 5+
events have occurred in the regions around Sweden, such as
the 2004 Kaliningrad earthquake doublet (Gregersen et al.,
2007), the 1892 My, 5.2 western and the 1834 M,, 5.0 south-
ern Norway events (Ahjos and Uski, 1992). Recently, Ole-
sen et al. (2021) trenched the post-glacial Stuoragurra fault
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in northern Norway and found evidence of an event with a
magnitude of about 7 occurring as recently as 700 years ago.
This indicates that the PGFs may still be capable of generat-
ing very large earthquakes.

The driving forces of Fennoscandian seismicity have been
a debated subject (see Gregersen et al., 2021, for a re-
cent review). As glacial rebound dominates the deformation
rates of the Fennoscandian crust, both vertically and hori-
zontally, GNSS measurements cannot resolve any tectonic-
driven deformation (Vestgl et al., 2019). However, evidence
such as focal mechanisms and in situ stress measurements
points to ridge push from the opening of the Atlantic as the
main driving force for seismicity, potentially moderated by
glacially induced stress, sediment load or other regional to
local stresses (Gregersen et al., 2021).

3 Previous seismic hazard assessments for Sweden

Here we review earlier seismic hazard assessments for Swe-
den. We will refer to the intercept and slope of the earth-
quake frequency—magnitude distribution as the a and b val-
ues (Gutenberg and Richter, 1944), M. as the magnitude
of completeness of a frequency—magnitude distribution, and
Mmax as the maximum possible magnitude for an area.
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Figure 2. Earthquakes in the Fennoscandian region from our cat-
alogue between 1875 and 2022 (blue dots) and the ESHM20
catalogue for 1497-2014, where My > 3.5 (black stars). Red
lines: post-glacial faults from Munier et al. (2020). Basemap from
© OpenStreetMap contributors 2024. Distributed under the Open
Data Commons Open Database License (ODbL) v1.0 by the Open-
StreetMap Foundation (OSMF).

The studies by Bath (1979) and Slunga (1979) were the
first to estimate seismic hazard in Sweden. They only had
access to some 25 years of instrumental data and thus relied
to a large extent on macroseismic data, which are limited
in parts of Sweden due to the low population density. Bath
(1979) estimated recurrence rates for earthquakes of varying
magnitudes in a 2° by 2° grid across Fennoscandia and cal-
culated earthquake risk according to the formula put forward
by Lomnitz (1974), describing earthquake risk as “the prob-
ability R(D/T) that a shock of mean return period 7' occurs
during a design period D”. He found the highest hazard on
the Norwegian west coast and, for Sweden, estimated a 5 %
probability in 10 years (a return period of 195 years) of an
event of My 5 and above on both the southwest and north-
east coasts. Slunga (1979), investigating the seismic hazard
at sites of the then four Swedish nuclear power plants, esti-
mated accelerations of 0.05-0.20 g for an annual probability
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of 1073, The development of the FENCAT catalogue (Ahjos
and Uski, 1992), a continuously updated joint regional cata-
logue of earthquakes in northern Europe since 1375, enabled
later studies to use a larger, more homogeneous data set for
Fennoscandia.

FENCAT data until 1987 were used for the first Swedish
probabilistic seismic hazard assessment (PSHA), directed at
site-specific assessments for Sweden’s four nuclear power
plants (SKI, 1992). The study included Fennoscandian earth-
quakes south of latitude 61° to estimate the seismicity
rate. The lack of strong-motion data from Fennoscandia
prompted SKI (1992) to turn to existing Japanese “standard
response spectra for rock sites” for ground motion models.
The Japanese spectra were modified to fit Swedish earth-
quake source properties and crustal attenuation properties.
The envelope ground response spectra resulting from the SKI
(1992) study are still in use in the Swedish nuclear industry
today, and the estimated PGA is 0.11 g for a hard rock site
at an annual probability of 10~ and a damping of 5 % (SKI,
1992; Larsson and Larsson, 2018). In a review, Lund et al.
(2017) found that SKI (1992) may underestimate the rate of
events larger than approximately My, 5.2 and recommended
an update with modern data and methodologies.

Kijko et al. (1993) used FENCAT and a model that ac-
counts for varying magnitudes of completeness through time
in order to quantify probabilistic seismic hazard in Swe-
den by estimating the recurrence rates of earthquakes. They
found that Sweden can expect 5.5 earthquakes per year with
magnitudes equal to or greater than 2.4, with the maxi-
mum expected earthquake magnitude in southern Sweden
being 4.9 for a 615-year time span and a maximum magni-
tude of 4.3 in northern Sweden over 331 years. Méntyniemi
et al. (1993) expanded the Kijko et al. (1993) study to all
of Fennoscandia and also included probabilities for non-
exceedance of various magnitudes in 1 and 50 years in de-
fined subregions. The results for Sweden were similar to that
of Kijko et al. (1993).

The Wahlstrom and Griinthal (2000, 2001) studies perform
full probabilistic seismic hazard assessments for Fennoscan-
dia using the FENCAT catalogue. Wahlstrom and Griin-
thal (2001) apply two different magnitude homogeniza-
tion schemes. They used two large regions for magnitude
completeness estimates and six different regional and non-
regionalized seismic source zones. Combining the recurrence
parameters with two different ground motion models in a
logic tree, Wahlstrom and Griinthal (2001) produce a haz-
ard map for Fennoscandia, with 90 % probability of non-
exceedance of median horizontal PGA in 50 years, and haz-
ard curves and hazard deaggregations for Sweden, Norway,
Denmark and Finland. Their results indicate that the Norwe-
gian west and northwest coasts have the highest hazard in
Fennoscandia. The highest hazard in Sweden was found in
the southwest, close to the Norwegian border, with an esti-
mated PGA of 0.03 g for a 475-year return period and 0.08 g
for a 4745-year return period.
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Mintyniemi et al. (2001) produced a seismic hazard map
of Fennoscandia by using the site-specific technique of Ki-
jko and Graham (1998, 1999) and applying it to a grid of
Fennoscandian locations, similar to a smoothed seismicity
approach (e.g. Danciu et al., 2021). They estimate a, b and
Mpax values from the data in a specific area around a grid
point and use those with a ground motion model to calcu-
late the hazard in terms of ground motion probabilities. Mén-
tyniemi et al. (2001) used a 0.5° by 0.5° grid with a constant
b value of 0.84 +0.01 and an M,,x of 5.8 over the entire re-
gion, while the a value varied with the seismicity included at
each grid point. Ground motion models by Uski and Tuppu-
rainen (1996) and EMSC (1999) were used, and the resulting
hazard map shows PGA for a 475-year return period, where
the highest hazard was obtained at the northwestern coast
of Norway with 0.038 g (note that western Norway around
Bergen was not included in the analysis). The highest PGA
in Sweden reached 0.022 g both in southwestern Sweden and
on the northeast coast.

Bodare and Kulhdnek (2006) used the results in Kijko et al.
(1993) and Mintyniemi et al. (1993) together with a rela-
tionship between My, and the acceleration at the epicentre
(Béth, 1980) to infer that seismic hazard at hydropower dams
in northern Sweden is unlikely to exceed 0.04 g in the next
50-100 years. In two large PSHA projects for the nuclear
industry in Finland, analysis of seismicity and definition of
seismic source zones was undertaken for Sweden and Fin-
land. The first, the Fennovoima project, assembled seismol-
ogists and geologists from Finland and Sweden to perform
a full site-specific PSHA for a proposed new nuclear power
plant in northern Finland (Korja and Kosonen, 2015; Saari
et al., 2015). Using a similar methodology, a PSHA revi-
sion was later performed for the sites of the existing nuclear
power plants in Finland (Korja and Kihlman, 2016). The haz-
ard results of these studies have not been made public. On a
larger scale, the Global Seismic Hazard Assessment Program
(GSHAP, Griinthal and Group, 1999) and the European Seis-
mic Hazard Models 2013 and 2020 (ESHM 13 and ESHM20;
Woessner et al., 2015; Danciu et al., 2021, respectively) have
estimated seismic hazard in Sweden. ESHM20 is described
in some detail in Sect. 3.1 below.

3.1 Sweden in the European Seismic Hazard
Model 2020

The most recent evaluation of seismic hazard in Swe-
den comes from the 2020 European Seismic Hazard
Model (ESHM20) (Danciu et al., 2021), which assesses
earthquake hazard in the Euro-Mediterranean region and
builds on the 2013 version of the model (ESHM13; Woess-
ner et al., 2015). ESHM20 applies a fully probabilistic frame-
work homogeneously across the entire pan-European region,
while accounting for cross-country-border issues. The earth-
quake data come from the European Prelnstrumental Earth-
quake CAtalogue (EPICA, Rovida and Antonucci, 2021),
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which spans the years 1000 to 1899, and from an exten-
sion of the European-Mediterranean Earthquake Catalogue
(EMEC, Griinthal et al., 2013), such that it spans the time
from 1900 to the end of 2014. Magnitudes are harmonized to
the moment magnitude My, the catalogue is declustered and
only events with My, > 3.5 are included in the magnitude—
frequency analysis. For Sweden and the surrounding region
within 300 km of Sweden’s borders and economic zone, the
unified ESHM?20 earthquake catalogue contains 212 events,
from 1497 to 2014, with magnitudes 3.5 < My, <5.8 (see
Fig. 2).

In order to estimate the recurrence parameters of the
magnitude—frequency distribution at the most appropriate
spatial distribution, ESHM20 uses a hierarchy of seismic
source zones. Fennoscandia is assigned to a single maximum
magnitude zone, within which M, is uniform. It is divided
into two completeness zones where reporting is assumed to
be homogeneous through time such that the temporal varia-
tion in M, is the same all through the zone. At the next lev-
els, Fennoscandia is divided into four tectonic source zones,
TSZs, and about 20 smaller area source zones, ASZs, based
on geology, seismicity and an assumption of homogeneous
seismicity rate. In these zones, a- and b-vales are calculated
using a doubly truncated Gutenberg—Richter distribution, us-
ing an automatic maximum likelihood method based on the
earthquakes within the zone (Danciu et al., 2017), for zones
with more than 30 earthquakes. For ASZs with less than
30 events, the b value from the TSZ is re-used, and the a
value is re-scaled from the TSZ with the ratio of the num-
ber of complete events in the ASZ and TSZ. If the ASZ does
not contain any events above the magnitude of completeness,
an a value is assigned by re-scaling the TSZ value with the
area ratio of ASZ to TSZ. Uncertainties are estimated us-
ing random sampling and discrete approximation of proba-
bility distribution methods, giving 16th, 50th and 84th per-
centile estimates of the median a and b values. A tapered
Pareto distribution is also defined to describe the recurrence
parameters, primarily to provide a faster decaying alterna-
tive closer to Muax. For Sweden and a 300 km border re-
gion, only two ASZs have enough events for separate esti-
mates of the recurrence parameters; all other use the TSZ b
values and re-scaled a values. All seismogenic source mod-
els are implemented through a logic tree, with the median,
5th percentile and 95th percentile describing the branches of
individual area source Gutenberg—Richter parameters, with
0.6, 0.2 and 0.2 as the respective branch weights. Mpax in
Fennoscandia has three branches, where M.« is 6.3, 6.6 and
6.9, with weights 0.5, 0.4 and 0.1, respectively.

ESHM?20 uses a scaled backbone approach for imple-
menting ground motion models (GMMs). This is done by
selecting a relevant GMM from the literature and modify-
ing it based on the observations and knowledge of the re-
gion’s crustal properties to account for the uncertainty in
the expected ground motions. The scaled backbone GMM
for the cratonic region is obtained by generating median
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ground motions on hard rock for various magnitude (4.0 <
My, < 8.0) and distance ranges (1.0 < Ryyp < 500 km), start-
ing with equally weighing 21 Central and Eastern United
States (CEUS) GMMs and fitting to a parametric GMM of
the same form as Kotha et al. (2020) (defined for active shal-
low crustal regions in ESHM20), mapped into a scaled back-
bone logic tree (Weatherill and Cotton, 2020). These ground
motions are defined for very hard rock conditions (Vs 30 =
3000ms~!) and re-scaled to reference Vs.30 = 800ms~!
rock conditions using the CEUS site amplification models
of Stewart et al. (2020) and Hashash et al. (2020). Weath-
erill and Cotton (2020) calibrate the model’s epistemic un-
certainties and propose a logic tree for the application of the
model to cratonic regions where one branch is the new para-
metric craton model and one branch an adaption of the shal-
low crustal seismicity model used for central Europe (Kotha
et al., 2020), only retaining the mid and upper (i.e. higher
velocity) twigs of that branch. This GMM logic tree combi-
nation is used for most of Sweden, Finland and the Baltic
region, while the shallow crustal logic tree is used for most
of Norway and Denmark.

The final hazard map shows that for Fennoscandia, the
seismic hazard is highest along the Norwegian west coast.
The Swedish northeast coast and the coast of the Baltic coun-
tries also have relatively high hazard, whereas most of Den-
mark, the interior of north and central Sweden, and south-
central Finland have the lowest hazard. The highest esti-
mated mean PGA for Sweden is 0.025 g for a return period
of 475 years and 0.11 g for a return period of 2500 years.

4 Methods

Probabilistic seismic hazard assessment (PSHA) is a widely
used technique to estimate seismic hazard, which we uti-
lize in this study. It quantifies the rate at which ground mo-
tions are expected for all possible earthquake scenarios (Cor-
nell, 1968), based on earthquake recurrence data and crustal
attenuation properties. Here we detail how our study im-
plements the steps involved: (1) preparing earthquake data,
which involves merging data from different catalogues, re-
moving dependent events and homogenizing the earthquake
magnitude; (2) defining seismic source zones and associat-
ing earthquakes to them; (3) calculating recurrence param-
eters for each seismic source zone; (4) defining the seismic
source model logic tree; (5) selecting appropriate ground mo-
tion models that represent the attenuation of seismic waves
and defining the ground motion model logic tree; and (6) es-
timating hazard probabilistically by accounting for the epis-
temic uncertainties through a logic tree.

4.1 Data preparation

A number of seismic networks in Fennoscandia collect seis-
mic data and report to FENCAT and other international com-
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pilations: the Swedish National Seismic Network (SNSN,
Lund et al., 2021), the Norwegian National Seismic Net-
work (NNSN, Ottemoller et al., 2018) and NORSAR (Nor-
sar, 1971), the Finnish National Seismic Network (FNSN,
Veikkolainen et al., 2021; Ahjos and Uski, 1992) and Oulu
University (Sodankyld Geophysical Observatory/University
of Oulu, 1980), the Geological Survey of Denmark and
Greenland (GEUS, 2023), and the Geological Survey of
Estonia (Soosalu et al., 2022). Location and magnitude
uncertainties for the recorded earthquakes have decreased
through time, with increased population density in the pre-
instrumental period and with improved network configura-
tions in later times. There are no uncertainties associated with
location and magnitude estimates in the FENCAT, but since
around 2010 the SNSN has average uncertainties of about
2-3km in the epicentres and 0.1-0.2 in the magnitudes.
Since the rate of recorded non-tectonic seismic events such
as mine, quarry, construction, and military blasts and mining-
induced events exceeds the earthquake rate by up to a factor
of 10 or more in much of Fennoscandia, the Fennoscandian
seismic network analysts have a high focus on classification,
nowadays aided by machine learning algorithms (Kortstrom
et al., 2016; Eggertsson et al., 2024). During FENCAT data
merging, additional checks for non-tectonic events are car-
ried out, such that the final catalogue is as free as possible
from such events. In the older data, there are, however, prob-
ably still both human-made and frost-related events present
that are difficult to identify (Uski et al., 2015). The earth-
quake data are processed with the methodologies developed
in Uski et al. (2015), comprising (i) data merging and clean-
ing, (ii) declustering, and (iii) magnitude homogenization.
We briefly describe these steps below.

4.1.1 Data merging and cleaning

The version of the FENCAT catalogue at our disposal spans
the year 1375 until the end of 2014 (Korja and Kihlman,
2016). We added the semi-reviewed FENCAT between 1 Jan-
uary 2015 and 30 September 2020 (Finnish National Seis-
mic Network, 2023). Both these catalogues contain earth-
quakes from all over Fennoscandia and some other areas
in northern Europe. The SNSN does not report all small
microearthquakes to FENCAT, so we also added the entire
15 August 2000 to 28 February 2022 SNSN catalogue to the
data set. As we need data from a zone surrounding Sweden
out to 300 km distance, we also extracted eight events from
the unified ESHM20 catalogue (Danciu et al., 2021) that
were not present in our version of FENCAT. Duplicates were
removed from the resulting list of events, and remaining non-
tectonic events that could be identified were removed from
the data. As FENCAT contains events far from Sweden, such
as along the Mid-Atlantic Ridge, we removed these together
with events in Britain, central Poland, Russia east of 40° lon-
gitude and Svalbard prior to further processing. The joint
earthquake catalogue comprises 24 215 events within the tec-
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tonic source zones (Sect. 4.2) of the hazard assessment, with
earthquake magnitudes between My, —1.4 and My, 6.1.

4.1.2 Declustering

Probabilistic seismic hazard assessment generally assumes
that the earthquakes included in the assessment occur inde-
pendently of each other, following a Poisson process (Baker
et al., 2021). In reality, many events occur as a consequence
of other events, such as foreshocks, aftershocks and swarm
events. Separating the catalogue into dependent and inde-
pendent events is referred to as declustering, and numerous
techniques exist for this purpose; see review in van Stiphout
etal. (e.g. 2012). As discussed in detail in Uski et al. (2015),
most declustering methods are designed for plate boundary
seismicity, with large events and significant Omori-type af-
tershock activity. In intraplate Fennoscandia, on the contrary,
events are generally small, and even moderately large events
can have few and small aftershocks, inconsistent with both
the Omori and Bath aftershock relationships. Following Uski
et al. (2015), we implemented a declustering scheme using a
Gardner and Knopoff (1974) windowing procedure based on
conservative estimates of location error and manual inspec-
tion of clusters. We set the spatial (radius) and temporal dis-
tances between an event and its potential aftershock or swarm
member to 10km and 30d for events with magnitude larger
than 1.5 and to 5 km and 15 d for smaller events. We did not
consider the magnitude of completeness or the relative size
of events in the clustering. The largest event in each cluster
was considered the independent event and forwarded to the
declustered catalogue.

The results were checked manually and also by comparing
the inter-event times of subsets of the declustered catalogue
to those from synthetic Poissonian catalogues (produced us-
ing the observed average rates and an average of 1000 sim-
ulated inter-event time sequences). The subsets were defined
in time intervals where the average yearly rate is approxi-
mately similar and visual inspection of the subset inter-event
time distributions (Fig. A1) shows that the declustering pro-
cess to a large degree removes the non-Poissonian short-
inter-event-time events in the original catalogue.

In agreement with Mintyniemi (1996) and Uski et al.
(2015), we find that the fraction of dependent events in
Fennoscandia is low. Our catalogue retains 19 943 indepen-
dent events (Fig. 2), implying approximately 18 % dependent
events. The results show that clustering in Sweden is highest
along the very active post-glacial faults in the north, espe-
cially the Pérvie and Burtrdsk faults, and is also significant
along the northeast coast and in some areas south of Lake
Vinern (Fig. A2). The largest cluster contains 199 events and
occurred in the Kouvola area in southern Finland, known for
its shallow swarm activity. In their study of a 500 km radius
area around Pyhéjoki on the northeast coast of Finland, Uski
et al. (2015) found a smaller fraction of dependent events
(11 %) than we find here. Although their area of interest in-
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cluded most of the seismicity of Finland and Sweden north
of Uppsala (Fig. 1), the difference is probably due to it not
including the highly active west coast and Nordland regions
in Norway, where swarm activity is frequently observed (e.g.
Shiddigqi et al., 2022). Comparing to ESHM?20, we note that
the ESHM20 earthquake catalogue only contains a total of
360 events, all with My, > 3.5, for the area covered by our
declustered catalogue.

4.1.3 Magnitude homogenization

Seismic hazard assessments should be based on homoge-
neous earthquake size estimates, as commonly represented
by the moment magnitude, M, scale (Hanks and Kanamori,
1979), which does not saturate at large magnitudes. Most
earthquakes in the FENCAT catalogue, however, have mag-
nitude estimates either from macroseismic observations or
from local magnitude scales from the various network opera-
tors, with scales varying slightly over time and institute. Uski
et al. (2015) constructed a consistent moment-based mag-
nitude scale, M\, (HEL), based on the local Helsinki mag-
nitude scale, My (HEL), earthquakes in SNSN after 15 Au-
gust 2000, which all have estimates of the scalar seismic mo-
ment (Rognvaldsson and Slunga, 1993) and other moment
estimates from individual studies. They provided relation-
ships between the various magnitude scales, My (HEL) and
My (HEL), and related M,,(HEL) to the scalar seismic mo-
ment M as

My (HEL) = 0.83log;, (Mo) — 7.98 for log; (Mp) < 13.5,
M (HEL) = 0.591og;o (M) — 4.73 for log;, (Mp) > 13.5.

We will use the My(HEL) magnitude homogenization
scheme for all events in this study and for brevity denote
My (HEL) as My,. Uski et al. (2015) points out that the re-
lation is only defined by observations to log;q(Mp) ~ 17.5
(M, ~ 5.6) but that it agrees well with the original (Hanks
and Kanamori, 1979) to approximately log;,(Mop) = 19, or
M, = 6.6.

The final declustered and magnitude homogenized cata-
logue has 19943 events, with magnitudes ranging between
—1.4 < My, <5.9. There are 341 events with My, > 3.5 and
182 events with My, > 4.0 in the tectonic source zones, indi-
cating that our magnitude homogenization scheme produces
slightly lower magnitudes than the one used by ESHM?20 for
Fennoscandia, which has 360 events with My, > 3.5 in the
same area. We will only use events recorded from the year
1875 onwards, which is approximately when the Swedish
Geological Society started more systematic investigations of
earthquake reports (Kjellén, 1910). Figure 3 shows earth-
quake magnitude density plotted as a function of time for
Sweden and the Swedish economic zone and highlights the
significant improvement in completeness after the year 2000.
We also note the lack of reported M,, > 3.2 events between
1936 and 1962, the reason for which we do not know, and the
very few recorded events with My, > 4. Prior to 1950 the data
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Figure 3. Magnitude—time density plot of earthquakes from the
declustered and magnitude homogenized catalogue since 1875.
These earthquakes lie within a zone that is 300 km from the Swedish
national border or economic zone boundaries (blue dots within the
red zone in Fig. 4a).

stem almost entirely from macroseismic observations; Fig. 3
shows that this has produced a lower magnitude threshold at
approximately M,, 2, which was the lowest magnitude given
to macroseismically observed events.

4.2 Seismic source zones

Seismic source zones (SSZs) are defined based on geolog-
ical and tectonic features, the clustering of seismicity and
homogeneity of the seismicity rate; i.e. variations in M, are
the same within each zone. The source zones form the ba-
sis upon which recurrence parameters, maximum magnitude
and ground motion models are calculated and assigned. Dur-
ing the Finnish nuclear industry projects (Korja and Koso-
nen, 2015; Korja and Kihlman, 2016), Fennoscandian seis-
mologists and geologists came together to define appropriate
cross-border SSZs for these site-specific PSHAs. Work on
harmonized Fennoscandian SSZs was continued as part of
the review for ESHM20 and further developed in workshops
in 2022 and 2023 for this study and ongoing studies in Fin-
land and Norway.

As this study focuses on Sweden, we use earthquakes in
the area of Sweden and a 300 km wide area surrounding the
national boundaries and, in the sea, the Swedish economic
zone. Following the concept of super zones in ESHM20,
we define large-scale tectonic source zones (TSZs) and area
source zones (ASZs) (see Fig. 4). The TSZs capture large-
scale aspects of the crust, such as the regional orogenies and
deformation structures, while attempting to ensure homoge-
neous seismicity patterns. Given the relatively large num-
ber of earthquakes in the TSZs, they provide large-scale re-
currence parameters which we use for ASZs with insuffi-
cient number of events. We define four TSZs: tectonic source
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zone T1 comprises the Archean and Svecokarelian rocks of
eastern and northeastern Sweden and northern Finland, in-
cluding the seismicity along the Swedish northeast coast,
most of the Fennoscandian post-glacial faults, the Kuusamo
seismicity in Finland and the scattered seismicity in south-
eastern Sweden. Zone T2 spans the Sveconorwegian rocks
in southwestern Sweden and southern Norway plus the Oslo
graben, which are all areas of relatively high seismicity.
Western and northern Norway with the Caledonides and the
adjacent ocean areas make up zone T3, including the intense
seismicity along the west coast and in the Nordland region.
T4 is the least seismically active area, with the Svecokare-
lian and Archean rocks of central and southern Finland and
the Baltic countries on the sediment-covered East European
Platform.

The smaller zones, ASZs, are delineated based on active
deformational features, such as post-glacial faults, smaller-
scale geological and tectonic features, and distinct seismic-
ity patterns (see Fig. 4). For zones that extend outside the
300 km limit, we include all events in the zones in the cal-
culations in order to increase the significance of the results.
Uncertainty in the location of earthquakes are on the order
of a few kilometres for the post-2000 data, which will have
a minimal effect on the allocation of events to ASZs. For the
pre-instrumental data the location uncertainties can be much
larger, especially for event in the sea areas, but as most zones
are large the problem is likely small, and we do not attempt
to consider these uncertainties in the allocation to ASZs.

4.3 Maximum magnitude

An estimate of the maximum possible earthquake magnitude,
Mpax, in each seismic zone is used both when calculating the
recurrence parameters, using a doubly truncated Gutenberg—
Richter distribution (e.g. Weichert, 1980), and when per-
forming the actual hazard calculation. In stable continental
regions like Fennoscandia, estimation of Mp,x is compli-
cated by low seismicity rates and short observation times;
lack of well-defined active fault zones; and general uncer-
tainty about the length, or existence, of an earthquake cycle
(e.g. Wheeler, 2016; Calais et al., 2016). A number of differ-
ent approaches have therefore been taken in assessing Mpax
for PSHA. Two frequently used methods are extreme value
type statistics (EVTS) based on observational data (e.g. Ki-
jko and Graham, 1998; Kijko and Singh, 2011; Beirlant et al.,
2019; Zoller, 2022) and the so-called EPRI method of com-
bining global tectonically analogous data sets with local ob-
servations (Johnston et al., 1994; Wheeler, 2016).

The largest observed earthquake in Fennoscandia is the
Lurgy, Norway, event of 1819, with M, 5.9 (Mintyniemi
et al., 2020). Using two varieties of EVTS, Mintyniemi
et al. (2001) found Fennoscandian Mp,x of 5.84 +0.50
and 5.94 £0.52, close to the observed maximum magnitude
(excluding the post-glacial faults). As noted by Kijko and
Singh (2011), the EVTS methods often underestimate Mpax.
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Figure 4. (a) Tectonic source zonation scheme with the fully declustered earthquake catalogue used in this study (blue dots). (b) Area source
zonation scheme. The red line indicates a zone encompassing Sweden that is 300 km from the Swedish border or economic zone boundaries.

Numbers detail the zone numbers.

Wabhlstrom and Griinthal (2001) used the EPRI approach
and found a five-point probability distribution of M,y for
onshore Fennoscandia, from My, 5.85 to 7.70, with equal
probabilities of 0.2. ESHM13 and ESHM20 both use the
same EPRI-based approach to My« for Fennoscandia, with
a resulting distribution of Mpax of 6.3, 6.6 and 6.9, with
probabilities of 0.5, 0.4 and 0.1, respectively.

The post-glacial faults of northern Fennoscandia are still
seismically active (e.g. Lindblom et al., 2015), although the
main ruptures are inferred to have occurred at the end of the
latest deglaciation some 10000 years ago (e.g. Smith et al.,
2021). They have surface lengths of 40—150 km (Smith et al.,
2021), indicating potential magnitudes of up to My, 8 (Lind-
blom et al., 2015). Such large events have been inferred to
be triggered by the glacial isostatic stress contribution from
the late deglacial phase (e.g. Lund, 2015), but as the recent
trenching of the Stuoragurra fault in northern Norway indi-
cates ruptures of magnitude 7 as late as 700 years ago (Ole-
sen et al., 2021), the potential for very large earthquakes in
the current stress field needs to be considered.

Here we combine the EPRI approach of ESHM20 with the
post-glacial fault information and use an Mp,.x distribution
of 6.3, 6.6, 7.0 and 7.5, with probabilities of 0.4, 0.4, 0.15
and 0.05, respectively. The large magnitudes mostly affect
the hazard on long timescales, as discussed further in Sect. 6.

4.4 Calculating recurrence parameters

Recurrence parameters for each source zone are calculated
assuming that the mainshocks in the catalogue follow a Pois-
son distribution that can be represented by the Gutenberg—
Richter (Gutenberg and Richter, 1944) relationship

log;gN (M) =a —bM, 0
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where N (M) is the cumulative number of earthquakes per
year with (moment) magnitude greater than, or equal to, M;
a is the activity rate; and b represents the ratio of low-
magnitude events to high-magnitude events. The relation-
ship breaks down for events with magnitudes smaller than
some completeness magnitude M., where not all events are
recorded. Estimating recurrence parameters is challenging in
a low seismicity area like Fennoscandia, where larger earth-
quakes are rare and population density low. Very few events
have been recorded prior to the installation of more sensi-
tive seismic networks in the 1960s and 1970s. The com-
pleteness magnitude of the national earthquake catalogue has
varied during most the 20th century between about M 3 to
about M 2. As Fig. 3 shows, due to the rapid expansion of the
seismic network in the early 2000, the completeness mag-
nitude for Sweden within the seismic network has dropped
to below M 1. However, once the catalogue is subdivided
into tectonic or area source zones, the number of earth-
quakes and M, vary significantly with time, and we estimate
M. separately for each zone. A time-varying completeness
algorithm (Weichert, 1980), as implemented by the Open-
Quake (OQ) engine (Pagani et al., 2014), was used to esti-
mate the recurrence parameters. For quality control, we also
used Aki’s (1965) maximum likelihood method, as modified
by Tinti and Mulargia (1987) in certain time intervals. We do
not take into account uncertainties in individual magnitudes
in the recurrence calculations but consider these to be ac-
counted for by the uncertainties in the recurrence parameters
themselves. Recurrence parameters, with associated uncer-
tainties, are estimated for the four tectonic source zones and
for area source zones with sufficient data.

As is well established, calculation of a and b values with
small sample sizes or a small magnitude range may lead to
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Table 1. Recurrence parameters for tectonic source zonation

schemes.
Zone  a value £lo b value =10  Complete
events
1 2.926 +0.005 0.912+0.01 7347
2 2.451£0.022 0.842+0.034 366
3 3.267+£0.013 0.895+0.023 1012
4 1.857+£0.026 0.887+0.034 262

significant bias in the estimates, outside the formal uncer-
tainty limits (e.g. Geffers et al., 2022). We therefore require
that a zone contains more than 200 events for a recurrence
parameter calculation. For area source zones sparse in data
we follow the ESHM20 methodology and assign them the b
value from the corresponding tectonic source zone, while an
a value is calculated by re-scaling the tectonic zone a value
by the ratio of the number of events with magnitude above
M. in the two zones, Nasz/Ntsz. If there are no events in
the zone, the tectonic a value is scaled by the areal ratio of
the two zones.

In most zones we use data from the late 1800 or early 1900
onward. In the far north, however, where there is very little
macroseismic data, our records start with the increase in sta-
tion density in the 1960s. The number of complete events
in each tectonic source zone range from 262 in T4 to 7347
in T1. The a values range from 1.857 in T4 to 3.267 in T3,
and the b values from 0.842 in T2 to 0.912 in T1 (see Ta-
ble 1). In the ASZs, recurrence parameters could only be cal-
culated for 12 out of the 31 zones (zones 2, 3, 4, 9, 13, 14,
15, 18, 23, 24, 30 and 31) due to the sparsity of data in most
zones. For zones within 300 km of Sweden, the a values for
the ASZs range between 0.041 for zone 20 in T4 to 2.504
for zone 2 in T1. The b values range between 0.8 for zone
18 in T1 and 1.051 in ASZ 2 (see Table 2, where we list the
ASZs in Sweden). Uncertainties are calculated using the OQ
implementation of the Weichert algorithm. Zone 23 has the
largest b-value uncertainty of about 5 %, followed by zone 4
at around 4 %. Due to the large number of events with mag-
nitude above M. in tectonic zone T1, the b-value uncertainty
is only £0.007, which we find unreasonably small compared
to how the b-value changes when M, is varied. We there-
fore set the minimum b-value uncertainty to 0.01. In zones
with too few events for a separate calculation of recurrence
parameters, we assign the same uncertainty as what we find
for the tectonic zone calculations to the a and b values. As
the a value is scaled by the number of complete events, this
implies that the a-value uncertainty becomes relatively large
in some ASZs.

4.5 Source model logic tree

The source model logic tree is based on the earthquake cat-
alogue, the zonation, the derived recurrence parameters for
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Table 2. Recurrence parameters for area source zones in Sweden.

Zone a value 1o b value =10  Complete

events
2 2.504+£0.012 1.051+0.023 1384
3 1.864 £0.019 0.878 £0.03 503
9 2.267+£0.012 0.957+0.022 1200
13 2.041+£0.017 0.922£0.03 621
14 2.011+£0.018 0.88 £0.031 576
15 1.917£0.019 0.844£0.03 507
18 1.767 £0.02 0.8 +0.028 465
23 1.676 £0.028  0.891 £0.047 225
24 2.132+£0.028 0.895+0.047 227
25 1.586£0.022 0.842+0.034 50
26 1.068 £ 0.005 0.912£0.01 102
27 1.974£0.022 0.842£0.034 122
29 1.78 £0.013  0.895+£0.023 33

each zone and their uncertainties, and the maximum mag-
nitude information (see Fig. 5). The first branching level
represents each individual area source zone, followed by
three branches representing the maximum likelihood esti-
mate of the doubly truncated Gutenberg—Richter distribution
and 2 standard deviations, representing the Sth and 95th per-
centiles. Four further branching levels are applied to each
model for the M.« values of 6.3, 6.6, 7.0 and 7.5, each with
0.4, 0.4, 0.15 and 0.05 as their respective weights. The over-
all structure of the source model logic tree is as implemented
in the ESHM20 calculations for the region (Danciu et al.,
2021). With 3 branches each for the a and b values and 4
for Mp.x, a total of 12 branches are defined for each ASZ
(Fig. 5).

4.6 Ground motion models

The attenuation characteristics of the crust are of utmost
importance for a seismic hazard assessment as they deter-
mine how the ground motions from an earthquake decay
with distance. In stable continental regions like Fennoscan-
dia, such ground motion models are difficult to construct as
the low seismicity rate of the region, the region’s size and the
relatively sparse seismic networks imply that there is usu-
ally very little strong-motion data available. Notwithstand-
ing, Fiilop et al. (2020) used weak-motion data from events
in Finland and Sweden between 2006 and 2018, with mag-
nitudes 1.5 < My < 4.2, in the development of a Fennoscan-
dian ground motion model, Fenno-G16. In order to make up
for the lack of large events, they added data from an east-
ern Canadian subset of the NGA-East data (Goulet et al.,
2014), with the largest magnitude of My, 6.76, and imple-
mented Fenno-G16 based on an adjustment of the backbone
curves of the G16 equation developed by Graizer (2016) for
Central and Eastern North America (CENA). The released
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Figure 5. Source model logic tree. The numbers indicate the weights of the different branches.

version of Fenno-G16 contains only one branch in the logic
tree and uses a Vs 3¢ for very hard rock of 2800 m s—h

The recently developed scaled backbone GMM for cra-
tonic regions in ESHM20 (Weatherill and Cotton, 2020), de-
scribed in Sect. 3.1, also partly incorporated NGA-East data
and models (Goulet et al., 2021) and used the Fiilop et al.
(2020) data set to aid in deciding the weights for the two
main branches, cratonic (0.8) and shallow crustal (0.2), in
the logic tree.

In this study, we use the two recently developed cratonic
GMMs, Fenno-G16 (Fiilop et al., 2020) and ESHM?20 cra-
tonic, (Weatherill and Cotton, 2020) together with the shal-
low crustal seismicity model used for much of Europe in
ESHM?20 (Kotha et al., 2020). In order to study the effects
of the different GMMs on the hazard estimates, we use our
earthquake data set and seismic source zones and calculate
hazard at a specific site for each of the following logic tree
combinations:

1. The native ESHM?20 logic trees for shallow-default and
cratonic regions, for a Vs 30 = 800 m s~!, which is the
ESHM20 default.

2. The native ESHM?20 logic tree for shallow-default re-
gions and the ESHM?20 cratonic logic tree with Vs 39
setto 3kms~.

3. The ESHM?20 logic tree for the shallow-default regions
and the single-branch Fenno-G16 GMM for the cra-
tonic regions. (Vs 30 = 3km s~! for basement sites and
Vs.30 = 800ms~! for the sedimentary rocks in Skane,
Oland and Gotland.)

4. The ESHM20 logic tree for the shallow-default regions
and for the cratonic regions’ two branches — one with
a modified ESHM20 cratonic logic tree, weight 0.6,
where the 20 % branch with the shallow crustal GMM
has been removed, and one with the single-branch
Fenno-G16, weight 0.4 (see Fig. 6). Vs 30 =3km sl
for the cratonic regions. Figure 6 shows the ESHM20

https://doi.org/10.5194/nhess-24-4199-2024

five-branch implementation for epistemic uncertainty of
the GMM, o, (Weatherill and Cotton, 2020), where
the €;; and weights assigned to each branch are de-
termined by a discrete approximation of the Gaussian
distribution depending on the number of standard de-
viations to include (Danciu et al., 2021; Miller and
Rice, 1983). The epistemic uncertainty of the site am-
plification factor, o, s, is similarly included with three
branches, however, as we do not adjust the site ampli-
fication to Vs 30 = 800ms~! for cratonic areas these
branches cancel.

Figure 7 shows how the hazard curves at the location
of Uppsala (Fig. 1) vary with the different GMM combi-
nations. The mean hazard estimates are rather similar; we
see that the Fenno-G16 model consistently produces slightly
higher PGAs at the same probability of exceedance (PoE)
compared to the ESHM20 models and that using a Vg 30 of
3kms! consistently lowers the hazard compared to a Vs 39
of 800ms™!, as expected. The uncertainty distribution for
Fenno-G16 is generally narrower than those for the ESHM20
models, for which the lower 0.16 fractile limit extends to sig-
nificantly lower PGA for the same PoE. Model 4, with the
combination of Fenno-G16 and ESHM?20, has a mean haz-
ard similar to Fenno-G16 at higher PoE but moves toward
the midway point between the two at higher PoE. The 0.16
and 0.84 fractile distributions behave similarly.

We choose model 4 as our preferred ground motion model
for cratonic areas in this study, as it combines the two most
recent cratonic GMMs, incorporates data and models from
eastern North America, and takes into account seismic obser-
vations in Fennoscandia. The weights between Fenno-G16
and the ESHM20 GMMs were determined such that we ob-
tain a larger epistemic uncertainty distribution than Fenno-
G16 while somewhat reducing the ESHM?20 distribution to
lower hazard.

Referring to the zone numbers in Fig. 4, we use our cra-
tonic model 4 ground motion logic tree for tectonic zones T1
and T4, encompassing much of Sweden, Finland and the
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Baltic countries. In tectonic zones T2 and T3 we use the
ESHM?20 shallow-default logic tree, except for in area source
zones 24, 28 and 30, which all use the cratonic combination.
As described in Sect. 2, Swedish surface rock mostly con-
sists of Proterozoic bedrock which in places is covered by a
few metres to tens of metres of glacial sediments. There have
been no large-scale studies of Vs 30 in Sweden, but, gener-
ally speaking, many single houses and larger constructions
are built on bedrock or using piling to bedrock. We there-
fore use a Vs 39 of 3km s~! for all cratonic zones, similar
to the 2800 ms~! used by Fiilop et al. (2020) and corrobo-
rated by, for example, Sadeghisorkhani et al. (2020). The two
Baltic islands of Oland and Gotland are covered in sandstone
and limestone (Rosberg and Erlstrom, 2019); for these ar-
eas we use the ESHM?20 default of Vs 30 = 800 m s~!. Inall
zones with the shallow-default GMM we also use the default
ESHM20 Vs 30 = 800ms~'.
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4.7 Definition of OpenQuake parameters

We use the OpenQuake (OQ) engine (v3.12) (Pagani et al.,
2014) to estimate the annual probability of exceedance of
peak ground acceleration at the 0.0021 and 0.0004 lev-
els, corresponding to return periods of 475 and 2500 years.
The OQ engine uses the classical PSHA approach based on
the methodology proposed by Cornell (1968) and McGuire
(1976). The engine allows for flexibility in modelling seis-
mic sources, using predefined GMMs or implementing new
GMMs, and characterizes epistemic uncertainty through a
logic tree. The engine incorporates the OpenSHA (Field
et al., 2003) calculation structures and workflows, which we
use on an equally spaced 5 km calculation grid. Area sources
were defined as per the OQ NRML schema for each ASZ
(Schorlemmer et al., 2011).

The minimum magnitude, Mp,;,, used for the hazard com-
putation is taken as the magnitude where damages may start
to appear. ESHM20 uses a M, of 4.5, but we follow Mosca
et al. (2022) and use M, 4.0 in order to account for the im-
pulsive nature and high-frequency content of smaller events
in a slowly attenuating crust, such as that of Sweden. The
damage potential of a My, 4.0 earthquake was demonstrated
in the Folkestone 2007 My, 4.0 event, which cased significant
non-structural but also some structural damage (Sargeant
et al., 2008).

We define a depth distribution where ruptures take place,
using 5, 10, 20 and 30 km depth weighted as 0.15, 0.35, 0.35
and 0.15. This accounts for the fact that although most events
occur down to about 20 km depth, some areas have signif-
icantly deeper earthquakes (e.g. Veikkolainen et al., 2017).
Point ruptures are used as we do not include specific faults
in the model. Truncated Gutenberg—Richter distributions are
defined by the lower and upper magnitude bounds M, and
Max, and the previously calculated a and b values with their
uncertainties are used in different branches of the logic tree.
Each seismic source area requires the definition of orienta-
tions and faulting styles of ruptures, quantified by the strike,
dip and rake of nodal planes. We use the strike and dip values
adopted by ESHM?20 in their calculations and choose a strike
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of 0° and a dip of 90°. We define two rake values of 0 or 180°,
each with a weight of 0.5 in the probability distribution.

The calculation parameters for the OQ engine are summa-
rized as follows: 12 end branches for area source models of
the shallow crust and cratonic regions; 18 072 equally spaced
grid points (5 km spacing) defined on land within Swedish
land borders; a Vs 30 =3 km s~ L point ruptures; a weighted
depth distribution; predefined nodal plane orientations, with
vertical planes striking north with a rake of 0 or 180; 25 in-
tensity measures that cover PGA ground motion discretiza-
tion levels between 0.005 and 3 g; and calculations for the
complete enumerated logic tree.

5 Results

We present ground motion exceedance levels for mainshock
earthquakes in terms of peak ground acceleration (PGA),
using our source and ground motion model logic tree im-
plementations as discussed in Sect. 4.5 and 4.6. PSHA re-
sults are commonly presented as hazard maps showing PGA
with a 10 % probability of exceedance (PoE) in 50 years,
as that level is used for building codes, e.g. in Eurocode 8.
A 10 % exceedance level in 50 years is equivalent to a sta-
tistical (Poissonian) return period of 475 years. ESHM20
uses annual PoEs, where 2.1 x 1073 is equivalent to 10 %
in 50 years and 4 x 10~ is equivalent to the previously used
2 % in 50 years, slightly altering the return period from 2475
to 2500 years. We follow ESHM20 and present our results as
hazard maps for return periods of 475 and 2500 years and as
hazard curves for four seismically active regions in Sweden.
Ground motion exceedance levels for spectral acceleration
periods of 0.2 and 1s for a return period of 475 years are
presented in the Appendix.

5.1 Seismic hazard maps for Sweden

Seismic hazard maps for Sweden with 475- and 2500-year
return times are shown in Fig. 8. As usual in probabilistic
seismic hazard assessment, hazard closely follows the ob-
served earthquake distribution. The maps show the mean
horizontal PGA, and we see that for a 475-year return pe-
riod the highest hazard is estimated in the northernmost part
of Sweden, in the area of the post-glacial faults and at the
northern shores of the Bay of Bothnia, where hazard reaches
0.06 g. Much of the northeastern coast of Sweden shows a
mean PGA of 0.03-0.04 g, and the southwest of Sweden
shows a mean PGA of 0.02-0.03 g. The southeast and north-
west of Sweden have an estimated mean hazard of less than
0.02 g. For the 2500-year hazard map, hazard is similarly
distributed, but the highest mean PGA is now 0.15 g in the
northeast of Sweden, followed by the northeast coast at about
0.1-0.125 g and the southwest of Sweden between 0.075-
0.1 g. As before, the southeastern and the northwestern re-
gions show the lowest hazard of less than 0.05 g. The spec-
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tral acceleration (SA) maps, in Fig. A3, show similar results
to the PGA map for the spatial distribution of hazard. We
find, however, that the mean hazard at SA (0.25s) is gener-
ally higher than the mean PGA by about 0.01 g in all of the
country. At SA (1.0s) the mean hazard is everywhere below
0.01g.

We note that the earthquake activity in the Oslo graben in
Norway (ASZ 25) and even the activity on the Norwegian
west coast affect the hazard levels in southwestern Sweden
to some degree. Interestingly, we do not see the same in-
fluence from the Nordland region in Norway (ASZ 4) into
Sweden, although seismic activity there is high and it is the
region where the largest known earthquake in Fennoscandia
occurred in 1819. This is likely due to the relatively high b
value we estimate for ASZ 4 (b =0.933) and the fact that
many of the events occur in swarms which are removed in
the declustering.

We complement our maps with a disaggregation analysis
for the location in the northeast with the highest hazard in our
study and the location in the southwest where Wahlstrém and
Griinthal (2001) found the highest hazard in Sweden. Fig-
ure 9 shows that the main contribution to the hazard is pri-
marily from small earthquakes at 10-50 km distance, which
is similar for both locations. We note that our study predicts a
higher hazard contribution from larger earthquakes than does
the Wahlstrom and Griinthal (2001) analysis.

5.2 Hazard curves for seismogenic areas

The regions in Sweden with the highest seismic activity can
broadly be defined as the southwest around Lake Vénern,
the northeast coast and the post-glacial fault province in the
north. In Fig. 10 we illustrate the seismic hazard at four lo-
cations in these regions, using hazard curves with the an-
nual probability of exceedance versus PGA: the post-glacial
Péarvie and Burtrdsk faults, the Hilsingland area around
Hudiksvall, and Vistergotland south of Lake Vinern (see
stars in Fig. 1). We see that the hazard curves are similar
for all four regions, with the Pirvie and Burtrisk faults hav-
ing slightly higher short-term PGA estimates and Vistergot-
land the lowest hazard overall, although all four are within
the uncertainty limits of each other. We restrict our curves to
a lower limit of an annual PoE of 1072, with the 0.16 and
0.84 fractile estimates ranging between 0.3 and 0.9 g at this
limit. Comparing to the Uppsala curves in Fig. 7, we note that
the short-term hazard is similar in Uppsala and Vistergotland
but that the longer-term hazard is significantly lower in Upp-
sala.

6 Discussion
The result of our seismic hazard assessment, as illustrated in

the maps in Fig. 8, differ from many of the previous assess-
ments for Sweden in that the estimated hazard is largest in
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Figure 8. Seismic hazard maps for return periods of 475 years (a) and 2500 years (b). Contour lines represent 0.01 g for the 475-year map
and 0.05 g for the 2500-year map. Post-glacial faults indicated by black lines.
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Figure 9. Disaggregation analysis showing the contribution of earthquakes with different magnitudes at different distances to the seismic
hazard. The analysis is carried out for the site with the highest hazard estimate in our study (65.7°N, 22.97°E) (a) and the site in Sweden
used by Wahlstrom and Griinthal (2001) in their study (59.5° N, 12.0° E) (b), both for a return period of 475 years.

the far north. This is due to the new emerging understand-
ing of the seismic activity on the post-glacial faults (PGFs)
in northernmost Fennoscandia (Lindblom et al., 2015). The
expansion of the Swedish National Seismic Network in the
early 2000s, from 2 to 22 stations north of 63.5° latitude
(Lund et al., 2021), has enabled observations of previously
unknown seismic activity rates on these faults (Lindblom

Nat. Hazards Earth Syst. Sci., 24, 4199-4223, 2024

et al., 2015). Almost 3700 earthquakes have been observed
in the region in the last 2 decades (Fig. 2), and all but two
have magnitudes below 3, which is consistent with the few
observations prior to the network expansion. The very low
population density and limited reporting possibilities in ear-
lier times probably explains the almost complete lack of ob-
servations in, for example, the Pirvie area prior to 1967. Un-

https://doi.org/10.5194/nhess-24-4199-2024



N. Joshi et al.: Probabilistic seismic hazard assessment of Sweden

=
S
T

(a)

—_

S
©
T

—
9
T

Mean
—— 50th percentile

Probability of exceedance [per year]
I
|

-== 16th percentile
--- 84th percentile

103 102 10T 100

—
o
&

1071k (c)

,_.

S
o
T

1073

1074 ¢

Mean
—— 50th percentile
-== 16th percentile
--- 84th percentile

Probability of exceedance [per year]

_
9
&

5 I BN \
1073 102 107! 10°

4213

1071 (b)

1073 3

1074 3

Mean

Probability of exceedance [per year]

[ —— 50th percentile \
L === 16th percentile N
--- 84th percentile

10-3 102 101 10°
PGA[g]

—

fe=l
L
T

(d)

,_.

S
o
T

—_
!
T

1074 E

Mean

Probability of exceedance [per year]

[ — 50th percentile
| -~ 16th percentile
=== 84th percentile

H
9
I

107 102 10T 100
PGA[g]

Figure 10. Seismic hazard curves for areas of relatively high seismicity in Sweden (yellow stars in Fig. 1). (a) Pérvie, (b) Burtrisk, (c¢) Héls-
ingland, and (d) Vistergotland. Annual probability of exceedance versus peak ground acceleration (in g). Mean (red lines), 50 % (blue), and

0.16 and 0.84 fractile limits (dashed).

fortunately, there are no conclusive data on current slip rates
on the PGFs. For example, the InSAR study by Mantovani
and Scherneck (2013) inferred vertical displacements at a
few segments along the Parvie fault but did not conclude any
slip rates. This complicates the inclusion of the post-glacial
faults explicitly in a PSHA.

The inference that the last 20 years of earthquake data in
northern Sweden indicate that the area has a relatively high
seismic hazard is interesting in the light of recent work on
the PGFs in the region. Smith et al. (2021) found repeated
ruptures on the Lainio PGF, with the latest recurring after
deglaciation, and Olesen et al. (2021) identified ruptures of
magnitude 7 as recently as 700 years ago on the Stuoragurra
fault in northern Norway. Taken together, all observations
suggest that seismic hazard should be taken into careful con-
sideration in the region, especially since the region is home
to major mining operations, large hydroelectric power dams
and an increasing number of wind energy installations.
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6.1 Estimation of recurrence parameters

With Fennoscandia being a low-seismicity region, estimating
the recurrence parameters is a major challenge in the seis-
mic hazard assessment process. The problem is multifaceted
and involves the low seismicity rate, the few large events and
the magnitude homogenization process. As the rate of earth-
quakes large enough to be felt is low (Lund et al., 2021),
there is little data prior to the installation of an improved seis-
mic network in the 1960s. That network consisted of only six
analogue stations, so the more significant increase in earth-
quake observations came with the modern SNSN, from the
year 2000 onward, when the completeness magnitude fell be-
low M 1 (Fig. 3) for a large part of the country (Lund et al.,
2021). Many of the observed larger events occurred in ear-
lier times and therefore have macroseismic magnitudes with
significant uncertainty. Later events have a variety of local
magnitudes, which complicates the magnitude homogeniza-
tion procedure (Uski et al., 2015). In addition, the magni-
tude estimation for the many small events in our data set
comes with appreciable uncertainty, e.g. due to low station
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density, which further complicates the magnitude homoge-
nization procedure.

As discussed in Sect. 4.4, we use the Weichert (1980)
method, as implemented by OpenQuake, to calculate the re-
currence parameters, using data reaching back to 1875. We
also use Aki’s method (Aki, 1965), as revised by Tinti and
Mulargia (1987), with the post-2000 data to add confidence
in the results. We found that varying Mp,x during parame-
ter estimation has no significant effect on the results. How-
ever, the results are sensitive to variations in the magnitude
of completeness, and a change in M. by 0.2 can lead to a
significant change in a or b value, beyond the formal uncer-
tainties of the original results. The magnitude of complete-
ness is non-trivial to estimate, manually or using some cur-
vature method, especially for the very sparse historical data.
It is thus likely that uncertainties in @ and b values are some-
times larger than the formal estimates, which led us to set a
minimum b-value uncertainty to 0.01. This was needed for
tectonic zone T1, which contains 7347 events above M. and
therefore produces a very small formal uncertainty.

We note that in their investigation of the sensitivity of site-
specific PSHA in Finland to variations in the input parame-
ters, Fiilop et al. (2023) found that Mpy,x variations do not
affect the PGA results significantly but are more important
at low ground motion frequencies at an annual frequency of
exceedance of 1073, They also point out that a- and b-value
variations have a large effect on the results, in agreement with
our conclusions.

6.2 Comparisons with previous seismic hazard studies

As discussed above, the most significant difference between
our seismic hazard model and previous studies is the spatial
distribution of hazard in northern Sweden. The Wahlstrom
and Griinthal (2001) study found the largest hazard in Swe-
den focused in the area surrounding the 1904 My, 5.4 earth-
quake on the west coast, with a median PGA of 0.03-0.035 g
for a 475-year return period. This is slightly higher than our
estimate of about 0.025 g in that area. Similar to us, they
found that southeastern and northwestern Sweden, east of the
mountain range, has the lowest hazard, below 0.015 g. Along
the northeast coast they estimate a PGA of 0.015-0.02 g,
lower than our approximately 0.03 g, and in the northernmost
region of Sweden their 475-year PGA estimates vary be-
tween 0.01-0.02 g, significantly lower than our 0.03-0.06 g.
We note that Wahlstrom and Griinthal (2001) use the me-
dian hazard for their estimates. As we use mean estimates,
our hazard values are likely to be generally somewhat higher
than theirs.

The Mintyniemi et al. (2001) hazard map is similar to
the one from Wahlstrom and Griinthal (2001). They find
high hazard in the southwest and along the northeast coast,
with the 475-year PGA reaching 0.02-0.025 g in both re-
gions, similar to our results. In the north, their hazard es-
timate is lower than ours, at 0.01-0.015 g. We note that

Nat. Hazards Earth Syst. Sci., 24, 4199-4223, 2024

N. Joshi et al.: Probabilistic seismic hazard assessment of Sweden

both Wahlstrom and Griinthal (2001) and Méntyniemi et al.
(2001) estimate a higher hazard in the northern Swedish
mountain region than us, indicating that their area source
zone definition is such that the high seismicity in Norwe-
gian Nordland produces significant hazard in Sweden in their
model or that they estimate lower b values than we do in that
region.

The 2013 European Seismic Hazard Model (ESHM13,
Woessner et al., 2015) found the highest hazard in Sweden to
be focused in a narrow region across the southernmost part
of the country and up along the west coast, with a maximum
PGA for a 475-year return period at approximately 0.025 g in
the south. This is significantly more than our estimate of less
than 0.01 g in that area. Along the southwest coast of Sweden
the hazard in ESHM13 is about 0.02 g, similar to ours, while
the rest of the country has a hazard between 0.001-0.02 g,
with again significantly less hazard in the north than in our
model.

The most recent iteration of the European Seismic Haz-
ard Model (ESHM?20, Danciu et al., 2021) changed the dis-
tribution of hazard in Sweden significantly as compared to
ESHM13 (see Lund et al., 2024, for an in-depth compari-
son). Hazard estimates in ESHM20 are lower in the south-
ern and southwestern parts of the country and higher in the
south-central part of the country and up along the northeast-
ern coast, following the coastline around the northern Bay
of Bothnia. This agrees with the distribution of hazard in
our model, except that in our model the hazard is lower
in the southeast. We illustrate the differences between our
model and ESHM20 for 475- and 2500-year return periods in
Fig. 11, which shows that our model produces higher hazard
than ESHM20 for both return periods in most of the coun-
try. Again, the most notable difference is in the north, where
ESHM?20 uses the recurrence parameters from the large tec-
tonic zones but where we have much more data (Fig. 2), such
that we can better constrain the a and b values. Compar-
ing recurrence parameters we note that the ESHM20 area
source zone NOAS376 in northern Fennoscandia, encom-
passing many of the PGFs, is approximately 30 % larger in
size than our ASZs 13, 14 and 15 combined. The ESHM20
b value is 0.91 £0.032 in that area, which is within the
1o uncertainties of the b values in our ASZ 13 and 14 and
just above the uncertainty limits of ASZ 15 (see Table 2).
The ESHM20 a value 1.584 £0.0059 is re-scaled from the
tectonic zone and significantly lower, considering the much
larger area, than our a values around 1.9-2.0 (Table 2) for
the individual zones 13, 14 and 15. We see in Fig. 11 that our
PGA is more than 0.04 g higher for a 475-year return period
than the ESHM20 estimate in some areas in the north. For
a 2500-year return period the difference is 0.125 g. Further
south along the northeast coast our hazard is still higher by
some 0.02 g, a difference which decreases towards the south-
east, and along the southeast coast the hazard in our model
is smaller than in ESHM?20. In the southwest, our model es-
timates higher hazard than ESHM20 by about 0.015 g. We
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Figure 11. Seismic hazard maps showing the difference between our results and ESHM20 (this study minus ESHM?20) results for return
periods of 475 years (a) and 2500 years (b). Contour lines represent 0.01 g for the 475-year map and 0.025 g for the 2500-year map. Post-
glacial faults are indicated by black lines. Brown colours indicate that our hazard estimate is higher, and blue colours indicate that the

ESHM?20 hazard estimate is higher.

note that ESHM?20 and our model agree well along the north-
western border, where none of the models see much influence
of the Norwegian coastal seismicity.

6.3 Seismic hazard and risk in Sweden

Comparing to surrounding regions, the seismic hazard we
find in northern Sweden is only surpassed by the hazard in
western Norway around Bergen and in the Nordland region
in northwestern Norway. Our new results for northern Swe-
den will be compared to results obtained in neighbouring
countries in order to calibrate the hazard along the borders.
Probabilistic seismic hazard projects are ongoing in both
Norway and Finland, and we aim to further the work on a
joint homogenized Fennoscandian seismic hazard model in
the near future.

Our results show that the hazard correlates well with the
observed seismicity. We note, however, that most of the seis-
mic activity is of low magnitude and that there is not a
clear correlation between the observed larger events, above
e.g. My 4, and more intense microearthquake activity. The
Tornquist zone in southern Sweden, for example, has expe-
rienced five events with M,, > 3.7 in the last century but has
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a low seismicity rate, whereas the Burtridsk fault, the most
seismically active area in Sweden, has only seen two such
events during that time. There was a M,, 3.9 event in west-
central Sweden in 2014 in an area with only a few prior small
events (Lund et al., 2014), and the large magnitude 5 events
in Kaliningrad in 2004 (Gregersen et al., 2007) occurred in
an area with very few previously observed events. These sur-
prise events, and the sometimes poor correlation between the
rate of small events to large events, point to the difficulty of
PSHA in stable continental regions. Adding to the problem is
the largely unknown level of temporal and spatial stationarity
of earthquakes in these regions.

The large post-glacial faults of northern Fennoscandia
pose an interesting problem to seismic hazard assessment.
Previously inferred to have ruptured only once, at the time of
final deglaciation of the region (e.g. Lagerbick and Sundh,
2008), the main question has been whether or not the faults
could rupture again without an intervening major glaciation.
Glacial isostatic adjustment modelling (see review in Lund,
2015) shows that glacially induced stresses combine with
the tectonic stress state and bring the PGFs towards insta-
bility at deglaciation. Due to the slow strain accumulation
in the Fennoscandian Shield, repeated large ruptures on the
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same faults segments have been considered unlikely, with re-
peat times of less than 100000 years (Korja and Kosonen,
2015). However, as alluded to above, more recent investi-
gations have found that the PGF systems have seen multi-
ple ruptures along the faults and also multiple ruptures at the
same location (see reviews for Fennoscandia in Steffen et al.,
2021). Including the PGFs in a PSHA is currently only pos-
sible as an increase in M,y for area source zones including
PGFs since it has not been possible to detect any ongoing
surface slip on the faults. The weight on such a high M.«
branch in the logic tree is difficult to assess due to the current
lack of data. We have seen that a high My, branch does not
have a large effect on the estimated PGA but is more likely
to affect the longer periods of ground motion (Fiilop et al.,
2023).

A more appropriate mechanism, at this time, to take the
PGFs into account is through deterministic seismic hazard
assessment (DSHA). The faults are mapped in high resolu-
tion (e.g. Smith et al., 2021), and the depth extent of current
seismicity is known for some PGFs (e.g. Lindblom et al.,
2015), making it possible to use scaling relations to estimate
potential rupture magnitudes. While a deterministic scenario
may have a very low probability of occurrence, a DSHA will
provide additional insights from a risk reduction perspec-
tive and potentially highlight events that may dominate the
seismic risk in a certain area or for a specific site and there-
fore must be considered (McGuire, 2001). An approach that
combines the probabilistic and deterministic seismic haz-
ard assessments may be the most appropriate to evaluate
the site-specific seismic hazard, and risk, in the postglacial
fault province in northern Fennoscandia, especially for criti-
cal infrastructure sites, such as dams, where low annual ex-
ceedance probabilities must be considered.

7 Summary

This study provides a probabilistic seismic hazard model of
Sweden based on updated earthquake catalogues from the
Swedish National Seismic Network (Lund et al., 2021) and
neighbouring networks, as well as recent results and methods
from the European Seismic Hazard Model ESHM?20 (Danciu
et al., 2021). The hazard is calculated using the OpenQuake
engine (Pagani et al., 2014), using earthquakes since 1875
represented through 31 area sources zones, and recently de-
veloped ground motion models (Fiilop et al., 2020; Weather-
ill and Cotton, 2020; Kotha et al., 2020). A weighted logic
tree approach is used to represent the uncertainties in the re-
currence parameter estimates, Mpax and the ground motion
models. The resulting hazard estimates are calculated as peak
ground acceleration (PGA) values and mapped in Fig. 8 for
475- and 2500-year return periods.
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The updated earthquake data allow us to use a large num-
ber of smaller events that have not previously been available,
or used, in seismic hazard assessment. This makes it possible
to better constrain the recurrence parameters (a and b values)
in much of the country, especially for the post-glacial fault
province in northern Sweden.

We find a seismic hazard distribution in Sweden which is
significantly different to that of earlier studies. The new data
from the north indicates that hazard in northernmost Sweden
is higher than elsewhere in country, both at 475- and 2500-
year return periods. For a return period of 475 years, mean
PGA along the post-glacial faults and the northern coastal tip
of the Bay of Bothnia is estimated to be about 0.04 to 0.06 g.
For the rest of the northeastern coast, mean PGA is estimated
to be 0.02-0.03 g. The lowest PGA estimates in the country,
0.02 g and lower, are found in the southeast and northwest.
Similar trends are seen for the 2500-year PGA estimates,
with the highest mean PGA of 0.15 g seen in the northeast,
0.1-0.125 g for the post-glacial faults and the northeastern
coast, 0.075-0.1 g for the southwest, and less than 0.05 g
for the southeast and the northwest. Hazard curves for four
locations in some the most active areas of the country, the
Parvie and Burtrdsk faults, the Hilsingland area, and south
of Lake Vinern, show similar hazard in these areas, with
slightly higher hazard along the post-glacial faults.

Compared to ESHM20 (Danciu et al., 2021), our model
shows somewhat higher hazard in the more seismically ac-
tive areas of Sweden but slightly lower hazard in the less
active areas. The main difference is in the north, where we
find significantly higher hazard. We note that our declustered,
homogenized earthquake catalogue contains 19943 events,
with magnitudes down to just below zero, compared to
360 events in the same area for ESHM?20, all with My, > 3.5.

Challenges remain in seismic hazard estimation for
Fennoscandia. There are significant uncertainties in magni-
tude homogenization, for the smaller-magnitude events com-
pared to the larger ones, in the estimate of recurrence param-
eters, as larger events occur infrequently, and in the estima-
tion of ground motions models for the Fennoscandian Shield,
as sparse to non-existing data for larger events and short dis-
tances imply that both epistemic and aleatory uncertainties
are difficult to estimate. On a larger scale, the occurrence of
large events in areas with little prior seismicity and the un-
certainties surrounding the potential for large earthquakes on
the post-glacial faults in northern Fennoscandia pose prob-
lems for seismic hazard and risk assessment and require con-
tinued studies.
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Appendix A: Figures
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Figure Al. Inter-event time distributions for the Fennoscandia earthquake data set from 1 January 2001 until 28 February 2022 and a
magnitude of completeness of 1.0. (a) Full catalogue; (b) declustered catalogue. Data, blue dots. Average Poisson inter-event times, red line.
Lower 2.5 % and upper 97.5 % confidence limits, dashed red lines.
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Figure A2. Map of Fennoscandia with events belonging to clusters resulting from the declustering algorithm. Cluster sizes indicated by the
colours of the dots: 2 events, grey; 3-5 events, blue; 6-10, green; 11-20, red; above 20, orange. Larger clusters plotted on top of smaller
clusters. Basemap from GMT (Wessel et al., 2019).
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Figure A3. Seismic hazard maps showing the mean spectral acceleration (0.2 s, a; 1.0s, b) for a return period of 475 years. Contour lines at

0.01 g (a) and 0.0025 g (b). Post-glacial faults indicated by black lines.

Code and data availability. The QGIS software (QGIS De-
velopment Team, 2024) was used to delineate and visual-
ize the zones. The OpenQuake engine (Silva et al., 2013)
and its included suite of data preparation programs were
used to calculate recurrence parameters, create input files
and run the hazard calculations themselves. The hazard
maps were plotted using the plotting function build in Open-
Quake and PyGMT (https://doi.org/10.5281/zenodo.13679420,
Tian et al., 2024), and the hazard curves were plotted us-
ing Matplotlib (Hunter, 2007). Other figures were produced
using GMT (Wessel et al., 2019). The NumPy (Harris et
al., 2020), Pandas (https://doi.org/10.5281/zenodo.3509134,
The pandas development team, 2020) and GeoPandas
(https://doi.org/10.5281/zenodo.3946761, Jordahl et al., 2020)
packages were also extensively used to process and analyse the
data.

The earthquake catalogue was prepared based on data
obtained from the Swedish National Seismic Network
(https://doi.org/10.18159/SNSN, SNSN, 1904), the Norwegian
National ~Seismic Network  (https://doi.org/10.7914/SN/NS,
University of Bergen, 1982), the Finnish National Seis-
mic  Network (https://doi.org/10.14470/UR044600, FNSN,
1980), the Estonian Seismic Network (https://www.egt.ee/
en/fields-activity-and-objectives/geology-and-environment/
seismic-research-and-monitoring, GSE, 1998), and the Geological

Nat. Hazards Earth Syst. Sci., 24, 4199-4223, 2024

Survey of Denmark and  Greenland
geus.dk/natur-og-klima/jordskaelv-og-seismologi/
registrerede-jordskaelv-i-danmark, GEUS, 2023).

(https://www.
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