
Introduction

The probabilistic earthquake hazard assessment follows
statistical conditions adopted in many national seismic
building codes and international recommendations (e.g.
Eurocode 8 1998, IAEA 1972). The reliability of earthquake
hazard calculation depends on input data and, therefore,
their evaluations both by statistical approximations and by
expert estimates are necessary. Statistical methods frequent-
ly applied for the input data determination allow their mean
values and standard deviations to be calculated. In the paper
the standard deviations of the input data were taken as meas-
ures allowing for a 90% probability of hazard values to be
taken into account.

The earthquake hazard is a conditional probability of the
following input data and theses are used for its calculation
(CORNELL 1968): 

— seismogenic rates of a source region expressed by their
recurrence graphs, 

— the maximum expected earthquakes determined for
every source region, and 

— an attenuation relationship of seismic waves given in
macroseismic intensities and/or in particle ground accelera-
tions. 

The conditional probability Peq-haz is then expressed in
the form

Peq-haz = Prate × Pmax-eq × Patten .                            (1)

It is assumed that the input data introduced to the hazard
calculations follow the normal distribution — i.e. for each of
them the mean value and standard deviation (σ) can be de-
termined. The standard deviation σ describes how tightly all
approximated values are quantitatively clustered around the
mean in a set of data. The interval “mean value ± σ” involves
68.3% of occurrences of these events, the interval “mean
value ± 2σ” involves 95.7%, etc. If only one-side distribu-
tion levels are investigated — e.g. the side of the maximum
values (called the safety-margin side) — then the interval
“mean value ± σ” will involve 84.1% of occurrences of these
values; i.e. all values from the smallest one up to the level
“mean value + σ”. Likewise, the interval “mean value + 2σ”
will involve 97.7%, etc. This standard deviation concept was
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applied in order to determine the Prate, Pmax-eq and Patten of re-
lated input data quantities; this would guarantee the hazard
calculation of their safety-margin approximations with re-
spect to the required conditional probability Peq-haz = 0.9.
Under such conditions the individual estimates of the proba-
bilities Prate, Pmax-eq and Patten could only lie in the interval
0.9–1.0. For example, if one of these input data probabilities
is equal to 0.9, the other two probabilities already have to be
equal to 1 only.

Earthquake hazard input data 
for the Bátaapáti (Üveghuta) Site

Seismic source regions

Usually a radius of around 200 km is applied for an
earthquake hazard assessment. The Bátaapáti (Üveghuta)
Site is the subject of a very long-term operation — i.e. a final
underground radioactive waste repository is planned. Hence
we decided to enlarge the radius up to 300-400 km to pre-
clude omitting any pronounced seismoactive zone and to
make to a better correlatation with any dominant regional
structures displayed on geological and geophysical maps
with earthquake occurrences. 

For earthquakes which have occurred up to a distance of
200 kilometres there are catalogues compiled by seismolo-
gists of related countries: Bosnia and Herzegovina (CVIJA-
NOVIĆ 1981), Croatia (CVIJANOVIĆ 1981; HERÁK 1995), Hun-
gary (ZSÍROS et al. 1988; MÓNUS et al. 2002), Romania (ON-
CESCU et al. 1999), Serbia (CVIJANOVIĆ 1981), Slovakia (LA-
BÁK, BROUČEK 1995) and Slovenia (RIBARIĆ 1982, ŽIVČIĆ

1993). For a 300-400 kilometre distance selected parts of
catalogues for Austria (DRIMMEL, FIEGWEIL 1995), Czech
Republic (SCHENKOVÁ et al. 2000), Italy (OGS 1987; POST-
PISCHL 1985) and Poland (GUTERCH 1995) were referred to.
In this way the earthquake catalogue for the Bátaapáti
(Üveghuta) Site also comprises data from national and inter-
national/regional catalogues (SHEBALIN et al. 1974; SCHEN-
KOVÁ, KÁRNÍK 1993). 

Earthquake occurrences near country borders were clar-
ified in accordance with the catalogues mentioned above.
The compilation of the working seismicity file for the Báta-
apáti (Üveghuta) Site included the careful merging of all
catalogue data in order to exclude double (triple, etc.)
events. The parameters were then checked with the interna-
tional catalogues covering territories of more countries and
all the details were finally homogenised.

Before starting the source region delineation, the physi-
cal grounds of the delineation were pointed out. It was evi-
dent that an optimal balance between “seismological” and
“earthquake-engineering” strategies should also be defined. 

A seismological strategy endeavours to find a conso-
nance between a source region and a seismogenic zone. The
term seismogenic zone usually refers to a structural tectonic
element which produces practically the same type of earth-
quakes with very similar focal mechanisms. Yet in contrast

to this fact, nobody can be sure that seismogenic zones iden-
tified by this approach are really all possible zones of the
area under study, even if all known data have undergone
their identification process. Further, nobody can exclude a
case in future in which another new zone could originate
there, or that any contemporary weak seismic activity in a
certain zone could increase. It is known that a preparatory
process leading to a strong earthquake, especially in areas of
moderate seismicity, lasts a long time (i.e. several hundreds
or thousands years). Therefore, if a relatively large geologi-
cal structure exists, and inside it many similar seismogenic
zones are identified, it is advantageous to place all the zones
into one source region. On the one hand this simplifies the
hazard calculations and, on the other hand, it is a rather im-
portant factor which allows a new (and still unknown) earth-
quake-prone zone to be also included in the source region. 

In the earthquake-engineering strategy the earthquakes
are taken as sources of mechanical vibrations which affect
buildings and other engineering structures. From this view-
point, the main aspects for delineating the source region in-
clude a clustering of earthquakes and their epicentre density.
In general, engineering structures are not significant for de-
fining the type of earthquake but rather the intensity of vi-
brations. 

It is evident that in both strategies the reliability of the
source region delineation depends on the number of earth-
quake occurrences: the lower the amount of earthquake
events located in one source region, the lower the credibility
of the approximations obtained by the statistical processing
of data which characterise the source region. It means that
not only an optimal balance between the two strategies but
also a statistical balance among the data is needed.

From the viewpoint of the earthquake hazard assess-
ment, analyses and correlations between the earthquake epi-
centres and geological structures should be more detailed
for distances near to the investigated site; as the distance in-
creases not so much detail is required. The source regions
close to the site have to be delineated more precisely (i.e.
small regions and/or sub-regions have to be introduced).
Consequently, maps of different scales are needed: from
1:50,000 (near to the site), to 1:100,000 (for distances of 70-
200 km), and up to 1:200,000 or 1:500,000 (for distant re-
gions 300-400 km away). If no such maps exist, other related
materials have to be used.

Problems could appear if, within the area of the investi-
gated radius, there are territories of other countries, and their
geological and geophysical data have been processed and
compiled in different ways. Expert estimations must then be
introduced. Since such case represents a particular task, it
must be solved individually with respect to the local and re-
gional conditions of the area. In this investigation, from geo-
logical and geophysical materials and databases the follow-
ing data were applied: geological, structural and tectonic
maps and selected cross-sections; data on sedimentary cov-
ers and, if possible, their seismic P- and S-wave velocities
and bulk densities; and maps of Bouguer anomalies, Moho
discontinuity and recent crustal movements. Other geologi-
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cal information that could contribute to understanding the
seismicity and geodynamical pattern of the area up to 200
and 300-400 kilometres were also applied.

The earthquake data file allowed source regions to be de-
lineated in accordance with earthquake epicentre distribu-
tion and geological structures (Figure 1). The principal

source regions were delineated carefully because of their di-
rect influence on the earthquake hazard assessment of the
Bátaapáti (Üveghuta) Site. A list of the source regions ap-
plied for the Bátaapáti (Üveghuta) Site is given below:

Earthquake activity rates 
and maximum earthquakes

The earthquake sub-catalogues for every region were
created and normalised with respect to the time occurrence
of individual events (SCHENK 1983). Then the cumulative
annual recurrence graphs of all source regions were as-
sessed. They characterise the earthquake activity rates in ac-
cordance with the following relations:

log ΣNy (I0) = (a ± σa) – (b ± σb) × I0 (2)

where Ny is the annual occurrence rate of earthquakes and
the epicentre intensity is I0. 

The regression coefficients a and b were determined to-
gether with their standard deviations σa and σb with the least
square method being applied for all source regions. Indi-
vidual approximations obtained for every source region and
used in the hazard calculation distinctly display the safety-
margin probability level with respect to the standard devia-
tions of 1σ (0.68 or 68%). To introduce that level (SCHENK et
al. 1997) into the earthquake hazard calculations, the mean
values of coefficients a have to be enlarged for σa. On the
other hand, the mean values of coefficients b must be de-
creased for σb. An example of this approximation for the
source region No. 4 Medvednica can be seen in Figure 2.

The source region sub-catalogues were individually
analysed to obtain estimates of the maximum possible epi-
centre intensity I0. The theory of extreme values — the
Gumbel III statistic procedure (GUMBEL 1958) — allows asy-

mptotic approximations of the maximum expected earth-
quakes to be found both for various time intervals (sequen-
tially increasing from a one year up to a several years time in-
terval) and for various intensity levels of sub-catalogue data
(SCHENK, KOTTNAUER 1991). 

The maximum earthquake probability Pmax-eq was evalu-
ated for every source region by the mean value of Gumbel III
approximations calculated for the return period of 10,000
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1. Slovenian
2. Peri-Adriatic1

3. Kvarner
4. Medvednica
5. Banja Luka
6. Sisak
7. Pakra
8. Papuk
9. Slavonski Brod
10. Osijek
11. West Villány

12. Koprivnica
13. Dráva
14. Buzsák
15. Kapos-Tamási
16. East Mecsek
17. Banat
18. Békés
19. Szeghalom
20. Érmellék 
21. Southern Bükk
22. Bugyi

23. Kecskemét
24. Duna
25. Zámoly
26. Polgárdi
27. Berhida
28. Nagygörbő
29. Komárom

1It is not indicated separately; runs along the northern rim of 1.

Figure 1. Source regions for the Bátaapáti (Üveghuta) Site
Dark grey = major source regions (listed in text), light grey = additional source 

regions (not listed in text)

1. ábra. A Bátaapáti (Üveghutai)-telephely forrásterületei
Sötétszürke = fő forrásterületek (a szövegben felsorolva), világosszürke = 

kiegészítő forrásterületek (a szövegben nem említve)

Figure 2. The cumulative annual recurrence graph for the source 
region No. 4 Medvednica

Light grey columns = standard distribution, dark grey columns = cumulative
distribution, bold line = mean approximation of the cumulative distribution,

dashed lines = standard deviation σa limits

2. ábra. A 4. sz., Medvednicai forrásterület kumulatív éves visszatérési
diagramja

Világosszürke oszlop = standard eloszlás, sötétszürke oszlop = kumulatív elosz-
lás, vastag vonal = a kumulatív eloszlás középértékének közelítése, szaggatott

vonal = a standard szórás σa határa



years (SCHENK et al. 1997). Standard deviation σ was ob-
tained for each mean value, and finally the “mean value +
2½  σ” was adopted for the probability Pmax-eq = 0.99 (as the
maximum expected earthquake). If the Gumbel III statistics
gave any indistinct solution, the maximum expected intensi-
ty was determined by an expert estimate which took into ac-

count the maximum observed intensity. An example of the
Gumbel III distribution for the source region No. 4 Medved-
nica is shown in Figure 3. 

Macroseismic intensity attenuation law

Attenuation relations greatly influence the earthquake
hazard assessments. For the hazard calculations the intensi-
ty attenuation laws were compiled from all available isoseis-
mal maps of Hungary and neighbouring countries up to a
distance of 300 kilometres from the Bátaapáti (Üveghuta)
Site (Table 1).

The dashed lines on Figure 4 were approximated by the
relation applied for the earthquake hazard assessment in the
various forms with respect to standard deviation σ

I – I0 = (2.79 ± 1.76) – 1.69 log R (km) , 

i.e. for the mean values 
I – I0 = 2.79 – 1.69 log R (km) …. (P = 50%),    

for the mean values plus σ 
I – I0 = 4.55 – 1.69 log R (km) …. (P = 84%),    

for the mean values plus 1.5 σ
I – I0 = 5.43 – 1.69 log R (km) …. (P = 90%), etc.
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Figure 3. The Gumbel III extreme distributions for the source region 
No. 4 Medvednica

Gray lines = individual solutions of the Gumbel III distributions obtained for
various combinations of interval durations and for a given period of 

observation

3. ábra. A 4. sz., Medvednicai forrásterület Gumbel III kiugró eloszlásai
Szürke vonalak = a Gumbel III eloszlás egyedi megoldásai adott megfigyelési

időszakra és különböző intervallumokra

Table 1. List of the isoseismal maps analysed

Figure 4. Macroseismic intensity attenuations determined for the
broad Bátaapáti (Üveghuta) Site

Bold line = mean values (P = 50%), dotted line = mean values minus standard
deviation σ (P = 16%), dashed line = mean values plus standard deviation

σ (P = 84%)

4. ábra. A Bátaapáti (Üveghutai)-telephely széles körzetére meghatá-
rozott makroszeizmikus intenzitás-csillapodások

Vastag vonal = középértékek (P = 50%), pontozott vonal = középértékek
mínusz σ standard szórás (P = 16%), szaggatott vonal = középértékek plusz

σ standard szórás (P = 84%)



Only relations with “plus σ’s” are mentioned because
they were applied in the hazard calculations to obtain result-
ing values for “safety-margin” sides. 

Probabilistic earthquake hazard 
calculations

The earthquake hazard calculations were performed
with respect to the Decree 62/1997 (XI. 26.) IKIM of the
Ministry of Industry, Trade and Tourism. This states: “the
seismic stability of the site must be studied in a geological
scale and predicted for 600 years”. Therefore, the hazard
calculations had to involve input data probabilities (see
above) satisfying a return period of 600 years. Since the con-
structions in the Bátaapáti (Üveghuta) Site are assumed to
be more durable, their life-time was increased to 150 years.
Under such conditions the earthquake hazard assessment for
the return period 600 years, and which determine the seis-
mic stability of the Bátaapáti (Üveghuta) Site, was calculat-
ed for the non-exceedance probability Peq-haz = 78%. To illus-
trate trends of hazard output dependence up to the resulting
probability Peq-haz = 78%, four solutions for the earthquake
hazard assessments are given in Table 2. 

The earthquake hazard calculations for the Bátaapáti
(Üveghuta) Site were accomplished by the program SERI-
AL (SCHENK 1979), based on Cornell’s algorithm (CORNELL

1968). The hazard curves were expressed in macroseismic
intensities and calculated for conditional probabilities Peq-haz
of 25, 58, 70 and 78% to obtain a set of hazard solutions re-
lated to the non-exceedance probability 78% in 150 years
and corresponding to the return period of 600 years. 

Figure 5 demonstrates the resulting hazard values for the
Bátaapáti (Üveghuta) Site: one can see that the maximum
earthquake hazard value which can be expected at the Báta-
apáti (Üveghuta) Site on its ground surface reaches princi-
pally a macroseismic intensity around 6 °MSK. When Peq-haz
increases, the maximum hazard values shift towards higher
values, since the macroseismic intensity decrease ∆I is less
intensive as the distance increases. Most of the source re-
gions have at some time affected the Bátaapáti (Üveghuta)
Site up to a principal value of 6 °MSK. Only source region
No. 4 Medvednica for Peq-haz

<–70% shifted the hazard value
to 63/4 °MSK. In the case of Peq-haz ≈78%, the Medvednica
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Figure 5. Earthquake hazard assessment for the Bátaapáti (Üveghuta)
Site

a) Peq-haz = 25%, b) Peq-haz = 58%, c) Peq-haz = 70% and d) Peq-haz = 78%

5. ábra. A Bátaapáti (Üveghutai)-telephely földrengéskockázatának
értékelése

a) Pfrkoc = 25%, b) Pfrkoc = 58%, c) Pfrkoc = 70%, d) Pfrkoc = 78%

Table 2. Earthquake hazard calculations



source region together with some other regions (Nos. 12+13,
15, 25+26+27, 104+105, 126, 138 and 140) contribute to an
increase in the hazard value towards 7½ °MSK.

The shifting of the hazard values for the Bátaapáti
(Üveghuta) Site to greater values of macroseismic intensity
7–7½ °MSK is connected with an increase of Peq-haz to 78%.
This is due to the source region of Medvednica with its max-
imum observed intensity of 10 °MSK and maximum expect-
ed intensity of 10.9 °MSK; the latter was applied in the haz-
ard calculations. Similar situations were observed for other
source regions: their maximum observed intensities were
often 1 °MSK lower than their statistically expected ones. 

At the beginning of the probabilistic earthquake hazard
assessment for the Bátaapáti (Üveghuta) Site, it was decided
to keep strictly to the conservative approach — i.e. to realise
the earthquake hazard evaluation for the “safety-margin
side” of Peq-haz ≈78% . Therefore, in accordance with the haz-
ard calculations (Figure 5) the two following statements can
be made: 

— for 95–98% earthquake events, the earthquake hazard
for the ground surface at the Bátaapáti (Üveghuta) Site will
not reach of 7 °MSK and

— only in exceptional cases (2–5%), could the earth-
quake hazard for the Bátaapáti (Üveghuta) Site surface
reach 7 to 7½ °MSK.

Earthquake hazard assessment for 
a depth of 250 metres 

In 1980s the problem of how to transfer earthquake haz-
ard values determined for the ground surface to a given level
was solved for a radioactive waste disposal site near Basel,
Switzerland (Nagra 1985a, 1985b). The site was monitored
by a local seismic network and the earthquake hazard was
assessed for the peak ground accelerations (PGA). Two cri-
teria were found: 

A) during the Friuli earthquake in 1976 the Central Alps
were shaken by a macroseismic intensity of approximately 8
°MSK and the horizontal PGA on the ground surface
reached values between 1 to 2 m/s2 . It was found that for
depths of around 1200 metres the PGA values were — at a
maximum — half the value of the surface one — i.e. the
PGA only reached ½ to 1 m/s2 and

B) investigations in underground tunnels showed that 
1. for macroseismic intensities of around 8 °MSK no

breakage in underground constructions occurred while 
2. for intensities greater than 8 °MSK small breakages

appeared.
These criteria were applied to the Bátaapáti (Üveghuta)

Site and allowed quantitative dynamic seismic effects for a
depth of 250 metres (below the pre-Cenozoic basement level
at the Site) to be assessed. The considerations mentioned be-
low were taken into account. 

One can see in Figure 4 that seismic vibrations and dy-
namic effects are attenuated in accordance with an exponen-
tial law. To apply criterion A) for a depth different to 1200 m

(in our case, for a depth of 250 m), the 50% attenuation value
found for seismic effects at 1200 m must be corrected by the
ratio of log 1200/log 250 ≈ 1.3. It means that instead of the
50% attenuation of seismic effects observed at a depth of
1200 m only a 35% attenuation can be applied for the depth
250 m. This solution corresponds to the Mesozoic rocks
(limestones, dolomites, etc.) of the Central Alps.

To introduce an analogous approach for the Bátaapáti
(Üveghuta) Site, the changes of PGA values had to be con-
verted into macroseismic data. Two general facts were con-
sidered: (i) the earthquake hazard values expressed as a
macroseismic intensity are based on data observed on the
ground surface and (ii) the basement hard rocks in Hungary,
Croatia and Serbia are covered by Cenozoic sediments soft-
er than Alpine limestones and dolomites. Some studies of
the seismic effect amplifications caused by soft sediments
(SCHENK et al. 1994; SHAPIRA, FELDMANN 1995; TODD,
HARRIS 1995) demonstrated that the PGA effects can be am-
plified even more than 100% for what corresponds to a
macroseismic intensity enlargement of 1 °MSK. Under such
conditions the correction ratio found for the Basel Site can
be lowered to 1.1-1.2 for the Bátaapáti (Üveghuta) Site.
Besides, since the earthquake hazard for the Bátaapáti
(Üveghuta) Site was calculated as “safety-margin side val-
ues” a worse correction ratio of 1.2 was introduced. This
means that the 40% attenuation would convert the hazard
values given in the macroseismic intensity for the surface
level of the Bátaapáti (Üveghuta) Site to the 250 m depth
level of the repository. This means that the resulting earth-
quake hazard would have to be lowered by approximately
½ –¾ °MSK, and the converted hazard values to a depth of
250 m at this site can be assessed consecutively:

— for more then 95–98% earthquake events the earth-
quake hazard of the Bátaapáti (Üveghuta) Site at a depth of
250 metres will reach a maximum of 6 to 6½ °MSK and

— only in a few cases (2–5%) would the earthquake haz-
ard at this depth reach 6½ to 7 °MSK.

The PGA values related to the macroseismic intensities
can be assessed according to materials given in IAEA (1972)
and in the Report (1981) where conversion relations between
both these quantities were published. The previous discus-
sion showed that the earthquake hazard at a depth of 250 m
could never exceed 7 °MSK. It means, in accordance with
the second criterion (B), that no breakage and damage of the
waste disposal facility can be expected.

It was also taken into account that possible attenuation
changes, caused by a propagation of seismic vibrations
through fracture zones in the basement of the Bátaapáti
(Üveghuta) Site, could occur. In a case in which seismic vi-
brations spread along the zone, these would be less attenuat-
ed and their dynamic effects could be more intensive at the
Site. This indicates that the expected differences could reach
a half of the macroseismic intensity degree. Since the hazard
calculations for the Bátaapáti (Üveghuta) Site were per-
formed for “safety-margin” conditions, it can be assumed
that these differences are already involved in the hazard
evaluations.
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Conclusion

The earthquake hazard assessments for the Bátaapáti
(Üveghuta) Site show that the hazard determined for the 250
metres depth level can hardly exceed 7 °MSK. The value 7
°MSK — in accordance with IAEA (1972) and Report (1981)
— relates to a PGA of 0.05–0.1 g. The IAEA regulations and

many national codes in Europe and other countries all over the
world stipulate 0.1 g (which closely corresponds to 7 °MSK)
as the obligatory minimal earthquake hazard level for con-
structions of nuclear facilities. In other words, the Bátaapáti
(Üveghuta) Site fully corresponds to recent safety regulations
and can be confirmed as a suitable site for the construction of
an underground radioactive waste disposal repository.
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