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IntroductionIntroduction

Previous estimates in terms of PGA and PSA were based on 
deterministic analysis

The International Atomic Energy Agency has recommended that 
the standard PSHA should be performed for both sites



IntroductionIntroduction

The PSHA was performed in compliance with

• 50-SG-S1 (Rev. 1) (IAEA, 1991) and its revised version

• TECDOC - 724 (IAEA, 1993)

• IAEA Review Mission to Slovakia ... (IAEA, 1994, 1998)



OutlineOutline
The PSHA includes:

• compilation of the seismological database

• compilation of the geological database

• construction of the seismotectonic model

• determination of attenuation

• probabilistic computation of the UHS

• de-aggregation of the hazard computation and 
determination of hazard characteristics



Seismological databaseSeismological database

Data on macroseismically
observed earthquakes

Data on instrumentally 
recorded earthquakes

Data on microearthquake 
activity in the near region



Seismological databaseSeismological database
Data on macroseismically observed earthquakes

The whole far region, i.e. the asymetric area of a size 
of at least 150 km from site, includes some parts of  

Slovakia, Hungary, Austria, the Czech Republic and Poland

Sources
Historical earthquakes

• recent studies that use primary sources
• descriptive earthquake catalogues 
• parametric earthquake catalogues



Seismological databaseSeismological database
Data on macroseismically observed earthquakes

Sources

Recent earthquakes

• recent studies that use macroseismic questionnaires
• descriptive catalogues and other literature
• bulletins of seismometric observations 



Seismological databaseSeismological database

Data on macroseismically observed earthquakes 
was compiled in two steps:

1. Separate compilation of catalogue 
of macroseismically observed earthquakes for 

Slovakia, Hungary, Austria, the Czech Republic and Poland

2. Merging of the catalogues into one file



Seismological databaseSeismological database
Slovakia

Historical earthquakes

• recent studies exist on a few key earthquakes only, e.g. 

June 28, 1763 - Szeidovitz (1986), 
Brouček et al. (1991)

June 5, 1443 - Labák et al. (1996),
Labák (1996)

• parametric catalogues:
Labák (2001)



Seismological databaseSeismological database

The June 5, 1443 Central Slovakia earthquake

Kárník et al (1957) catalogue:
Date Region I0 [MCS]
1441 Banská Štiavnica 48.4N 18.9 E 9
29.5. 1443 Hungary, Austria, Silesia, Poland ?

Bohemia
5.6.1443 Silesia or Central Slovakia 9

Réthly (1952)
1441 Banská Štiavnica ?
5.6.1443 Slovenská Ľupča ?



Seismological databaseSeismological database
The June 5, 1443 Central Slovakia earthquake

Isoseismal map
by Brouček

In Atlas of 
isoseismal maps ...



Seismological databaseSeismological database
The June 5, 1443 Central Slovakia earthquake



Seismological databaseSeismological database
The June 5, 1443 Central Slovakia earthquake



Seismological databaseSeismological database
The June 5, 1443 Central Slovakia earthquake



Seismological databaseSeismological database
The June 5, 1443 Central Slovakia earthquake



Seismological databaseSeismological database
The June 5, 1443 Central Slovakia earthquake

1441 May  25 1443

The 1441 and May 25 1443
earthquakes are fake



Seismological databaseSeismological database
The June 5, 1443 Central Slovakia earthquake

The 1441 and May 25, 1443 earthquakes are fake

More than 60 sources were found 
for the June 5, 1443 earthquake. 

10 of them are the primary sources, 
i.e. earthquake contemporary sources.

Sources are missing for the southern part of the shaken area, which 
includes territory of nowaday’s Hungary.

Uncertainty in intensity estimation is higher than previously reported 
by Brouček.



Seismological databaseSeismological database
The June 5, 1443 Central Slovakia earthquake

Uncertainty in epicenter location is high due to absence of the 
sources in the southern part of the shaken area

Previous estimation of the depth of earthquake hypocenter is 
unreliable due to low number of input data



Seismological databaseSeismological database
The June 28, 1763 Komárno earthquake



Seismological databaseSeismological database
The June 28, 1763 Komárno earthquake



Seismological databaseSeismological database
The June 28, 1763 Komárno earthquake



Seismological databaseSeismological database
The June 28, 1763 Komárno earthquake

According to the Szeidovitz the earthquake epicenter is localized 
between Komárno and Iža (E of Komárno). 

Later studies try to localize the earthquake W of Komárno. 

There is no study available, 
which tries to make the localization N of Komárno.



Seismological databaseSeismological database
The June 28, 1763 Komárno earthquake

According to the Szeidovitz the epicentral intensity 
is 8-90 MSK-64. 

Later studies give the epicentral intensity up to 90 MSK-64. 

However, those studies do not support their estimation with 
detailed analysis of the primary sources for the earthquake.



Seismological databaseSeismological database
Other earthquakes studied in detail

Apr. 22 1783 Komárno (Szeidovitz, 1987)

Jan 14, 1810 Mór (Stegena & Szeidovitz, 1991)

Jan. 15, 1858 Žilina (Hammerl & Labák, 2001)

Jan. 9, 1906 Dobrá Voda (Labák, unpublished)



Seismological databaseSeismological database
Slovakia

Recent earthquakes

• other literature, e.g.
January 9, 1906 - Réthly (1907)
March 5, 1930 - Zátopek (1940)

• descriptive catalogues, e.g.
Kárník et al. (1981)

• bulletins of seismometric observations, e.g.  Bulletins of Slovak 
seismological stations



Seismological databaseSeismological database
Merging of the catalogues

Checking whether some earthquake is not included 
in several parts of the catalogue at the same time 

(e.g. in the Austrian and Slovak parts)

Checking whether in compiling individual parts of the catalogue for 
neighboring countries some earthquake  was not excluded from all

parts of the catalogue

Individual parts of the final catalogue (Slovak, Austrian, etc.) were 
supplemented with those earthquakes that were missing in the 

sources used for a given part but were mentioned
in the other sources

Excluding fake earthquakes



Seismological databaseSeismological database
Final catalogue of macroseismically observed earthquakes

includes all data 
for Slovakia       1443 - 2000

Hungary       456 - 2000
Austria       1267 - 2000
Czech Rep. 1358 - 2000
Poland 1259 - 2000

The catalogue also includes uncertainties
in estimation of epicentral parameters

Magnitudes are computed from regional relationships
between M, I0 and h

Sources of the parameters are given for each earthquake

All available isoseismal maps were also collected 



Seismological databaseSeismological database

Final catalogue of macroseismically observed earthquakes

• epicenter location - not better than +/- 10 km

• accuracy of the I0 - not better than  +/- 0.5 MSK

• data covers not more than last 500 - 700 years

Data on historical earthquakes represents 
a crucial part of the seismological database 

in the EMO and EBO far region





Earthquake history of Slovakia
Seismological databaseSeismological database



Seismological databaseSeismological database
Data on instrumentally recorded earthquakes

compiled for the Slovak territory

BCIS bulletins 1956 -1967
ISC bulletins 1967 -1992
Bulletins of Czechoslovak seismic stations

1956 -1988
Bulletins of Slovak seismological stations

1967 -1990
So far unpublished data from questionnaires

1991 - 2000



Seismological databaseSeismological database
Data on instrumentally recorded earthquakes

Data on instrumentally recorded earthquakes is available only for 
relatively small number of earthquakes

Until the middle of 60s  - poor quality of the data; 
instrumental localizations are not better 
than macroseismic ones for this period

Data on instrumentally recorded earthquakes has only 
complementary character compared to data on macroseismically

observed earthquakes in the far region



Slovak National Network of Seismic Stations
Seismological databaseSeismological database

Mochovce 
NPP

Bohunice
NPP
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VirtuVirtuualual network of seismic stationsnetwork of seismic stations



1950 - 1997 28.11.1990

Seismological databaseSeismological database
Activity in Mochovce NPP near region



Monitoring of microseicmic activity
in the Mochovce near region

1997-2000

Seismological databaseSeismological database



Krupina
1999 Prievidza

1997-2000

Seismological databaseSeismological database



Re-configuration of the EMO local network
Seismological databaseSeismological database



Seismological databaseSeismological database

Existing configuration of the Mochovce NPP  local network allowed 
registering the microseismic activity of the near region

Results of the monitoring indicate low activity 
in the Mochovce NPP near region for the period 1997-2001

However, two active source zones exist 
in the vicinity of the Mochovce NPP near region,

the Komárno source zone and the Central Slovakia source zone

Data on microseismic activity in both source zones
are still missing



Seismological databaseSeismological database

Therefore, we suggested 
reconfiguring and enlarging

the Mochovce NPP local network in the way that allows 
monitoring of the microearthquake activity 

in the Central Slovakia source zone

The configurations of the new National network 
and the new Mochovce NPP local network allow 

monitoring of the microseismic activity 
in the Central Slovakia and Komárno source zones, 

and in the Mochovce NPP near region 



Slovak National Network of Seismic Stations and Bohunice NPP
Seismological databaseSeismological database

Mochovce 
NPP

Bohunice
NPP



Monitoring of microseicmic activity
in the Bohunice near region  1987-2000

Seismological databaseSeismological database

Bohunice
NPP





Microseismic activity - Dobrá Voda
Seismological databaseSeismological database



Seismological databaseSeismological database
Summary

Various types of data
- historical, recent

- macroseismic, seismometric

Various methods of data analysis
- historical seismology
- recent macroseismic

- methods of analysis of  instrumental data 
from regional and local networks

Therefore,  the database is very heterogenenous.
This is reflected mainly in uncertainty of earthquake data
and it influences construction of seismotectonic model



SeiSeismotectonicsmotectonic modelmodel

• Determination of source zones in the far region

• Determination of source zones in the near region

• Choice of the minimum magnitude

• Determination of  the maximum magnitude
in the far region

• Determination of  the maximum magnitude 
in the near region

• Determination of the magnitude-frequency relationships



SeiSeismotectonicsmotectonic modelmodel
Source zones (areal source zones, fault zones)

Far region
• areal source zones due to large uncertainty in location of the 

macroseismically observed earthquakes
• geological vs. seismological data -> alternative models

Near region
• faults because of higher resolution of geological and 

seismological data
• alternative fault models – uncertainty in the available data



SeiSeismotectonicsmotectonic modelmodel



SeiSeismotectonicsmotectonic modelmodel



SeiSeismotectonicsmotectonic modelmodel



SeiSeismotectonicsmotectonic modelmodel



SeiSeismotectonicsmotectonic modelmodel
Leitha Dobrá Voda

Leitha
region
is in W. 

Carpathians

Leitha
region

is in E. 
Alps

real

dummy

faults

faults

Alter. 1

Alter. 1

Alter. 2

Bohunice NPP  
near region



EMO

near region

SeiSeismotectonicsmotectonic modelmodel



SeiSeismotectonicsmotectonic modelmodel
Minimum magnitude

M = 5 (MS = 4.33, Io about 6o EMS-98)

Such a value of m0 is suitable for NPPs
and other similar building structures.

An earthquake of this magnitude or a weaker one should not 
damage the NPP.



SeiSeismotectonicsmotectonic modelmodel

Data
• earthquake data - first two methods; small number of data -> one 

MMAX value assessed for basic geological tectonic unit 
(W. Carpathians), i.e. for group of the source zones

• geological-tectonic data - third method; only for Dobrá Voda source 
zone

Maximum magnitude – far region

Methods
• adding certain value to the maximum observed magnitude
• Gumbel type III asymptotic distribution of extreme values
• Wells & Coppersmith (1994) relationships



SeiSeismotectonicsmotectonic modelmodel

MMAXOBS + 0.5

MMAXOBS + 1  

Gumbel III

Gumbel III +

W. & C. for D. Voda

1st alternative

2nd alternative

3rd alternative

4th alternative

Maximum magnitude – far region



SeiSeismotectonicsmotectonic modelmodel

Source zone(s) 1st 2nd 3rd 4th 
in alternatives

W. Carpathians 6.3 6.8 6.2 6.2
Dobrá Voda 6.3 6.8 6.2 6.5/6.6
Eastern Alps 5.9 6.4 5.8 5.8
Panonnian basin 6.3 6.8 7.1 7.1
Background 5.5 5.5 5.5 5.5

magnitude:  MS

Maximum magnitude – far region



SeiSeismotectonicsmotectonic modelmodel
Maximum magnitude – Mochovce near region

Methods
• Wells & Coppersmith (1994) relationships

Data
• geological-tectonic data – real area of the fault

Fault M
Kozárovce 4.7
Kozmálovce 4.4
Tlmače 4.9
Dobrica 3.2
Tekov 3.8
Kozárovce+Kozmálovce+Tlmače 5.2
Kozárovce+Kozmálovce 4.9
Kozárovský+Tlmače 5.1



SeiSeismotectonicsmotectonic modelmodel
Magnitude-frequency relationships – far region

Maximum likelihood method

Two ways of selecting earthquakes for each source zone

only earthquakes which are within the source zone
also earthquakes from larger region around each of the zones in 

order to take into account error in location of earthquakes



SeiSeismotectonicsmotectonic modelmodel
Magnitude-frequency relationships – far region

Two ways of computing  b value
from data for individual source zones
from the aggregated data of source zones 

Three estimates of activity rate
mean and  mean +/- one standard error



SeiSeismotectonicsmotectonic modelmodel
Magnitude-frequency relationships – far region

activity rateb value

mean

mean + sigma

mean - sigma

from 
individual

zones

from 
aggregated

zones

uncertainty 
of epic. loc.

included

not 
included



SeiSeismotectonicsmotectonic modelmodel



SeiSeismotectonicsmotectonic modelmodel
Magnitude-frequency relationships – near region

slip-rate approach
– Campbell (1983) 
– computation of a values

- b value – background source zone
- average fault area from geological data
- average slip from geological data



AttenuationAttenuation
Intensity attenuation in Western Carpathians

Bystrická et al. (1997)

from isoseismal radii:
I =1.637 - 1.183 log (R) - 0.015 R + 0.783 I0

from intensity data points:
I =2.204 - 1.058 log (R) - 0.013 R + 0.618 I0

I - site intensity in the epicentral distance R
I0 - epicentral intensity



AttenuationAttenuation
Selection of analogous regions

• there are no strong motion recordings 
in the Western Carpathians

• macroseismic intensity - the only available data
• PGA and PSA relationships - from analogous regions
• analogous regions selected 

on the basis of similarity of the intensity attenuation 

Analogous regions to the Western Carpathians are  
California and Balkan area



AttenuationAttenuation
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AttenuationAttenuation
Selection of PGA and PSA attenuation relationships for 

analogous regions
Criteria for selecting attenuation relationships:

• The attenuation relationship is derived 
for both PGA and PSA

• The magnitude and distance intervals for the attenuation 
relationships for PGA and PSA. The interval of periods for the 
attenuation relationships for PSA

• The attenuation relationship is derived from data on 
earthquakes of different type of slip or allows to choose an 
unknown type of slip.

• The type of site conditions



AttenuationAttenuation
Abrahamson & Silva (1997)

Ambraseys et al. (1996)

Campbell (1997)

Boore et al. (1997)

Sadigh et al. (1997)

The attenuation relationships are for
• horizontal component
• 5% of critical damping
• PGA and 0.1, 0.2, 0.3, 0.5, 0.75, 1.0, 1.5, 2.0s periods



AttenuationAttenuation
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AttenuationAttenuation
PGA and PSA attenuation relationships are available for  M or MS

Magnitude-frequency relationships are determined for   MS

Conversion between M and MS

Ekstrom & Dziewonski (1988)

19.24 + MS MS<5.3
log M0 = 30.20- 5.3< MS<6.8

16.14+1.5 . MS MS>6.8

Hanks & Kanamori (1979)

M = (2/3) . log (M0) - 10.7 M0 - seismic moment
MS - surface-wave magnitude
M - moment magnitude

92.45 11.40 . SM−



AttenuationAttenuation
EMO

Hazard computation should be performed for rjb

PGA and PSA attenuation relationships need also rrup and rseis



AttenuationAttenuation
Conversion for the EMO site 

Campbell (1997)

HBOT = 15 km
rrup2 =  ( rjb2 + dseis2 ) and HTOP = 0 km

rseis2 =  ( rjb2 + dseis2 ) and HTOP = 3 km
dseis=( HBOT  + HTOP  - W . sin(a)) + HTOP

dseis - average depth to the top of the seismogenic rupture zone
HTOP - depths to the top of the fault (rrup) or seismogenic part of 

the crust (rseis) 
HBOT- the bottom of the seismogenic part of the crust
a - a dip angle of the fault plane (90° in our case)
W - expected width (down-dip dimension) of the fault rupture in 

km (from Wells & Coppersmith, 1994 formula)



SeiSeismotectonicsmotectonic modelmodel
and Attenuationand Attenuation

Summary

uncertainties in the databases
use of various methods for computation of 
input parameters

Alternative seismotectonic models
and alternative attenuation relationships



Probabilistic computationsProbabilistic computations
Construction of the logic tree

Logic tree (LT) (Reiter, 1990)
• LT is the decision flow path consisting of nodes and 

branches.
• LT allows to include various sets of input parameters. 

Each parameter is represented by a node. Branches 
represent alternative discrete values of the parameters.
Likelihood of each branch is assessed.

• One path in the LT represents scenario.
• The sum of  the likelihoods of all scenarios

has to be 1.0



Probabilistic computationsProbabilistic computations
Branch likelihoods

• assessed by expert judgment

Most likely alternatives in the far region

• Leitha region belongs to the Western Carpathians 
• MMAX values computed from Gumbel type III distribution and 

the Wells  & Coppesmith (1994) relationships
• the uncertainty of epicenter location is included in 

computations of the magnitude-frequency relationships 
• b values are computed from aggregated source zones



Probabilistic computationsProbabilistic computations
Branch likelihoods

Most likely alternatives in the Bohunice near region

• dummy-fault models for Dobrá Voda source zone



Probabilistic computationsProbabilistic computations
Branch likelihoods

Most likely alternatives in the Mochovce near region

• The faults in the near region are inactive

• Depth of the faults corresponds to the estimated depth

• If the faults are active, only two faults are active 
(not all five) 

• All rupturing models have the same preference



Probabilistic computationsProbabilistic computations
Modeling uncertainties: Logic tree – Mochovce NPP near region

No. of faultsDepthFault 
activity

active

inactive

0.25

0.75

seismogenic zone
0.1

real depth
0.9

2

2

5

5

0.75

0.75

0.25

0.25

Rupturing

Individual   0.5
Together   0.5

Alt.1   0.25
Alt.2   0.25
Alt.3   0.25
Alt.4   0.25

TotalTotal weighted average occurrenceweighted average occurrence period of earthquakes withperiod of earthquakes with
MM>5    is     >5    is     T T > 10 000 years> 10 000 years



Probabilistic computationsProbabilistic computations
Modeling uncertainties: Logic tree – far region

Source zones MMAX Mag. - freq.
relationships

Attenuation
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.5
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.2

.2

.2

.2

.2

real faults

Leitha in E.Alps
G III + W.&C.

G III

b value

activity
rate

Abrahamson
& Silva (1997)
Ambraseys
et al. (1996)

Campbell (1997)
Boore et al. 

(1997)

Sadigh et al. 
(1997)

6           x   4    x            12             x  5   =   1440 scenarios



Mochovce NPP
Horizontal component
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10 000-year Return Period
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Bohunice NPP
Probabilistic computationsProbabilistic computations
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De-aggregation of hazard computation

Probabilistic computationsProbabilistic computations

0.2s UHS value

- the most representative period of building structures 
at the Bohunice NPP site



Probabilistic computationsProbabilistic computations
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Probabilistic computationsProbabilistic computations
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Probabilistic computationsProbabilistic computations

The accelerograms were 
modified using the 
non-stationary spectral 
matching method of 
Abrahamson (1998)
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Probabilistic computationsProbabilistic computations
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SummarySummary
• all databases heterogeneous

- more accurate in the 
near region of NPPs

• various methods used for computation
of input parameters for PSHA

• logic tree used for dealing with modeling uncertainties

• hazard computations for all hazard scenarios 

• de-aggregation technique used 
for computation of characteristics of controlling earthquake

• Result: site-specific spectra and accelerograms




