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1. Introduction and context

1.1 Why we need a Swiss national seismic hazard assessment

Switzerland is an earthquake country! In 2014 alone, more than 900 earthquakes were recorded
within or near Switzerland by the seismic network operated by the Swiss Seismological Service
(SED, www.seismo.ethz.ch_ ) at ETH Zurich. Although only 21 of them  attained a magnitude of 2.5,
large enough to be potentially felt. They are part of a rich earthquake history of Switzerland including
numerous damaging earthquakes, which are recorded in the historical reports of the past 800 years,
including the strongest earthquake ever documented north of the Alps in Ba sle in 1356.
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Figure 1: Map of Switzerland, red doetpsi csehnpbireathhimkes recordet in 20dds ( 6

Unknown to most citizens, of all natural hazards in Switzerland earthquakes pose the greatest dam-

age potential. Large -scale earthquakes are fortunately quite rare, but if they strike, the y can cause
far -reaching and very costly damage and lead, potentially ,to hundreds oreven thousands of fatal-
ities. Recent estimates by the federal office of civil protection and SwissRe indicate that a repeat of

the 1356 Bas le earthquake with a  magnitude of 6.7 would result in staggering casualties : direct
damage cost s of 70 to 140 billion Swiss Franc s, 600 to 1 ,000 fatalities, and 45 ,000 to 1,600,000
people rendered homeless. How large the damage footprint of such an event would be is shown in

a Sce nario ShakeMap in  Figure 2; the earthquake would be very strongly felt across Switzerland
and light damages could occur as far as Zurich and Bern e.

While such a devastating event might only occur every 1 ,000 0r 2 ,000 years (that is, with an annual
probability of 0.05 to 0.1 percent), slightly smaller events of approximate  magnitude 6 could also
be catastrophic were they to occur beneath urbanized zones . From histor ical records we know that
since the 13 ™ century, 12 earthquakes have occurred which caused substantial damages, meaning

that every 50 to 150 years ( statistically seen , with a 1% chance every year) such a disaster might
strike Switzerland. A repeat of the 1855 Visp (VS) earthquake, magnitude 6.2, would for example
cost2to 5 billion Swiss Franc s in direct damages alone .

General seismotectonic context 19.07.2016 7


http://www.seismo.ethz.ch/

Schweizerischer Erdbebendienst Service Sismologique Suisse Servizio Sismico Svizzero Swiss Seismological Service

Il Scarcely felt
Il Weak

IV Largely observed
V Strong

VI Slightly damaging
VIl Damaging

VIl Heavily damaging

IX Destructive

Figure 2: Scenario ShakeMap for an assume d repeat of a 1356 -type earthquake near Bas le, ( magnitude 6.7). Colour -coded is
the expected level of shaking and damaging, expresse d on the macro -seismic intensity scale (EMS  -98).

At present, e arthquakes cannot be prevented or even reliably predicted. But thanks to extensive
research, much is now known about how often and how intensely the earth could shake at a given
locationinfuture. Swi t zerl andds sei smic Sukhaz a0lsy prasenes in thi edod
is a comprehensive  elucidation of this knowledge. It forecasts potential earthquakes and the result-
ing ground motions over the next fifty years. The model is based on integrating knowledge of tec-

tonics and geology, information about the history of earthquakes, damage r eports and wave prop-
agation models.

Probabilistic seismic hazard assessment (PSHA) at a national level enables societies to m ake well -
informed decisions on earthquake safety. It is a fact of life that zero risk s of natural hazardis im-
possible to achieve, even  through near -infinite investments. Therefore, authorities, experts and so-

ciety needto balanceth ose risks, costs and benefits. The SUlhaz 2015 is inthis endeavour a starting
point for making decisions regarding earthquake mitigation and risk management at local, regional

and national levels. A hazard, and to an even greater degree a risk model, allows  us to prioritize
actions in a rational way by identifying the most cost -effective and most needed actions, thereby
ensuring that ev  ery citizen is protected against earthquakes to a minimum standard , as defined by
society.

On atechnical level, a PSHA defines for building engineers the kind of ground motions which can be

expected in an earthquake and to couple them to the response of local soil and the building charac-
teristic s. Thisis essentialtoknow for residential buildings ,and even more so for infrastructures such
as hospitals, bridges, waterlines, power lines, trains, chemical facilities , etc. The national Swiss
seismic building codes defined in the SIA norms 261ff are , for that reason,  partially based on the
seismic hazard model.

For scientist s and engineers, a PSHA is especially important because it captures as muchas reason-
ably possible the variability of the relevant processes coupledto the uncertainty in our understanding
these processes. By systematically analyzing where the largest uncertainties lie, using a so -called
sensitivity analysis, scientists and engineers can identify the most  -relevant gaps in our understand-

ing and thereby help to guide and prioriti  ze future research. A PSHA is also a quantitative and
replicable forecast of the future seismicity and can be tested against observations. The performance

of the various model comp  onents , as well as the model overall , can be evaluated , giving model
developers important feedback on potential problems and misconceptions, but also (to a certain
degree ) independently validating the model.

General seismotectonic context 19.07.2016 8
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Last but not least, seismic hazard models serve as a reminder that Switzerland is an earthquake

country. Despite its moderate seismic activity, Switzerland manifests a high seismic risk due to
the high population and infrastructure density. For the release of SUlhaz 2015 we thus aspired to
facilitate public access to results and implications especially for non -experts who would like to

learn more about the threat of earthquakes.

1.2 Mandate and role of the SED
The Swiss Seismological Service (SED) at ETH Zurich is the federal agency responsible for monitor-
ing earthquakes and assessing the seismic hazard s of Switzerland.  Its origins date back to the Swiss

Earthquake Commission founded in 1878, which made Switzerland the first country to establish a

permanent organization for the evaluation of earthquakes, even before countries such as Italy or

Japan. In 19 14, the earthquake monitoring mandate was defined in a federal law. Thus, what had

previously been a voluntary activity was transformed into an institution which since 1957 has been
located at ETH Zurich. Today, the SED has a staff of about 60 people, 2/3 of them are scientist s and
engineers, including about ten PhD students.

The SED's main tasks are

i earthquake surveillance

i providing i nformation to the authorities and the public, including alerting
1 earthquake hazard assessment

T research and development on earthquakes and their effects

T education and outreach -related activities

T contributions to the international program monitor ing the nuclear -test -ban treaty

The SED has had a federal mandate for many decades to produce and regularly update the national

hazard model. The hazard model presented here is specifically in fulflment of the Federal Council
resolution of January 30, 2013 addressing earthquake precaution ary measures to be taken by the
federal government for the period 2013 i 2016. !

1.3 History of seismic hazard assessment in Switzerland

Probabilistic seismic hazard assessment is by its very nature an attempt to capture state -of-the -art
of the knowledge and understanding o f seismic hazard at a certain point in time. It is important and

custom ary around the world to regularly update a PSHA in order to integrate new data and new

scientific findings. The 2015 assessment is the latest stage in the  evolution of such snapshot s in
time . Itbuild s on anumber of studies related to hazard assessment in Switzerland which have been

performed during the pastthree decades:

T In 1978 , Sagesser and Mayer -Rosa (1978) published the first PSHA for Switzerland. The haz-
ard was based on the historical catalogue available at the time which contained epicentral
Intensities, 1o, as a quantification of size. To compute hazard, an intensity -based attenuation
function was used. Hazard was computed , based on the Cornell -McGuire approach (Cornell
1968) , with a zoning model including about 20 zones, which to a large degree mirrored the
spatial distribution of seismicity. This study produced the input for the Swiss building code (SIA
code 160) as well as for critical facilities, such as nuclear power plants and large dams.

T In 1995 , acomprehensive study by Ruttener (1995), based on a historical parametric method,
estimated the hazard and associated uncertainties at twelve sites in Switzerland. The computed
parameter was once again macroseismic intensity.

'Resolution of Federal Counci l of 30 January 2013 on fAPrecauti bB0AG y
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T In1998, Griunthal etal. (1998) significantly updated the hazard map, and provided a harmo-
nized assessment including Germany, Austria and Switzerland (D -A-CH). The D -A-CH map was
used as test region for Global Seismic Hazard Assessment Program (GSHAP) region 3 ( Grinthal
1999 ), which depicted the first unified seismic hazard model for Northern Europe (north of 46 °
latitude), including the majority of Switzerland. To express epistemic uncertainty in ground
motions modelling , Grinthal (1999) used three attenuation relationship s of equal weight: Am-
braseys et al. (1996), Boore et al. (1997) and Sabetta and Pugliese (1996)

T In2002 ,the SESAME project (Seismotectonics and Seismic Hazard Assessment in the Medi-
terranean Region; IGCP Project 382) published a first unified seismic hazard model for the
entire European -Mediterranean region (Jiménez et. al 2003). For the SESAME computations,
Ambraseys et al. (1996) attenuation relationships in terms of peak ground acceleration (PGA)
and spectral acceleration (SA) were applied . For Switzerland, the zonation of the GSHP test
region 3 (Grinthal 1999) was adopted with minor modification s to the southernmost source
zones.

i In 2004 ,the SED published the first fully probabilistic national seismic hazard assessment for
Switzerland in spectral ordinates rather than intensities (Giardini et al., 2004; Wiemer et al.,
2009). The study was based on a revised moment -magnitude earthquake catalog ue for Swit-
zerland and the surrounding regions, covering the period 1300 to 2003 (ECOSO02). Information
on active faulting in Switzerland was judged as too sparse to be used as source model; instead,
the SED developed two models of areal sources. The f irst aimed at capturing historical and
instrumental seismicity (SEIS), the second was guided largely by tectonic principles and ex-
press ed the alterative view that seismicity is less stationary , andthus , future activity may occur
in previously quiet regions (TECT). Using a  specific predictive spectral ground  -motion model
for Switzerland (Bay et al., 2005), the SED estimated the expected ground -motions in units of
the 5% damped acceleration response spectrum at frequencies of 0.5 to 10 Hz for all of Swit-
zerl and, and referenced to rock sites with an estimated shear wave velocity of approximately
1500 m/s 2 in the upper 30 m. The resulting map is shown in Figure 3.

30 60 90 120 150

Figure 3: 2004 Version of the Seismic hazard map of Switzerland, depicting the level of horizontal ground -motion incm/s 2 (in
units of 5% damped acceleration response spectrum at 5 Hz frequency ) expected to be reached or exceeded in a period of 475
years (10% exceedance chance in 50 years). The map is assumed to be valid for a rock ground condition (V s approximately 1500
m/s). Overall, the hazard level of Switzerland ranges between 5 and 15% of the acceleration of gravity (50 -150 cm/s 2).

T In 2013 , the collaborative EU -FP7 project Seismic Hazard Harmonization in Europe (SHARE,
www.share -eu.org) coordinated by ETH Zurich brought together scientists and engineers from

General seismotectonic context 19.07.2016 10



Schweizerischer Erdbebendienst Service Sismologique Suisse Servizio Sismico Svizzero Swiss Seismological Service

around Europe to update general understanding of earthquake activity and the related ground

motions. SHARE produced more than sixty time -independent European Seismic Hazard Maps

(ESHMs, see Figure 4 for an example) spanning spectral ordinates from PGA (Peak Ground

Acceleration) to 10 seconds and exceedance probabilities ranging from 10 1 to 10 ** annual

probability. The hazard values are referenced to a rock velocity of vs 30=800m/s. SHARE models
earthquakes as finite ruptures and includes all events
tation of hazard values. The so called ESHM13 (European Seismic Hazard Model) will be up-

dated around 2018 , still in time for the next release of the EuroCode 8in 2020. The update will

specifically focus on integrating recent progress made in modeling the ground motions of earth-

guakes.

T Between 1999 and 2004 The PEGASOS study 2 (Probabilistic Seismic Hazard Analysis for
Swiss Nuclear Power Plant Sites) was initiated in 1999 by the Swiss Federal Nuclear Safety
Inspectorate (HSK, now ENSI) in order to incorporate scientific advances into engineering prac-
tice. The PEGASOS Refinemen t Project was initiated in 2008 and concluded in 2016 . These site -
specific hazard assessment s followed the American SSHAC Level 4 procedure (NUREG-CR
6372 ). SUlhaz 2015 was able to benefit indirectly in a number of ways from the ongoing
PEGASOS and PRP studies. Most notably, the revision of the ECOS09 catalogue as well as the
geophysical measurements of the local amplification at SDSNet sites and the development of
a stochastic ground motion prediction model was in part financed by funding from ENSI/swiss-
nuclear.

Figure 4:The SHARE European Seismic Hazard Map displays the ground motion (i.e. the Peak Ground Acceleration PGA) ex-

pected to be reached or exceeded with a 10% probability in 50 years, i.e. these values repeat themselves  on average every 475

years.Cold colours i ndicate comparatively | ow hazard a rcaaurssinfidae mdleratelhazardary el | ow t o o]
eas (0.1<PGAOO0. 2é&olpyrs iadicate higke thzard areas (PGA>0.25g ).
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1.4 Elements and data requirements for probabilistic seismic hazard assessment

Overall objectives of a PSHA

The goal of probabilistic seismic hazard analysis (PSHA) is to quantify the rate (or probability) of
exceeding various ground  -motion levels at a site (or a map of sites) given all possible earthquakes
(Reiter, 1990). A PSHA is a forecast of the possible gr ound motions to be expected at every location
in Switzerland  within 50 years, and for all relevant frequencies of ground motions. The forecast
refere nces to an idealized rock site with well - specified conditions, not the actual local site conditions
because these are generally not known on anational scale ; and are then applied locally in a second
step.

Significantly , this forecast must cover all possible scenarios and specifically include also unlikely or

extreme earthquake shaking caused by larger events very near a site and possibly with unusually

high ground motions at the source. Such a shaking may not be very li kely ina 50 year time frame
since such an event may occur only every 500, or even 5 ,000 years. However, by capturing all
possible scenarios, a PSHA  permits us to make decisions for different kind s of uses and the levels
of safety required. Wh ile a residential building may be designed t o withstand a shaking that will only
occur with less than a 10% likelihood with in 50 years, a critical facility may be designed to a higher

safety standard, for example withstanding shaking that will occur only with a 2% or 0.5% in 50
years.

The concept of a low probability event, such as a shaking that will only occur with a 2% change

within 50 years, is in principle interchangeable with the idea of earthquake recurrence: a low prob-
ability event of 2 % within 50 years is one that will re -occur only rarely, roughly every 2,500 years
(to be precise: 2475.9 years, see appendix A for a conversion between recurrence rates and return

periods). Likewise, the hazard can be shown annualized

Not e, however, that the concept of &éreturn perioddé some
sense that the underlying earthquake S recur at regular intervals (e.g., every 500 years) and that

consequently earthquakes can b e 06 ov e ordhe everse, sa fe periods because such events have

recently occurred. Earthquakes, however, a s in hazard models as explained in Chapter 4 in more

detail , are assumed to be random in time and independent of each other. While a certain shaking

or event will be forecast to occur on average every 500 years, this is only a statistical average that

will prove correct over thelongterm. The likelihood that such an event will occur is assumed to be

constant in the models, the same tomorrow, next year and in 500 years. This concept is easily

understood when using dice as anexample: whil e we know wel|l how often a 0
average (1 in 6, with a 16.66 percent chance), the fact that one did just roll asix, ordid not roll one

for 10 times in sequence has no implication for the next roll of the dice. Each roll of the dice is

independent. The sameis  assumed for earthquakes and the analogue can be stretched a bit further:

the reason why there are more often earthquakes in the Valais or Bas le than in other areas of

Switzerland can be seen as more dice being rolled there, on average.

It is worth noticing that the confidence levels (50 th 84 ™ and 95 ™) and probability level (10% in 50
years, 2% in50year s and 1% in50 years) of ground motions are interrelated. Generally, the 84th
percentile of the 10% in 50 years is coincidentally very similar to the median (50 h percentile) of the
2% in 50 years results. These measures of uncertainties are interchangeable  when used for engi-
neering design. One might base the seismic loading on a median value of a lower probability level

(2% in 50 years ) or the upper confidence level (84 ) of the median value of 10% in 50 years. Both
options will provide satisfactory ground motion for engineering design. Conservatism can thus be

built in by choosing a lower probability level or by choosing a higher fractile.

General seismotectonic context 19.07.2016 12
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A PSHA is also a formalized and systematic way to capture the various types of uncertainties that

are inherent to making forecasts in natural systems. In doing so, the final PSHA model will satisfy

the SSHAC requirement of representing the centre , body and range of the informed technical com-
munity; it will characterize not only the mean (or median) expected ground motion but also a full

uncertainty distribution around it (expressed as standard deviation or fractiles). Knowing just how
certainana ssessment iscan be important, and if established correctly, the uncertainty of a forecast

is an important way to judge its quality and usefulness, as well as to track progress. One of the

major advances of the new model, compared to previous one, is that the uncert ainty in the forecast
has been substantially reduced.

A key statement  that describes well the objected of a PSHA is: fiRegardless of the scale of the PSHA
study the goal remains the same: to represent the centre , the body, and the range that the larger
informed technical community would have if they were to conduct the study 0 (NURE-637TZ} R
This principle was also adopted for our PSHA. The hazard model we have compiled is not intended
to be the personal opinion of the experts involved, or the official position of the SED, it must be a
weighted assessment of the wider technical community. The SED was in a unique position t o take

advantage of the parallel PEGASOS and PEG ASOS Refinement project  ongoing at the same time

Thanks to these projects, primary data sources (such

were developed which otherwise may have been out of scope. More importantly, however, SED
scientists were exposed  over the past ten years to numerous expert opinions of many of the world
leading experts in their respective domains. This exposure and the countless in-depth discussions
and exchanges are in our opinion a highly important contribution to ensur ing the breath and quality
of the Swiss national model.

Elements of a PSHA

To meet the objectives outlined above, it is necessary to perform a number of analy tical steps, which
define the input parameters needed for performing a PSHA following the Cornell -McGuire approach
(Cornell 1968; McGuire 1976; Figure 5):

1. Seismogenic source model (sometimes termed  as earthquake rupture forecast): This model
describes what kind of earthquakes are possible in the future. It can be based on area sources,
on fault sources, or on a mixture ;it must also specify the size distribution of the future earth-
guakes, their depth distribution and faulting styles. The historical and instrumental catalog ue
is the primary information source for defining a source model.

2. A set of Ground Motion Predictions (GMPE), which describes the attenuation of amplitudes
(PGA, response spectral values at a number of frequencies ) as a function of frequen  cy, distance
and magnitude.

3. A computational framework is also needed to do the hazard integration and keep track of
all uncertainties etc.

Uncertainties in all steps need to be systematically evaluated and characterized. The distinction
between aleatory variability and epistemic uncertainty is now widely viewed as a useful paradigm

for seismic hazard analysis (e.g., Toro et al. 1997). In PSHA , aleatory variability determines the
shape of the hazard curve, whereas epistemic uncertainties, captured by the branches of the logic

tree, lead to families of hazard curves (e.g., Bommer and Scherbaum 2005). Note, however, that

while the distinction bet  ween aleatory and epistemic uncertainties is conceptually useful, in practice

the separation of the two is sometimes far from clear -cut (Anderson and Brune, 1999; Wiemer et
al., 2009).

General seismotectonic context 19.07.2016 13
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Output products of the hazard model are primarily:

1. A set of hazard curves , which define the annual probability of exceedance as a function of
ground motion (e.g. spectral acceleration) for all relevant frequencies of ground motion and
for a specific assume d reference rock site. Our model spans the range down to return periods
of 10 ,000 years (annual probability 10 .

2. Asetof hazard maps , show ing the ground motion for a given return period and frequency.

3. Asetof uniform hazard curves , depicting the ground motion as a function of spectral period
for a given return period.

4. Dis aggregation at each site, identifying for a given return period and spectral period the
dominating contribution to the hazard as a function of distance, magnitude and ground motion
variance.

Seismic sources Magnitude-Frequency Spectral attenuation
relationsship model
g 3 c
g S
g ©
2 S3 N.qu 5| 1w 10 Hz
= | g
9 ! <
s2 N
Magnitude B} Distance
Hazard curves
(rock & soil)
2>
=3
85
o ®
o8
g3
=he]
<
Acceleration
Figure 5: Elements of a PSHA (adopted from Reiter (1990) and swissnuclear).
In the subsequent chapters, we describe the data and processing steps relevant for the computation
of the hazard model: the general seismo -tectonic con text ( Chapter 2); the catalogue (Chapter 3),
and the 2015 seismo genic source model (C hapter 4) and the Ground Motion Prediction Equations
(Chapter 5).  We will then present and discuss the computational aspects and hazard results (C  hap-
ters 6, 7 and 8 ) and close with some word on the goals of our comm unication strategy (C  hapter 8).
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Schweizerischer Erdbebendienst Service Sismologique Suisse Servizio Sismico Svizzero Swiss Seismological Service

2. General seismotectonic context 3
2.1 Where earthquakes occur in Switzerland

The SED has been operating a digital network of seismic stations since 1975. This network monitors

the seismic activity in Switzerland andin  neighbouring countries. On average, the SED records 500

to 800 earthquakes per year. Of those, however, the public notices only a few. The majority of the

recorded earthquakes take place in the Swiss Alps, especially in Valais and Grisons (Figure 6). Seis-
mic activity is also particularly high in the northern foothills of the Alps, in Central Switzerland, and

in the Jura and Bas le regions.

Earthquakes occur at markedly different depths ( Figure 7) within the Alps and in the region north
of it. Earthquakes in the northern foothills and the Jura occur throughout the entire crust of the

Earth down to the Moho, the boundary between the crust and the mantle, outside the Alps at a

depth of about 30 km. On the other hand, seismic activity underneath the Alps is limited to the
upper part of the crust; here, quakes occur to depths of 20 km only while the Moho reaches a depth

of more than 50  kilometres
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Figure 6: Map of all earthquakes (red circles) with a magnitude of 1 or more in Switzerland between January 1975 and January

2014. Valais and  Grisons are regions in the Swiss Alps that have increased seismicity. The size of the circles indicates the local

magnitude (ML) of the earthquakes. The thick black line shows the location of the deep cross section through Eastern Swit zerland
(see Figure 7). Only quakes within the gray rectangle were used for the profile in Figure 7.

3 This section has been adopted from snapshot no. 5 of the SED 100 -years celebration.
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Figure 7: Vertical cross section through Switzerland documenting the depth distributions of earthquakes: in the Alps, the occur-

rence of earthquakes is restricted to the upper crust; below the northern foothills and the Swiss plateau, earthquakes take p lace

througho ut the entire crust. The crust/mantle boundary is marked by Moho (see text). The size of the circles indicates the local

magnitude (ML) of the earthquakes. The location of the profile is shown in Figure 6 (modified and updated from Deichmann et al.

1999, Eclogae).

2.2 Relationship between mountain building processes and earthquakes

The Alps are the result of a complex geological history involving two large lithospheric plates ( Figure

8): Europe and Africa. The lithosphere is the outermost solid shell of the Earth. It is about 100 km

thick and consists of two layers, the crust on top and the mantle lithosphere below. The global

lithosphere is fractured into numerous large and small plate s that move in different directions on

the viscous mantle, rubbing against or colliding with one another. The entity of all of these processes

is called plate tectonics.

NFP-20 EAST & EGT
Schmid and Kissling (2000) Engadine line
N Insubric line =
o= Molasse-basin ko Plain [
S sediments
sediments =
. 0
50 km-{ 50 km

Figure 8: Geological depth profile through Eastern Switzerland. The European (from the left) and the Adriatic plates (from the

right) collided, forming the Alps as we know them today (modified and updated from Schmid and Kissling 2000, Tectonics).

Due to their composition, we differentiate between two types of lithospheres : continental and oce-

anic. The oceanic lithosphere is denser than the viscous mantle below it and can therefore sink. The

continental lithosphere is less dense than the mantle and therefore remains floating on top of it.

When oceanic lithosphere meets cont inental lithosphere during the collision of two plates, the oce-

anic lithosphere dives into the viscous mantle below it T aprocess that is called subduction and that

is usually associated with large earthquakes and volcanic activity. If two continental lit hosphere

plates collide, a mountain range develops along the plate boundary.
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Figure 9: Cross section through the lithosphere schematically showing the various forces acting at depth on the Alps. The hang-
ing European slab (mantle lithosphere) causes a downward force, while the lower crust detaches from the slab and the large
crustal root gene rates buoyancy to compensate for loads by topography (mountains) and by the slab (Singer et al. 2014, EPSL).

Not only the European and African plates participated in the formation of the Alps, but also several

smaller lithospheric plates, which are known as micro plates. Particularly important is the Adriatic

micro plate. Following the complete subduction of the oceanic lithosphere, and thus the closing of

the original ocean (called Alpine Tethys by scientists) between Europe and Africa about 35 million

years ago, the continental parts of the European and the Adriatic/African plates collided, initiating

the format ion of the Alps. Similar to a floating iceberg, the weight of the mountains is supported by

the buoyancy of a large crustal root. With increasing height of the mountains, erosion of rocks at

the Earthoés surface plays an ever emoval & rodk matesial atdhet r ol e.
surface the weight of the mountains decreases and the crust beneath the Alps rises again to retain

the isostatic equilibrium. The massive erosional debris of the mountains has accumulated on both

sides of the Alps over the la st 30 million years , as the Molasse sediments in the north and as sedi-

ments filling the basin beneath the Po plain in the south. The Alps as we know them today have

thus been shaped by forces from the earthds interior and by erosion. Toda
approximately 1 millimetre per year and are simultaneously eroding. Post-glacial rebound remains

also an important contribution to the current vertical motions.

Generally speaking, the earthquakes that we observe in Switzerland ( see Figure 6, Figure 7)are the
results of the collision between the European and the African lithospheric plates as they reflect the
underlying mechanics of these processes. Seismic waves penetrate the subsurfaces , thus illuminat-

ing the deep parts of the lithosphere beneath the Alps. One important detail has been discovered in

the last few years: after the complete subduction of the oceanic lithosphere and the subsequent
collision of the two continents, a piece of t he original mantle lithosphere is still attached to the
European plate (known as the mantle slab). This slab is bending the lithosphere in the northern
foothills of the Alps downward ( see Figure 9 and Figure 10), thus indirectly causing the widely dis-
tributed seismicity on the Swiss plateau. Since plate tectonic processes take place over geological

time scales, it can be assumed that the current seismicity in the region of the Alps will remain the

same for milli ons of years to come.

General seismotectonic context 19.07.2016 17



Schweizerischer Erdbebendienst Service Sismologique Suisse Servizio Sismico Svizzero Swiss Seismological Service

Germany

France

Austria
Hungary

Depth

110 km

350 km
Mediterranean
coastline

European mantle
lithosphere

Figure 10: Three -dimensional depiction of the hanging European mantle lithosphere slab, which is one of the main driving forces

for earthquake activity in the Alps. The NW - SE profile that is marked in red is shown in Figure 7 (Singeretal. 2014 ).

2.3 The largest  historical  earthquakes in the Alps

As a result of plate collision, severe earthquakes have occurred in the Alps and their surroundings
time and time again in the past ( Figure 11). Information from historical sources and modern earth-

guake cat alogues show that there were at least 12 earthquakes with a magnitude of 6 or more in

the past thousand years (see Table 1 and the orange circlesin Figure 11). The last major earthquake
took place in 1976 in northern Italy (M 6.5) followed by two aftershocks with magnitudes greater

than 6 within a few months. This Friuli quake claimed 989 lives and injured 2 ,400 people; about
45,000 were left homeless as a result. Although the extent of damage for historical events can
sometimes be difficult to estimate, it is likely that at least three of the quakes listed in the table

caused more than 10 ,000 deaths.

Date Latitude (°) Longitude (°) Magnitude souree Location
1 1117.01.08. 45.309 11.023 6.7 2 Verona (IT)
2 1222.12.25. 45.313 10.697 6.0 3,61 ° Basso Bresciano (IT)
3 1295.09.03. 46.78 9.54 6.2 ab Churwalden (CH)
4 1348.01.25 46.579 13.540 7.0 2 Villach (AT)
B 1356.10.18. 47.47 7.6 6.5 6.6 ° Basle (CH)
6 1511.03.26. 46.198 13.431 6.9 2 Idrija (SI)
7 1590.09.15. 48.275 16.014 6.1 2 Neulengbach (AT)
8 1690.12.04. 46.633 13.880 6.6 2 Carinthia (AT)
9 1695.02.25. 45.801 11.949 6.5 2 Asolano (IT)
10 1855.07.25. 46.23 7.85 6.126.2 P Visp (CH)
11  1873.06.29. 46.16 12.383 6.3 @ Belluno (IT)
12 1976.05.06. 46.262 13.300 6.5 cd Friuli (IT)

Table 1: List of the strongest  mainshocks in the Alps (including the Swiss plateau). The magnitudes are taken from the following
sources: a = SHEEC, b=ECOS -09, ¢ = NEIC, d = ISC. The uncertainties in the magnitudes (if listed) are less than 0.5.
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Figure 11:Map with the |l argest earthquakes (magnitude O 6) in and around the Al
indicate the quakes in the Alps and on the Swiss plateau listed in the table. The size of the circles is proportional to the magnitude.

The g ray circles mark quakes outside the region of the Alps. The aftershocks of the Friuli quake of 1976 are labeled 'a’ and 'b'.

Earthquakes cannot be predicted. As the time series in Figure 12 shows, they also occur at irregular
intervals. Therefore, we do not know where and when the next major quake will occur. A quake with
a magnitude around 6 or more usually occurs every 50 to 150 years in Switzerland; quakes with a

magnitude of 7 are expected to  occur about 10 times less often (not observed in historical times)
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Figure 12 : Time series of the largest earthquakes in the last millennium in the Alpine region. The aftershocks of the Friuli quake of
1976 are labeled 'a’ and 'b'.

2.4 The role of strain in creating earthquakes

Earthquakes are to a first order principle a response of the earth to deformation caused by strain.

The Earth crust and lithosphere is moving and in many places deforming because of a number of

forces acting upon the plates. Deformation can be a -seismic, ¢ ontinuous and creep -like, but a good
fraction of the deformation takes place episodically in large earthquakes. Strain, therefore, is a first

order predictor of seismicity rate on a global scale, reflecting the basic physical principle of energy

conversati on. While short - and medium -term fluctuations in seismicity rate are common, the long -
term rate much respect the plate -tectonic input.
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Anillustrative example of this general relation is sh ownin Figure 13, which compares the annualized
rate of earthquakes  in California, Japan and Switzerland from instrumental data between 1980 and
2013 . Many more earthquakes occur overall in Japan and California than in Switzerland, but the

difference decreases somewhat when normalizing to the respective areas. If we then normalize also

by the average deformation (or straining)  rate, as determined from geodetic data, the output of
earthquakes per area and per strain is starting to be quite comparable between the different regions.

This pertains to the rat e of events but also, to a first order, to their average frequency -size distri-
bution (the slope of the lines). So the difference in seismic activity rates is to a first order a result

of the different deformation rates, which in California or Japan are 30 - 100 time higher than in
Switzerland. A consequence, earthquakes occur at a rate 30 -100 time higher.

Using the previously mentioned dice analogue again, one can argue that in California and Japan the

dice is rolled on average much more often - but the dice is the same. This also applies to large
events: A magnitude 7 is expected in Japan of onshore Californian maybe every 10 years or so,

while in Switzerland we expect such an event with a rate 100 times lower, every 1000 years or so.

One of the challenges in seismic hazard assessment is, however, to decide where the curves start
to role of: The maximum pos sible magnitude and its dependence on the tectonic environment and

the local strain rate remains poorly understood.
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Figure 13: Top Left: Annualized rate of earthquakes as a function of magnitude for Switzerland (green), California (blue), onshore

Japan (yellow) and offshore Japan (red). Top right: The same, but normalized to a unit areas; Bottom right: The same, but nor malized
also by unit deformation, as taken from the global earthquake rate model (Bottom left; From GEM: https:/iwww.glob-____
alquakemodel.org/what/seismic_____-hazard/strain _-rate -model/) .

Strain as a proxy for earthquake rate and hazard can also be applied as a first order principle at the

European scale and to a lesser extend also to Switzerland. Areas of high strain rate in Europe are

also the areas of higher hazar d; however, when going beyond first order the simple correlation

partially breaks down. First of all, strain can be release not only seismically in earthquakes but also

a-seismically through steady creep. The portioning between seismic and a -seismicisinman yarea s
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poorly known and can change with space and time. In addition, how strain is distributed throughout
a region and on which faults it is concentrated on is also often poorly known. In addition, we do not

know well in what size earthquakes the strain may be re leased, in very rare larger ones or more
frequent moderate ones? Finally, in places of low strain rate, such as Switzerland, the measured
deformation using GNSS (Global Navigate Satellite System) day is just at the resolution limit.
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3. Earthquake a  ctivity in Switzerland

3.1 The challenge of understanding past earthquakes

Seismic hazard assessment uses primarily the past seismicity and past earthquake recordings

the key to understand and forecast future seismicity and ground motions. Larger earthquakes are
fortunately rare, even in tectonically active regions. Therefore, the further we can reach back into

as

the past, and the more complete our record is, the better.
with the resulting earthquake
complex and heterogeneous space -time patterns
seismicity and seismic records of past events

catalogue and ground motion records

However, s eismic monitoring

historical seismology and instrumental recordings into a consistent data set.

The first seismometer
struments record earthquakes in near real
mic networks on  earth (Figure 14). The number of stations,

processing approaches and the available algorithm and computers

in Switzerland was installed in 1907 in Davos

(GR). Today,

the quality of the sensors

past decades, a steady evolution with several jumps when a new generation of networks

together

are constant ly evolving , forming
, ultimately making the understanding of the past
a formidable challenge and a science on its own. A

good fraction of any PSHA is invested in compiling earthquake information from paleo - seismology,

almost 150 in-
-time , forming one of the densest and most modern seis-

but also the
have evolved enormously

in the
or tech-

nology was installed. To make this already co mplex story even more challenging , the information
available in Switzerland needs to be combined with the information from neighbouring countries in
a consistent way, for example ensuring that the magnitudes of earthquakes are computed with

consistency through time and across borders.
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Figure 14 : Map of Switzerland, showing the location of seismometers if differ Service

(Status Jan uary , 2015).

ent kind operated by the Swiss S eismological

To illustrate the heterogeneity of the space time evolution of seismic recording, but also highlight

the current ability to detect earthquake s in Switzerland, we show in Figure 15 an estimate of the
magnitude of completeness with time (Die hl, personal communication, 2015). The assessment is
based on the pick statistics of past earthquakes at each station, combined with a probabilistic model

(PMC: Probabilistic Magnitude of Completeness; Schorlemmer and Wossner , 2008). Note how in
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some areas of Switzerland, where the station density and station quality is the highest, magnitude
1,0 events can always be detected, while in other places, such as the Ticino, or Geneva, a magnitude
2.0 might be missed.

Network Status of 2015/05/01 - ALL_WM_CH+Foreign+SM - Pick

Source Depth: 5.0 km Probability of Detection >= 0.9999000 Minimum Number of Triggers: 6
A Weak-Motion Stream (110) /. Strong-Motion Stream (84)
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Figure 15 : Map of Switzerland, colour -coded is the magnitude of complete recording. Above this magnitude, no earthquake should
be missed by the network.
In addition to instrumental seismicity, historical records of felt events as well as damaging earth-
guake s are highly relevant, because they allow us to extend the seismic record back several hundred
years. A systematic recording of felt report s on earthquakes started in Switzerland already in 1887,
with the founding of the Earthquake Commission (AErdbebenkommis sion 0) by ETH Geology Profes-

sor Albert Heim # (*12. April 1849inZ wuri ch; A 31. Al gvassttiggele® 3b¥ & magnitude
4.4 earthquake on May 2 " 1877 near Hinwil (ZH) that was strongly felt all the way to Olten and
Lucerne, causing small cracks in buildings in the vicinity of the epicentre . Amodernre -interpretation
of this earthquake is shown in Figure 16, where the historically reported i  ntensities are shown as
well as a scenario ShakeMap that illustrates the level of shaking.
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Figure 16 : Intensity map (left) and ShakeMap (right) of the magnitude 4.4 earthquake near Hinwil (ZH) in 187 7.
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Learning about earthquakes before 1878 is also possible, because earthquake s, particularly the
stronger ones, are events which are noted by people, and historical reports onsuch events in news-
paper, city records, monasteries, or even in family diaries exist through the centuries. The detective
work of finding and deciphering these records, combining them with modern knowledge on earth-
guake effects , and eventually interpreting them so that the location and magnitude can be derived

is the domain of macroseismic analysis, also called historical seismology.

The fact that collecting felt information from earthquakes pays o ff can be seen from one of the very
first compilations of historical earthquakes, shown in Figure 17. After the earthquake commission
had collected felt reports from earthquakes for 35 years, Prof. Frih 5 compiled in 1911 a map of
these events, which is reproduced in Figure 17.The map is based on about 7 ,000 felt reports from
230 earthquakes. It is quite remarkable in the sense that many of the patterns that are seen in the
currenthazard map 1 the activity centres Valais and Grisons , can be clearly seen already. Prof. Friih
detected also that earthquakes are more often felt at night, and speculated correctly that this is

likely due to the fact that people perceive them better whenitis  quieter and people are lying down.
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Figure 17 : Left: Map of Switzerland, indicated are the felt areas based on 7000 felt areas from 230 earthquakes between 1878
and 1911. Right: Cover page of the first report by the Earthquake commission by Albert Heim, 1878.

3.2 Information on paleo - earthquakes in Switzerland

In regions with moderate seismicity and large intervals between strong earthquakes, paleoseismo-

logical archives that exceed the historical and instrumental timescale are needed to establish reliable

estimates of earthquake recurrence for long return period s. Prehistoric earthquake investigations
rely on paleoseismic archives registering the on -fault and the off -fault earthquake -induced effects.
To extend the seismological catalogue for prehistoric timescales several geological archives that are
susceptible to record seismic shaking -induced evidences have been studied. For this purpose, the
following geological archives have been used: (1) lakes sediments, (2) active faults (3) rockfalls and

(4) cave s. All these methods have been used to show evidences for paleoearthquakes in Northern

and Central Switzerland and are published in several peer -reviewed articles: Lemeille et al., 1999;
Rodr @wez - Pascua et al., 2000; Meghraoui, 2001; Becker et al., 2002; Monecke et al., 2004; Becker

et al., 2005; Ferry et al., 20 05; Monecke et al., 2006; Strasser et al., 2006; Strasser et al., 2013;

Kremer et al., 2015; Reusch et al., 2016

The major limitation of all these methods remains the dating of these evidences. In most cases,
dating intervals are large (several hundreds of years), thus, interpreting events in different settings
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as simultaneous remains tentative. If within a dating interval, several possible earthquake
evidences are recorded, these events can either considered as simultaneous and thus, lead to define
single and large events or as not simultaneous and thus,
and smaller events close to the studied sites.
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Lake (Kremer et al., submitted to Quaternary Science Reviews )

mar ked

Reinach Fault (BRF) and the Cave
-induced effects are marked in black filled symbols, and time intervals charac-

by pink vertical

In Switzerland most evidences are provided by lake records. In lakes, the occurrence of several
coeval deposits imaged by seismic reflection data and ground

are interpreted as caused by simultaneous slope failures withi

several sediment cores of dif
environmental and sedimentary regime of the lakes. A new compilation based on re
deposits and sediment deformation structures of previously published data has been submitted as
Invited Research Article (Kremer et al., submitted) to Quaternary Science Reviews. This new com-
pilation shows that during the past 14000 years, phas es
events are inferred at ~ 11900 cal yr BP (calibrated year

~6500 cal yr BP. An increase in evidences is also noticed during the past 4000 years (~ 3900,

~3300, ~2200 and ~450 cal yr BP) (this is also true when the data when correcting the dataset for
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-truthed by retrieving sediment cores
n the lake basin(s) that are most

probably triggered by earthquakes, when other mechanisms, such as storms, tsunamis, rockfalls,

etc. can be excluded. Same interpretation is valuable for coeval sediment deformation observed in

ferent lake basin(s). This has been done by holistic understanding of

of Aenhanced?o

-dated event

seismicity

s before 1950), ~ 9700 cal yr BP and at
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the length of the individual record). The last period at ~450 cal yr BP corresponds to the 1356

1584 Aigle and 1601 Unterwalden earthquake -induced sublacustrine slope failures and sediment

Basle,

deformation. Comparing the dataset with the fault activity of the Basle - Reinach Fault from Ferry et
al. (2004), that has been active during the 1356 Basle earthquake, at least 3 older periods (~
11900, 9700 and 6500 cal yr BP) of similar geographical distribution of earthquake -induced evi-

dences are observed. Thus, 1356 Basle-type earthquake might have been at the cause for this.
However as dating intervals are large we are not able to be conclusive on that, but we get an idea
on possibilities and maximum scenarios.

3.3 Information on historical and instrumental earthquake

Past earthquake activity in and around Switzerland has been documented interruptedly in a
of annual reports from 1879 until 1963 ( Jahresberichte des Schweizerischen Erdbebendienstes

Three additional annual reports have been published for the years 1972 -1974. These reports

series

).

, to-

gether with historical records of earthquakes dating back to the 13 th century , have been summarized

by Pavoni (1977) and provide the basis for the first seismic hazard map of Switzerland (Sagesser
and Mayer -Rosa 1978). With the advent of routine data processing by computer, the wealth of data
acqu ired by the nationwide seismograph network has been regularly documented in bulletins with

detailed lists of all recorded events ( Monthly Bulletin of the Swiss Seismological Service ).

1996, annual reports summarizing the seismic activity in Switzerland and surrounding regions have
been published in the present form (Baer et al. 1997, 1999, 2001, 2003, 2005, 2007; Deichmann

Since

et al. 1998, 2000a, 2002, 2004, 2006, 2008, 2009, 2010, 2011, 2012; Diehl et al. 2013, 2014,
2015). A map of earthquake epicentres before 1974 issho wnin Figure 19, amap all known events

since 1975 with a magnitude Mw equal or greater than 2.0 is shown in Figure 20.
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Figure 19 : Map of Switzerland, shown are the epicentres of all known earthquake s from the ECOS09 database with macroseismic
intensity >= V in the period 250 - 1974.
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Figure 20 : Map of Switzerland, shown are the epicentres of all known magnitude in the ECOS09 database with Mw >= 2.0in the
period 1974 - 2014.

In the course of reassessing the seismic hazards in Switzerland, a uniform earthquake catalogue

was compiled in 2002 based on revised events of historical and instrumental periods (Fah et al.

2003). The official seismic hazard map of Switzerland based on this catalogue wa s published in 2004
(Giardini et al. 2004; Wiemer et al. 2009). In 2009, the Earthquake Catalogue of Switzerland was

revised (ECOS -09), as described in the next section.

Earthquakes recorded in the past decades are not only need ed as an input for defining the rate of
past earthquakes, together with  calibrating the ground motion prediction models; they also serve

as input for dozens of scientific studies. Many of these studies have relevance for PSHA. These

studies cover a wide range of aspects of the recent seismicity of Switzerland and have been pu b-
lished in the scientific literature (for overviews and additional references see, e.g. Deichmann 1990;

Pavoni and Roth 1990; Ruttener 1995; Ruttener at al. 1996; Pavoni et al. 1997; Deic hmann et al.
2000b; Kastrup et al. 2004; Kastrup et al. 2007; Husen et al. 2007; Marschall et al. 2013 , Singer
etal. 2014).

3.4 ECOS09: anew e arthquake catalogue for Switzerland

ECOS-09, the Earthquake Catalogue of Switzerland forming the basis of the seismogenic source
model of SUlhaz 2015. It is based on a multi -year project at the SED starting with the ECOS  -02. It
is a key step in the upgrade of the databases for earthquake hazard assessment for Switzer land and
its neighbouring regions, and is documented fully in a number of publications and reports, listed

below. In this section, we only provide a summary of the main elements.

ECOS-09 integrates in a consisted way the following basic information:

i the Macroseismic Earthquake Catalogue of Switzerland, with events from AD 250, revised and
supplemented to 2008;

1 yearly reports of the Swiss earthquake commission since 1879;
1 earthquake locations of the instrumental networks of the SED since 1975;

i earthquake catal ogue from neighbouring and international agencies.
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Figure 21 : Epicentre map of Switzerland, show n are all earthquake s inthe ECOS09 catalogue from magnitude Mw >=2.0 since
1300. The 10 largest events are marked by red ¢ ircles and listed in Table 2.

Depending on size and location of the events, the study of earthquakes before 1975 was undertaken
in three steps: historical, macro -seismic and seismological.

Firstly, historical records were used to analyze known earthquakes. All available studies, catalog ues
of earthquakes and macroseismic databases from Switzerland and neighbouring  countries were
evaluated, matched, and stored in a database. Secondly, all earthquakes where significant effects

were observed in Switzerland and its surroundings were re -evaluated and the associated intensity
fields were determined. Intensity points for foreign locations were imported from available compi-

lations. Earthquakes without significant damage (if known) were systematica lly reviewed for the
years following 1878, while those from the period preceding 1878 were processed according to the

availa bility of historical  documents . At the same time Swiss earthquake seismograms from the main

European earthquake observatories since the beginning of the 20th Century were analyzed to derive
a relationship between magnitude and macroseismic fields. Thirdly, all earthquakes with sufficient
seismologically determined intensity observations were evaluated: their strength was determined

using a regression procedure to derive source parameters ( epicentre , depth, epicentral intensity,

maximum intensity and magnitude).
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Location Mag nitude Intensity Date Lat Long
Basle (BS) 6.6 IX 18.10.1356 47.47 7.6
Churwalden (GR) 6.2 VIiI 03.09.1295 46.78 9.54
Stalden -Visp (VS) 6.2 VI 25.07.1855 4623  7.85
Aigle (VD) 5.9 VilI 11.03.1584 4633  6.97
Unterwalden (NW) 59 VIiI 18.09.1601 46.92 8.36
Ardon (VS) 5.8 Vil 04.1524 46.27 7.27
Sierre (VS) 5.8 VI 25.01.1946 46.35 7.4
Brig - Naters (VS) 5.7 VIiI 09.12.1755 46.32 7.98
Altdorf (UR) 5.7 VI 10.09.1774 46.85 8.67
Ftan (GR) 54 Vil 03.08.1622 46.82 10.23

Table 2: Theten largest main shocks know n to have occurred in Switzerland. Some were followed by strong aftershocks.

For the earthquakes after 1975, earthquake locations from the instrumental network of SED were
reviewed. Due to the continual upgrade of the instrumental network over the years, the accuracy of

locations has also become more reliable. In order to complete the catalogue , particularly in the
border regions of Switzerland, it was supplemented with the available earthquake catal ogues from
neighbouring countries and international agencies. Existing since the mid -1980s, digital waveforms

were used to calibrate di  fferent magnitude scales of other seismological observatories with the Rich-
ter magnitude (M . scale) of the SED. In addition, for all earthquakes a homogeneous magnitude
estimate, based on the moment magnitude (Mw), was derived.

The earthquake catalogue ECOS-09 and the associated macroseismic database is available online

via the website of the Swiss Seismological Service. The data covers a region that includes the area
of the Swiss national map at a scale of 1:500 000 plus a buffer zone of 30 kilometres (Swiss coor-
dinates (km): 460 -882/20 -350; Geographical coordinates approx.: 5.6 -11.1E/45.4 -48.3N). The

expected completeness of ECOS is regional and temporal and varies for different earthquake inten-
sities.

The ECOS09 catalogue creation is documented in a major report ( Fah et al., 2011) along with 12
appendices, as listed below and available from the SED web; they are not repeated as part of this

report. ECOS-09 is also part of the European earthquake ca talogues SHEEC 1000 -1899 ¢ (Stucc hi
etal., 2012) and SHEEC 1900  -2006 7 (Grinthal & Wahlstrom, 2012) . The work on ECOS -09is based
on a large number of studies which are given in the reference list in Chapter 3.6. ECOS-09 and its
documentation is  available on the SED website, the key references are given at the end of this

chapter.

Main ECOS-09r eport s:

T Fah, D., Giardini, D., Kastli, P., Deichmann, N., Gisler, M., Schwarz -Zanetti, G., Alvarez  -Rubio,
S., Sellami, S., Edwards, B., Allmann, B., Bethmann, F., Wdssner, J., Gassner -Stamm, G.,
Fritsche, S., Eberhard, D., 2011. ECOS -09 Earthquake Catalogue of Swi tzerland Release 2011
Report and Database. Public catalogue, 17. 4. 2011. Swiss Seismological Service ETH Zurich,

Report SED/RISK/R/001/20110417. PDF
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The app endices to the main report are:

I Appendix A: ECOST Earthquake Catalogue of Switzerland ECOS. Report to PEGASOS, Version
31.03.2002; ECOS Catalogue Version 31.03.2002. Swiss Seismological Service, ETH Zlrich,
2002, 95.p. PDF

i Appendix B: Grundlagen des Makroseismischen Erdbebenkatalogs der Schweiz, Band 1,
1000 7 1680. Gabriela Schwarz -Zanetti and Donat Fah. Herausgegeben vom Schweizerischen
Erdbebendienst, Zirich. VDF, 2011.

T AppendixC: Grundlagen des Makroseismischen Erdbebenkatalogs der Schweiz, Band 2, 1681 T
1878. Monika Gisler and Donat Fah. Herausgegeben vom Schweizerischen Erdbebendienst,
Zirich. VDF, 2011.

T Appendix D:  Calibration of historical earthquakes for the earthquake catalogue of Switzerland
ECOS-09. Sonia Alvarez -Rubio, Philipp Késtli, Donat Fah, Souad Sellami. Internal report of the
Swiss Seismological Service, March 2010. PDF

T Appendix E:  The BOXER method applied to the determination of earthquake parameters from
macroseismic data 1 Verification of the calibration of historical earthquakes in the Earthquake
Catalogue of Switzerland (EC0S2009). Sonia Alvarez -Rubio and Donat Fah. Internal re port of
the Swiss Seismological Service, December 2009. PDF

T Appendix F: Catalogue for the period 1964 to 1974. Souad Sellami. Internal report of the
Swiss Seismological Service, March 2010. PDF

T Appendix G:  Documentation of the Swiss instrumental earthquake catalog, 1975 -2008. Nich-
olas Deichmann and Souad Sellami. Internal report of the Swiss Seismological Service, Decem-
ber 2009. PDF

T Appendix H:  Swiss instrumental local magnitudes. Nicholas Deichmann. Internal report of the

Swiss Seismological Service, December 2009. PDF

T Appendix I: Determination of MW and calibration of ML (SED) T MW regression. Bettina All-
mann, Benjamin Edwards, Falko Bethmann, and Nicholas Deichmann. Internal report of the
Swiss Seismological Service, March 2010. PDF

T Appendix J:  Merging catalogues with focus on the period 1975 -2008. Jochen Wodossner , David
Eberhard, Philipp Kastli. Internal report of the Swiss Seismological Service, March, 2010. PDF

T Appendix K: Conversion of local magnitude from foreign catalogs to SED local magnitude
Nicholas Deichmann. Internal report of the Swiss Seismological Service, December 2009. PDF

T Appendix L: ECOS-09 Catalogue Format.  Philipp Kastli. Internal report of the Swiss Seismo-
logical Service, March 2010. PDF
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4, Sei smic source model for the 2015 Swiss seismic h azard
4.1 Motivation and overview

A seismogenic source model - also referred to as an earthquake rupture forecast - integrates all
potential sources of information about location, size and faulting style of potential future earthquake

into a probabilistic model. The national PSHA model of 2004 (Wiemer et al., 2009a) is the natural
starting point of the analysis for the 2015 update. No major problems or inconsistencies of the 2004

model are known to us. When building the 2015 model, we started nevertheless with round of
discussions inside a dedicated wor king group of experts within the SED, but also with many external
stakeholders, on the deficits and limitations of the 2004 model. We were also able to benefit from

the experience of the PEGASOS and PRP projects, and the SHARE -model building experience. Th ese
discussions and reflections helped us to define a list of priorities for the update of the 2004 model:

Integrate new data collected in the past years into the model, for example 10 years of seismicity

data. Integrate especially the ne w and newly harmon ized ECOS09 (C hapter 3).

I Review the tectonic zonation approaches, especially considering alternative approaches for
zone -less or smooth seismicity models.

i Consider if additional i nformation of Ea+earthgdakeocr ust de
the seismotectonic context has emerged that warrants changes to the zonation.

i Improve the representation of uncertainties in all parts of the seismogenic source model; while
still maintaining, however, a reasonable model size and model complexity.

T Review the assessment of the maximum possible earthquakes, using also more data driven
approaches.

i Support GMPEG6s that differentiate by faulting styl es,
than point sources).

These priorities lead to a number of actions which are described in detail in this chapter. The work

on seismotectonic zonation, and the ultimate decisions on model setup and model weights was
performed by a working group of ETH scientist: Prof. Stefan Wie mer (Lead); Dr. Stefan Hiemer
(main analyst); Dr. Jochen Waossner (now RMS); Dr. Laurentiu Danciu; Prof. E. Kissling; Prof. D.
Giardini and Prof. Donat Fah.
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Figure 22 : Seismotectonic map of Switzerland and surrounding region. Shown are the major tectonic/geological units differenti-
ated by colour . Shown are also the focal mechanism based on stress tensor inversion, and epicentres of all earthquakes >= 2.5
from 1975 1 2009 (from Woehlbier et al., 2010)

4.2 Seismotectonic context

The tectonics of Switzerland are strongly affected by the Alpine orogeny, as already discussed in
generic terms in Chapter 2. Switzerland is located inside the Tertiary collision zone between the
African and the Eurasian plates. In terms of overall crustal strain rate and seismicity rate, Switzer-
land is located in the transition zones between areas of high seismic activity (Greece, Italy) and

areas of low seismic activity (Northern Europe). The country can be subdivided into three main
tectonic units ( Figure 22): (1) The Alpine belt in the south, (2) the Jura in the north, and (3) the
Molasse basin in between (e.g., Truempy 1985; Hs u 11995; Pavoni et al. 1997; Kastrup et al., 2004).
Moderate seismic activity occurs continuously beneath the Alpine belt and north of the Alps (partic-

ularly in the Molasse basin, Rhine Graben and Jura, e.g. Deichmann et al., 2000; Baer et al., 2005;

Diehl e t al., 2013, Marshall et al., 2013).
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Figure 23 : Focal mechanisms in Switzerland and surroundings for 211 events in the period 1976 - 2013. The colour coding indi-
cates preferred faulting style (red: normal faulting; blue: strike -slip; green: thrust faulting).
A systematic analysis of to date 211 focal mechanisms in Switzerland and its surroundings shows

(Figure 23) t hat the style of faulting and the orientation o
along strike and across the Alps (e.g. Kastrup et al., 2004; Reinecker et al., 2010; Marschall et al.,

2013). Strike -slip mechanisms with a normal faulting componen t dominate in the Northern Alpine

Foreland. The Upper Rhine Graben shows a complex mixture of very few thrust faulting events, a

larger component of normal faulting mechanism along the borders of and to the south of the graben

structure, and a majority of strike -slip faulting. Along the Northern Alpine Front, some shallow thrust

mechanisms are observed. In contrast, the Penninic domains of the Valais and Grisons are charac-

terized by normal faulting with extensional axes at a high angle to the strike of the Alps. In the
Northern Foreland, the st r esssaletavergance offAkidaand tostinentale | ar ge
Europe, with a maximum horizontal stress axis that rotates from east to west so as to remain

roughly perpendicular to the Alpine arc. Thus, the least compressive stress in the Northern Foreland

is roughly parallel to the Alpine front. Across the Alps, the variation in azimuth of the least compres-

sive stress is deyned by a progressive Bftr,ocrjnuhﬂzFostzetannollinockwi se
the north across the Helvetic domain to the Penninic domains in the southern Valais. This apparent

rotation of the stress yeld can be explained by the supei
on the large -scale regional stress. The tensile nature and orientation of this local stress component

is consistent with the spreading stress expected from lateral density changes due to the crustal root

beneath the Alps (Kastrup et al., 2004).
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