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Summary

This report illustrates the seismic-source characterisation and ground-motion
characterisation defined for the METIS case study site, located in central Italy.

The document focuses on the datasets, methods, and models utilized to construct the
various components of the model.

In the last part of the document, hazard results are presented.

Keywords

PSHA, test-site, seismic-source characterisation
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1. Preamble

The goal of the METIS project is to improve existing seismic risk assessment tools and
methodologies for nuclear safety. Most of the resources in the four technical work
packages are devoted to improving the current state of practice. In the context of the
project, it was also deemed important to demonstrate the use of the proposed methods
and tools in a real application to a nuclear facility. The candidate facility initially
selected for this demonstrative exercise was the Zaporizhzhia Nuclear Power Plant
(ZNPP), Ukraine. The main points in favour of this site were its geographical location
in Europe, access to a recent seismic hazard model through organisations already part
of the METIS consortium, and information on the characteristics of the structure and
various components of the plant.

During the initial part of the project, a more careful examination of the available ZNPP
data revealed the unavailability of the input files describing the Probabilistic Seismic
Hazard Analysis (PSHA) input model. This data unavailability combined with the
exceptionally low level of seismic hazard at the site, caused the use of the ZNPP site
to be reconsidered and other candidate sites to be examined. Instead, a hybrid-site
option was suggested in which a hypothetical ZNPP-like nuclear installation exists on
the western coast of Tuscany, Italy.

Due to the lack of a site-specific seismic hazard study for this new hybrid site, the GEM
Foundation, the organization tasked to produce a seismic hazard model in the METIS
project, decided to develop a simple hazard model that could be used to characterise
the expected level of shaking. For this task, the members of the METIS External
Advisory Board proposed to follow the Recommendations of the Senior Seismic Hazard
Analysis Committee (SSHAC, 1997; 2012) or at least to endorse the principles of the
SSHAC recommendations.

The GEM hazard team, while recognizing the authoritativeness of the SSHAC
Guidelines, opted for a simpler approach which sought for feedback and comments
from the members of the consortium but did not imply a formal participatory peer
review process, which is one distinctive aspect of the SSHAC process. We consider this
option acceptable in the context of a research project like METIS where there is no
need to comply with any specific regulatory requirement.

GA N°945121 7
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2. Introduction

A key prerequisite to seismic probabilistic safety assessment (PSA) for nuclear safety
is the analysis of the seismic hazard at the site of the nuclear facility. WP4 of the METIS
project aims to develop new approaches and tools for the calculation of seismic hazard,
and the application of these methodologies to the METIS case study site.

This report focuses on the seismic-source characterisation component of seismic
hazard analysis, which aims to define the locations, geometries, magnitudes, and rates
of occurrence of earthquakes of engineering importance for METIS case study. This
includes a hypothetical nuclear facility located along the western coast of Tuscany,
Italy, in proximity of Orbetello, which is one of the areas with the lowest levels of
seismic hazard in Italy.

In this document, we provide a description of the datasets, methods, and models used
to develop the seismic-source characterisation. Due to limitations in data and
knowledge, in the seismic-source characterisation, we model epistemic uncertainties
by defining alternative methods or parameters in a logic tree framework. Specifically,
alternative logic tree branches are included for the earthquake declustering model, the
maximum earthquake magnitude, the magnitude frequency distribution (MFD), and
the seismicity smoothing parameters.

Finally, ground-motion models appropriate for the METIS case study site are combined
with the seismic-source characterisation to calculate seismic hazard results for the
METIS case study site. Section 3 provides an illustrative description of the ground-
motion models adopted for the analysis of seismic hazard. In this document we
describe some of the more traditional hazard results leaving for further analyses the
calculation of more specific products.

1.1. Scope of project

Guidelines for conducting PSHA for sites hosting critical infrastructures, such as nuclear
facilities, are provided by the Senior Seismic Hazard Analysis Committee (SSHAC, 1997;
2012). These gquidelines provide a formal, structured methodology to warrant
reasonable regulatory assurance that the centre, body, and range of technically
defensible interpretations have been adequately captured. The complete
characterisation of uncertainty in present-day technical knowledge, available data,
methods, and models is required to provide reproducible, defensible, transparent, and
stable ground-motion estimates for these facilities. However, the rigor of the SSHAC
methodology requires specific resources of many years and the collaboration of many
teams of experts.

Importantly, the METIS case study site in central Italy is not the site of a nuclear
facility, nor is it proposed to be one. The METIS case study site in central Italy was
selected in WP3 as an appropriate site, with higher seismicity than the location of the
Zaporizhzhya Nuclear Power Plant in Ukraine, to achieve the best compromise to

GA N°945121 8
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complete the objectives of WP4, 5, 6, and 7. Similarly, the complexity of the seismic-
source characterisation developed here in WP4 simply needs to be sufficiently realistic
for its use in the subsequent work packages.

1.2. The OpenQuake Engine

An important objective of the METIS project is to develop open-source methods and
tools, for greater transparency, collaboration, quality, and use in nuclear engineering
practice. Therefore, various seismic hazard methods developed in this project were
implemented in the OpenQuake suite.

The OpenQuake Engine is the open-source, community-driven seismic hazard and risk
calculation software developed by the Global Earthquake Model (Pagani et al., 2014).
The source code of the OpenQuake Engine is available on a public web-based
repository accessible at the following address: http://github.com/gem/og-engine.

To construct the seismic-source characterisation in this project, packages were used
from the OpenQuake Model Building Toolkit (https://github.com/GEMScienceTools/og-
mbtk) and functionalities within the OpenQuake Hazard Modeller's Toolkit
(https://qgithub.com/gem/og-engine/tree/master/openquake/hmtk).

GA N°945121 9
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2. Seismic-source characterisation

2.1. Seismogenic sources

Components of the seismogenic-source model developed in the context of the 2020
update of the European Seismic Hazard Model (ESHM20) were used as a primary
dataset to model the spatial and temporal distribution of seismicity in proximity to the
METIS case study site in central Italy (Danciu et al., 2021). Specifically, we used the
ESHM20 tectonic super zones (TECTO) model, which was developed to describe large
geographical regions with internally consistent tectonics as zones of distributed
seismicity (Figure 1).

Initially, a hazard analysis for the case study site was conducted using the ESHM20
area sources model (Danciu et al., 2021). However, limited seismicity has been
recorded in each ESHM20 area source zone within the reference earthquake
catalogues, particularly in the case study host zone. From a seismic-source
characterisation perspective, this resulted in large uncertainties in the regression of
the MFD for each zone. Therefore, we instead used the ESHM20 tectonic super zones
model which was developed to obtain a more robust estimation of the MFD for each
zone, given the larger number of earthquakes within each tectonic super zone relative
to each area source zone.

The METIS case study site in central Italy is located within the ESHM20 tectonic super
zone TSZ050. This super zone covers an area both onshore and offshore, and has an
approximately rectangular geometry elongated in a NW-SE direction sub-parallel to the
western coast of central Italy. It is important to note that the spatial pattern of
seismicity within each tectonic super zone is preserved with our smoothing approach
as described in Section 2.3.3.

GA N°945121 10
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2.2. The earthquake catalogue

42.0 44.0
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Figure 1: Map of the location of the METIS case study site in central Italy. The location of
the case study site is indicated by the white triangle. The coloured circles are the epicentres
contained in the earthquake catalogue, with the colour and size of the circle corresponding
to the magnitude (Mw) of the earthquake. The black polygons are the ESHM20 tectonic
super zones model labelled with the ESHM20 ID assigned to each super zone (Danciu et al.,
2022).

The METIS case study lies in an area of low seismicity where information about active
fault structures is not available (DISS Working Group, 2021). Therefore, for the
construction of the earthquake occurrence model, historical earthquake data are relied
on entirely. In Italy, this earthquake catalogue information is generally of high quality.

A homogeneous earthquake catalogue is a fundamental dataset for seismic hazard
analysis. To achieve this goal, we combined information from two datasets including
historical and instrumental earthquake information, respectively. For the years 1000-
1959, the Parametric Catalogue of Italian Earthquakes (CPTI15 version 4; Rovida et
al., 2022) was used. For the years 1960-present, all earthquakes greater than Mw 2.0
in the Homogenized Instrumental Seismic Catalog (HORUS) of Italy (Lolli et al., 2020)
were used. Where “present” is the date of data access: 11t May 2022 (last earthquake
is eventID 458713).

The catalogue obtained using these two datasets covers Italy and the surrounding
regions (Figure 1) and contains 94347 earthquake events from the year 1000 to 2022.
The earthquake magnitudes included in this catalogue range from Mw 2.0 to Mw 7.3,

- GA N°945121 11
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where the Mw 7.3 event is associated with the 1693 Sicily earthquake. Each earthquake
event in the catalogue records its date, time, location, hypocentral depth, and
magnitude.

43.0
43.0

42.0

TSZ112

11.0 12.0

Figure 2: Map of the local seismicity around the METIS case study site. The location of the
case study site is indicated by the white triangle. The coloured circles are the epicentres
contained in the earthquake catalogue, with the colour and size of the circle corresponding
to the magnitude (Mw) of the earthquake. The black polygons are the ESHM20 tectonic
super zones model labelled with the ESHM20 ID assigned to each super zone (Danciu et al.,
2022).

The super zone TSZ050 contains seismicity of moderate magnitude, which is mostly
provided by the instrumental record. In zone TSZ050, there are 32 earthquake events
in the catalogue greater than Mw 5.0. The >Mw 5.0 earthquake at the closest distance
to the case study site is a Mw 5.1 earthquake that occurred approximately 50 km to
the southeast of the site (Figure 2). There is only one >Mw 6.0 earthquake within the
catalogue in zone TSZ050, which is a Mw 6.1 earthquake at approximately 130 km to
the northeast of the site.

GA N°945121 12
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Figure 3: Magnitude-time plot of the declustered earthquake catalogue developed in this
project. Each orange circle is an earthquake event recorded in the declustered catalogue.
The higher density of points after 1960 is due to the instrumental HORUS catalogue being
used after this date.

2.2.1. Catalogue declustering

Time-independent PSHA assumes that earthquake occurrence can be represented by
a stationary Poisson process. However, earthquake catalogues contain events that
cluster seismicity in space and time. Therefore, to only consider independent
earthquake events within the earthquake catalogue, the catalogue was declustered by
identifying and removing dependent earthquake events that occurred in clusters, such
as foreshocks, aftershocks, and swarms. To achieve this declustering, we used the
windowing algorithm of Knopoff and Gardner (1974), in which earthquakes within a
certain space and time window of the mainshock are classified as dependent and so
removed from the catalogue. Three different declustering space and time windows
were used: Gardner and Knopoff (1974), Uhrhammer (1986), and Griinthal (1985).
The declustered catalogues produced by the three different space and time windows
were included in our seismic-source characterisation as three alternative logic tree
branches.

The weights of the branches of the logic tree were defined using the Poissonian test
developed in WP4.1 of the METIS project (see Chartier, 2022). The Poissonian test
investigates the distribution of space-time distances between earthquakes events
within a declustered catalogue compared to a synthetic Poissonian catalogue. Table 1
shows the results of the Poissonian test performed on the three declustered
catalogues, in which a higher test score indicates that the catalogue is more similar to

GA N°945121 13
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a Poissonian catalogue. The Uhrhammer (1986) space and time window retained the
largest number of earthquakes and received the highest score in the Poissonian test
of the three declustering space and time windows. Therefore, the Uhrhammer logic
tree branch was set a higher weight of 0.6 and the Gardner and Knopoff (1974) and
Griinthal (1985) logic tree branches were both set a lower weight of 0.2.

Total
number of
events
retained

Number of Logic tree

Declustering Poissonian S ETITE branch

Mw=5 weight

space and

. : test score
time window

Gardner and

Knopoff 1974 0.435 32443 636 0.2
Uhrhammer

1086 0.583 52816 678 0.6
Grinthal 1985 0.426 20456 614 0.2

Table 1: Declustered catalogue results for the three declustering space and time windows.

2.2.2,Catalogue completeness

A catalogue completeness analysis is used to determine the earliest time at which all
earthquake events for different magnitude bins are included in the catalogue. This
analysis is necessary to obtain reliable seismicity rates from an earthquake catalogue,
specifically so that the rate of occurrence of larger earthquakes is not overestimated
and the rate of occurrence of smaller earthquakes is not underestimated. This is to say
that the magnitude of completeness directly impacts the reliability of the b-value
calculation in a Gutenberg-Richter MFD (Section 2.3.2).

For each super zone, many potential magnitude-time completeness windows were
automatically calculated from Mw 3.0 to Mw 7.0 from the years 1700 to 2010. Visual
analysis of the earthquakes contained within the declustered catalogue (Figure 3) was
used to define magnitude-year combinations (i.e., earthquakes) that must be included
or excluded by the completeness windows. We decided to discard the completeness
windows that were including the following earthquakes: Mw 4.1 in 1959 and Mw 5.5
in 1875. and the ones that were excluding an earthquake of Mw 6.0 occurred in 1920.
This reduced the number of potential completeness windows down to 790 windows
that fulfilled these requirements (Figure 4).

- GA N°945121 14
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Figure 4: Automatically generated potential completeness windows. Each coloured line is
one of 790 completeness windows that fulfil the constraint requirements. Blue circles are
the magnitude-time combinations to be excluded and the yellow circle is the magnitude-
time combination to be included. Black circles are the declustered earthquake catalogue

events shown in Figure 3.

4.0

TSZ050 5.0

7.0

4.0

TS2074 5.0

6.0

1990

1900

1800

2010

2000

1800

Table 2: Completeness windows results. Source zone TSZ050 hosts the METIS case study
site. TSZ074 is a more distant, but more seismically active source zone located in the

Apennines.
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For each source zone, the final completeness windows were decided by an assessment
of how well the resulting Gutenberg-Richter MFD matched the observed seismicity. For
a given completeness window, the a-value and b-value of a Gutenberg-Richter MFD
were calculated and the difference between the modelled MFD and observed seismicity
was then computed. Subsequent iterations optimized the completeness windows to
closest match the observed seismicity within the source zone. For example, for host
zone TSZ050 the magnitude of completeness of the declustered catalogue is Mw 4.0
from 1990, Mw 5.0 from 1900, and Mw 7.0 from 1800 (Table 2, Figure 5). The
completeness windows that were calculated for each source zone are more
conservative, i.e., smaller, than both the historical and statistical completeness
windows of Visini et al., (2022) for central Italy. However, this is expected due to the
much larger area used by Visini et al., (2022) relative to our source zones.

6.0

5.5

5.0 104

4.5

4.0

Ewvent Count

2.5 _ .
2.0 T T T T T L

1800 1825 1850 1875 1900 1925 1950 1975 2000
Time (Year)

Magnitude (Mw)

1
3.5 10

3.0

100

Figure 5: Magnitude-time density plot for declustered catalogue events in host zone TSZ050
with the optimized magnitude of completeness (red line).
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2.3. Distributed seismicity model

2.3.1. Maximum magnitude

The maximum magnitude (Mmax) earthquake to be considered within each source zone
was defined based on the maximum magnitude observed earthquake in each source
zone (Mmax-obs), from either the historical or instrumental component of our declustered
catalogue. To account for the epistemic uncertainty of Mmax, three values were
considered, a lower bound Mmax1, central estimate Mmax2, and upper bound Mmax3.

For Mmax1, the Mmax-obs Was simply used, with a value of Mw 6.0 assigned to any source
zone With Mmax-obs < Mw 6.0. The assignment of this minimum limit of the maximum
magnitude was to provide confidence that sufficiently large values of magnitude were
admitted in every source zone even if the previously recorded events had relatively
low values. A magnitude increment was then systematically added to Mmax1, to provide
Mmax2, and then added again to provide Mmax3. This magnitude increment addition
between each Mmax branch was to compensate for the short observation period of the
catalogue relative to the length of the earthquake cycle.

The value of the magnitude increment depended on whether the source zone Mmax1
was less than or greater than Mw 6.5. If the Mmax1 value was less than Mw 6.5, then
Mmax2 was assumed to equal Mmax1 plus @ magnitude increment of 0.3, and Mmax3 was
assumed to equal Mmax1 plus @ magnitude increment of 0.6. This magnitude increment
of 0.3 corresponds to the statistical uncertainty (i.e., standard deviation) of the
magnitude in the ESHM20 earthquake catalogue. If the Mmax1 value was greater than
Mw 6.5, then Mmax2 was assumed to equal Mmax1 plus @ magnitude increment of 0.2,
and Mmax3 was assumed to equal Mmax1 plus a magnitude increment of 0.4. This lower
magnitude increment was selected to prevent including magnitudes that may be too
large for the source zone. The three Mmax values of each source zone are shown in
Figure 6.

A weight of 0.2 was assigned to the Mmax1 logic tree branch, a weight of 0.6 was
assigned to the Mmax2 logic tree branch, and weight of 0.2 was assigned to the Mmax3
logic tree branch, respectively (Table 3).

The Mmax values for the host zone were modelled independently from the other source
zones. Mmax1 is the Mmax-obs, With @ weight of 0.2, Mmax2 is Mmax1 plus a magnitude
increment of 0.3 with a weight of 0.6, and Mmax3 is Mmax1 plus a magnitude increment
of 0.6 with a weight of 0.2. The host zone Mmax values are provided in Table 3.

GA N°945121 17
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TSZ050 TSZ074

Mrmax1 6.04 7.08 0.2
Mmax2 6.34 7.28 0.6
Mmax3 6.64 7.48 0.2

Table 3: Maximum magnitude (Mmax) logic tree branch values and weights. Source zone
TSZ050 hosts the METIS case study site. TSZ074 is a more distant, but more seismically
active source zone located in the Apennines.

6.0 8.0 10.0 12.0 14.0 16.0 6.0 8.0 10.0 12.0 14.0 16.0

6.0 8.0 10.0 12.0 140 16.0

Figure 6: Three Mmax values of each source zone. Note that the host zone TSZ050 Mmax
values are modelled separately in the seismic-source characterization logic tree.
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2.3.2.Seismicity rates

A magnitude frequency distribution (MFD) for each source zone was modelled using
the declustered catalogue (Section 2.2.1) and the optimized magnitude-time
completeness windows (Section 2.2.2). The seismicity rates were computed as a
double-truncated Gutenberg-Richter distribution with a magnitude binning interval of
0.1, a minimum magnitude of Mw 4, and a source-dependent maximum magnitude.

The Gutenberg-Richter a-value and b-value were calculated using the algorithm of
Weichert (1980), which allows for the use of different observation periods for different
earthquake magnitudes (Figure 7, Appendix A). To account for the epistemic
uncertainty in the MFD of the host zone (TSZ050), not only the mean b-value was
considered, but also a logic tree branch for plus and minus 10. These mean b-value
was given a weight of 0.6 in the logic tree, and the mean b-value plus and minus 1o
branches were given a weight of 0.2.

TSZ050 TSZ074
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Figure 7: Magnitude frequency distribution (MFD) for the source zone TSZ050. Observed
incremental (blue squares) and observed cumulative (red squares) rates are plotted and
the mean modelled MFD is shown as the dashed green line.

The distribution of earthquake hypocentral depths in each source zone was assessed
by normalizing the number of earthquake events in our declustered catalogue in three
hypocentral depth ranges: 0-10 km, 10-20 km, and 20-35 km (Figure 8). The
normalized count number in each depth bin was used to define the distribution. For
example, it can be seen in Figure 8 that the host zone TSZ050 has a greater proportion
of shallow earthquakes than deep ones.
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Figure 8: Hypocentral depth distribution of earthquakes in source zone TSZ050. Blue
shaded area is the absolute earthquake event count in each hypocentral depth bin, and the
red line is the normalized count.

A seismogenic depth of 0-30 km was used for all source zones. The magnitude-area
fault scaling relationship for stable continental region of Leonard (2014), which was
used in the ESHM20 for active crustal faults, was used for all source zones. For
simplicity, four equally weighted nodal planes were applied to all source zones. Nodal
plane 1: dip="60.0", rake="-90.0" and strike="60.0". Nodal plane 2: dip="60.0",
rake="-90.0", and strike="120.0". Nodal plane 3: dip="60.0", rake="-90.0", and
strike="0.0". Nodal plane 4: dip="90.0", rake="0.0", and strike="0.0".

2.3.3.Smoothing model

The ESHM20 super zones source model defines zones with internally consistent
tectonics; however, it can be seen in Figure 1 that seismicity does not uniformly cover
each source zone. Therefore, the earthquake catalogue was used to impart local
variation in the distributed seismicity within each source zone.

Seismicity was spatially distributed within each source zone using a spatial kernel
approach, incorporating methods similar to the one proposed by Frankel (1995). First,
a Gaussian smoothing kernel was applied to the declustered earthquake catalogue for
each source zone. Then, each source zone was defined as an evenly-spaced grid of
points and the number of earthquakes in the Gaussian filtered catalogue associated to
each grid node was counted. The fraction of earthquakes at each grid node was
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combined with the MFD computed for the source zone to produce a grid of point-by-
point earthquake occurrence rates (Figure 9).

Three sets of smoothing kernel parameters were included as logic tree branches in our
seismic-source characterisation: Set 1, Set 2, and Set 3. In all three sets, smoothing
kernel widths of 20 km, 40 km, and 60 km were used, and the relative weights of each
kernel width was varied (Table 4). The relative weight assigned to each kernel width
controls the strength of smoothing, such that a higher weight assigned to the kernel
with a shorter width implies that the seismicity is kept closer to the nodes and vice-
versa. This is visually demonstrated in Figure 9, as the modelled seismicity is most
concentrated and most closely follows the patterns of the observed seismicity when
using the Set 1 parameters. All three sets of smoothing kernel parameters have equally

weight logic tree branch weights.

0.90 0.07 0.03

mlh
€ g
=l
£ o
° E
g‘.E
» 8

Table 4: Smoothing kernel widths and weights of the three smoothing sets.
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Figure 9: Impact of the smoothing kernel on the spatial distribution of the modelled
seismicity. The recorded seismicity is shown as black points. Top left: Set 1, Top right: Set
2, Bottom: Set 3 (Table 4). Yellow to dark blue seismicity shows a decreasing number of
earthquake occurrences at each node.
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3. Logic tree

For this hazard analysis, we used the seismic-source logic tree presented in Figure 10.
Overall, this logic tree has five branching sets, each once containing three alternative
branches. Therefore, there are 125 alternative calculation paths through the seismic-
source logic tree.

0.2 Gardner and 0.2 Manl 0.33 0.2 0.2 Moo

Knopoff 1974 Iz Set1 + 1o — max

106 Uhrhammer |06  y o _10.34 Set 2 106 Mean 106 Mimax2
1986

0.2 Gruental 102 Mpa3 0.33. -~ 0.2 e 0.2 Moran3

1985

Figure 10: Seismic-source characterisation logic tree developed in this project. The weight
assigned to each branch is shown on the line leading to each alternative model or
parameter. Note that the host zone is TSZ050.

For the ground-motion logic tree, two ground-motion models (GMMs) were used with
equal weights, i.e., both have a weight of 0.5. The first GMM used in the logic tree is
the scaled backbone ground-motion logic tree developed for the ESHM20, adapted
from Kotha et al., (2020) by Weatherill et al., (2020). This GMM has five logic tree
branches for alternative source stress parameters and three logic tree branches for
alternative anelastic attenuation. The second GMM used is the Lanzano et al., (2019)
GMM derived for Italy, modified to include the reference rock correction factor of
Lanzano et al., (2022). For the site parameters required by the GMMs, the value of the
average shear-wave velocity in the upper 30 m (Vg3,) was set to 1000 m/s, to
correspond with the Eurocode 8 rock category A (CEN, 2004). To account for high-
frequency attenuation at this hard rock site, a site-specific zero distance kappa (k,) of
0.025 s was used, which is the representative value for the reference rock sites in Italy
determined by Lanzano et al., (2022). We accounted for epistemic uncertainty in this
value for k, by including three alternative branches in our ground-motion logic tree.
The branch for k;,=0.025 s was given a weight of 0.6, and two alterative k, branches
for 0.01 s and 0.04 s, which are the alternative k, values investigated by Lanzano et
al., (2022), were both given weights of 0.2.
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Kotha et al., 2020 - VLowStress,SlowAtten Kotha et al., 2020 - MidStress,SlowAtten - Kotha et al., 2020 - VHighStress,SlowAtten
---- Kotha et al., 2020 - LowStress,FastAtten ---- Kotha et al., 2020 - HighStress,FastAtten —— Lanzano et al., 2019 + Lanzano et al., 2022
——— Kotha et al., 2020 - LowStress,MidAtten —— Kotha et al., 2020 - HighStress,MidAtten --- Lanzano et al., 2019
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Figure 11: Trellis plots to compare the scaling with distance of the GMM logic tree branch
models. The plots are for Mw 5.0 (top row), 6.0 (middle row), and 7.0 (bottom row), and
for the ground motion intensity measures of PGA (left column), SA(0.2 s) (centre column)
and SA(1.0 s) (right column), respectively. All plots show acceleration (g) vs. Rrup (km),
which is the closest distance to the rupture plane. The alternative Kotha et al., (2020) stress
parameters are plotted in different colours, and the alternative anelastic attenuation in
different line types: dashed line = fast attenuation, solid line = mid attenuation, and dotted
line = slow attenuation. The Lanzano et al., (2019) model with the reference rock correction
factor of Lanzano et al., (2022) is shown as a solid black line. The original Lanzano et al.,
(2019) model without the correction factor is also plotted (black dashed line) for
comparison.

In order to describe the amount of epistemic uncertainty used for the selected GMMs,
trellis plots were produced for relevant magnitudes, distances and intensity measures
(Figure 11). It can be seen in Figure 11 that the Kotha et al., (2020) alternative
anelastic attenuation branches have significantly less of an effect than the alternative
stress parameter logic tree branches. Additionally, the Lanzano et al., (2019) with the
reference rock correction factor of Lanzano et al., (2022) generally estimates
acceleration in the low ranges of Kotha et al., (2020). For the case study site, the
reference rock correction factor of Lanzano et al., (2022) lowers the estimated
acceleration of Lanzano et al., (2019).
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4. Seismic hazard results

In this PSHA for the METIS case study site, a full-path enumeration of the 4,374 logic
tree branches was conducted. A weighted-mean hazard curve was then computed
from the individual realisations hazard curves for the intensity measures of peak
ground acceleration (PGA) and 0.2 s and 1.0 s spectral acceleration (Figure 12), as
well as uniform hazard spectra (UHS) (Figure 13) and conditional spectra (CS) (Figure
14).

4.1. Hazard curves and uniform hazard spectra
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Figure 12: Hazard curves for PGA, SA(0.2 s) , and SA(1.0 s) at the case study site. The mean
hazard curve is shown in blue and the individual realisations in grey. The ESHM20 mean
hazard curve for the case study site is shown in black.
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The uncertainties in the seismogenic-source characterisation included in the logic tree
(Figure 10) led to a moderate variability of the result for this site (Figure 12). The main
source of uncertainty, however, is associated with the choice of GMM and its
uncertainty (Figure 11). Our GMM selection considers the findings of the research
described in the METIS Deliverable D4.3 and particularly the section describing the
comparison between simulated time-histories with an EGF approach, recordings and
empirical ground-motion models.

A UHS was calculated for an equal probability of exceedance for all spectral periods.
Specifically, an annual probability of exceedance of 0.001 (1,000 years return period)
and then 0.0001 (10,000 years return period) were investigated (Figure 13). It can be
seen in Figure 13 that both the ground accelerations and the uncertainty about this
acceleration is greater for the lower probability of exceedance. Moderate earthquakes
at short distances control the UHS at short periods, and large far away earthquakes
control the UHS at long periods.

A CS, with conditional mean and conditional standard deviation, was calculated for a
given spectral acceleration period integrating contributions from the ruptures in all
realizations admitted by the hazard model logic tree (Lin et al., 2013). The analysis
was conducted for a spectral acceleration at a period of 0.2 s and for an annual
probability of exceedance of 0.001 (1,000 years return period) and then 0.0001
(10,000 years return period) using the cross-correlation model of Baker and Jayaram
(2008) (Figure 14).

UHS | Annual PoE : 0.001 UHS | Annual PoE : 0.0001

>
o

— mean UHS — mean UHS

1.0 A

w
wn

o

@
w
o

M
(%))
|

o
=l

Acceleration (g)
55

Acceleration (g)

<
£

=
o
L

o
]

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Period (s) Period (s)

0.0 1

=4
(=]
|

Figure 13: Uniform hazard spectra (UHS) for the case study site. The response spectra are
shown for an annual probability of exceedance of 0.001 (1,000 years return period) and
0.0001 (10,000 years return period). The mean UHS is shown in blue, and they grey lines
are the individual realizations.
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Figure 14: Conditional spectrum for the case study site for the spectral acceleration at a
period of 0.2 s. The probability distribution of spectral acceleration over a range of periods
is shown for an annual probability of exceedance of 0.001 (1,000 years return period) (left)
and 0.0001 (10,000 years return period) (right). The blue line is the mean spectrum and
the light grey shaded area is the standard deviation about the mean.

4.2. Hazard disaggregation analysis

Seismic hazard disaggregation was conducted to determine the relative contribution
of ruptures corresponding to various magnitude and distance combinations to the total
hazard computed for the case study site. Specifically, the disaggregation of the total
hazard into magnitude and distance bins allows the dominant scenario earthquake to
be identified.

The contribution to hazard at the site for a 10% probability of exceedance over 50
years is spread out over a large distance with significant participation from ruptures to
up to 40 km for PGA and 80 km for SA(1.0 s) (Figure 15). However, these are from
very low level of acceleration (Figure 11). For 0.5% probability of exceedance over 50
years (return period 10,000 years), which is commonly used for nuclear design
applications, the contribution to the hazard is concentrated within 20 km for PGA and
40 km for SA(1.0 s). For PGA, moderate magnitude earthquakes occurring more often,
are contributing to the hazard. For SA(1.0 s) larger magnitude earthquakes, with larger
rupture areas, are contributing to the hazard.
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Figure 15: Hazard disaggregation for the intensity measures PGA, SA(0.2 s), and SA(1.0 s)
at a 10 % and 0.5 % probability of exceedance over 50 years.
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Figure 16: Disaggregation in longitude and latitude around the case study site (white
triangle) for a probability of exceedance of 0.5% in 50 years for PGA, SA(0.2 s), and SA(1.0
s). The darkness of the colour of the points represents the contribution to the hazard of
each latitude-longitude bin.

Finally, a geographical disaggregation of the seismic hazard results was conducted to
identify the location of the highest rupture participation rate for the METIS case study
site. This geographical disaggregation showed that the most important sources for the
hazard at the METIS case study site are located onshore and near the site (Figure 16).
This is consistent with the pattern of the smoothed seismicity shown in Figure 9.
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5. Supplementary materials

The OQ Engine input model described in this report is available on the GEM cloud.
(https://cloud.openquake.org/s/XZo2iTeTGnWnG8F).
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7.Appendix A

We provide in this appendix some additional plots of the magnitude-frequency
distributions computed for some of the sources at closest distance to the investigated

site.
TSZ107
0 = —_—
100 3 bGR = 0.952 10 T bGR=0.712
aGR = 3.585 aGR = 2.659
101
o o
[¥]
° o
v o -
g 102 |
3 0} i
S s ‘
o [
o 1
< TS © 2
= 10 Incremental rates = = 10°2 Incremental rates ‘
g O Cumulative rates g O Cumulative rates |
€ — - rate mso-1.00 bgr+1.00 } E — - rate mag-1.00 bgr+1.00 ;
< 10_4 4= mte ma9+1.00 bgr-1.00 | —- rate map+1.00 bgr-100 ‘
rate msg-2.00 bgr+2 .00 rate mag-2.00 bar+2.00
* rate mao+2.00 bgr-2.00 _3 «+=+ rate mag+2.00 bgr-2.00 ‘
-- 16thCl 107 -~ 16t e ; I
10-5 4 —- 84thCl - —- 84thClL !
T T T T T T T T T T T T
4.0 45 5.0 5.5 6.0 4.00 4.25 4.50 4.75 5.00 5.25 5.50 5.75 6.00
Magnitude Magnitude
TSZ044 TSZ041
bGR = 1.021 bGR = 0.998
aGR = 4.402 100 4 % [ aGR = 4.182
10 IS |
: |
o 7] s |
2 g 107
S 10-1 s ‘
o 10 = 3 |
o [ |
s Nlopaae |8 102
] N ]
Q -2 \ r\xx NS ]
= 10 = UQ Qg ® :|
= Incremental rates = L = ol Incremental rates -
E O Cumulative rates | p N\ \.1 s 10 O Cumulative rates “\‘:
€ — - rate ms0-1.00 bgr+1 .00 | \ “\\ . — - rate mag-1.00 bgr+1.00 “
< _3 | = rate mao+1.00 bgr-1.00 | — —“‘ < -+ rate mio+1.00 bagr-100 ‘
10 rate m10-2.00 bgr+2.00 ! =i 104 4 rate mao-2.00 bgr+2 0o .
* rate mao+2.00 bgr-2.00 : ++++ rate mao+2.00 bgr-2.00 ‘
== 16thClI | —=— 16thCl !
—- 84thCl1 ‘ —- 84thCl |
T T T T T 1075 +— y T y T T
4.0 4.5 5.0 5.5 6.0 4.0 45 5.0 5.5 6.0 6.5
Magnitude Magnitude

- GA N°945121

34



