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Abstract

Aftershock identification plays an important role in the assessment and characterization of large earthquakes. Especially, the
length of the aftershock sequence is an important aspect of declustering earthquake catalogues and therefore impacts the
frequency of earthquakes in a certain region, which is important for future seismic hazard assessment. However, in intraplate
regions with low deformation rates and low to moderate seismicity, it is still questionable if aftershocks after a major event
may continue for much longer time. In this study, we use one of the earliest instrumentally recorded earthquakes, the 1906
Dobré Voda earthquake (Ms/I,,,,.=5.7/VIII-IX), to compare different approaches of aftershock determination and their suitabil-
ity for understanding the recorded earthquake sequence. The Dobra Voda segment of the Vienna Basin Transfer Fault System
is one of the seismically most active zones in Slovakia with the 1906 earthquake as the strongest recorded earthquake.
We first assess the epicentral intensity of the earthquake according to the Environmental Intensity Scale (ESI2007) using
contemporary descriptions of earthquake effects. This additional information leads to constrain the maximal intensity to
IESI2007=IX. This result agrees well with first the assessment of Imax in 1907 and indicates the reliability of this intensity data.
In the second step, earthquake data are plotted for two spatial windows extending 13 km and 26 km from the epicenter of
the mainshock, respectively. Despite uncertainties regarding the completeness of data due to war times and lack of nearby
seismic stations, the overall temporal evolution of seismicity can apparently not be described as an Omori-type aftershock
sequence following the event in 1906. Instead, earthquake occurrence within 13 km of the mainshock shows elevated earth-
quake activity right after the 1906 event that only decays to a lower level of activity within decades after the mainshock. The
decline of seismicity therefore occurs over time scales which are much longer than those predicted by the Omori relation. We
conclude that today’s seismic activity may still be affected by the 1906 earthquake.

1 Introduction

1.1 Background and objectives
The 1906 Dobré Voda (M/1_,,= 5.7/VIII-IX) earthquake is
the strongest historically recorded earthquake along
the Vienna Basin Transfer Fault System. It occurred in
the border region between Austria, Slovakia, and Czech
Republic during the transition from the macroseismic/
historical recording of seismic events to instrumental re-
cording (Réthly, 1907) (Fig. 1). The installation of seismo-
graphs and the systematic recording of macroseismic ob-
servations in the former Austro-Hungarian Empire were
initiated after the 1895 Ljubljana/Laibach earthquake
(Suss, 1897). The 1906 Dobra Voda earthquake and its
numerous aftershocks therefore received much scientif-
ic attention (Réthly, 1907; Kéarnik, 1968; Zsiros, 2005) and
instrumentally recorded earthquakes are available cover-
ing the aftermath of the mainshock until today (ACORN,
2004; Fojtikova et al., 2010).

Large earthquakes are typically followed by aftershock
activity that decays hyperbolically with time after the

mainshock, following the empirical Omori’s Law (Oga-
ta, 1983). The end of the aftershock activity is difficult
to identify precisely, because its definition depends on
several parameters, such as the area treated as the after-
shock zone and the level of background seismicity before
the mainshock (Stein and Liu, 2009). Therefore, one com-
mon and practical way of automatic aftershock detection
is the usage of temporal and spatial windows with the
window length and size depending on the magnitude of
the mainshock (e.g. Gardner and Knopoff, 1974; Wells and
Coppersmith, 1994). However, in diffuse plate boundar-
ies such as the North American Basin-and-Range, or in
intraplate regions with low to moderate seismicity dis-
tributed over a wide area such as Central Europe or Chi-
na outside the Tibetan Plateau, the question has risen
whether aftershock sequences can continue for a much
longer time than predicted by the above-mentioned
methods (Stein and Liu, 2009). The ongoing seismicity in
the Dobra Voda area therefore raises the question wheth-
er earthquakes today may still be related to the 1906 Do-
brad Voda earthquake or if the recent seismicity observed
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within the region corresponds to a level that can be inter-
preted as ‘normal’ background seismicity.

Basic information about the 1906 Dobra Voda earth-
quake and its aftershocks has been obtained from the
ACORN catalogue (ACORN, 2004). In addition to the cat-
alogue data, detailed contemporaneous documentation
of the damages caused by the 1906 earthquake is avail-
able that includes descriptions of earthquake effects on
the natural environment (Réthly, 1907). We use these
descriptions to determine the macroseismic intensities
based on the Environmental Seismicity Intensity (ESI)
scale (Michetti et al., 2007).

Our scope in this study is two-fold: 1) By incorporat-
ing environmental effects of the earthquake, we check
if this additional information changes the assessment of
the Imax (Maximum Intensity), and the assigned inten-
sity for the Dobrd Voda earthquake. 2) By investigating
the seismicity on the Dobra Voda segment for the past
150 years, we explore whether the observed seismicity
today could be still be related to the 1906 earthquake,
or merely reflects background seismicity. To achieve
this, we also consider how the number of recorded
earthquakes is related to the development of the seis-
mic network in the area.

1.2 Seismotectonic Setting of the Vienna Basin
The Vienna Basin Transfer Fault System (VBTF) is a seismi-
cally active sinistral fault between the Eastern Alps, the
Western Carpathians and the Pannonian Basin (Fig. 1).
Active seismogenic deformation along the fault is indi-
cated by moderate historical and instrumentally record-
ed seismicity in a NE-striking zone paralleling the fault
between the Alps (Mur-Miirz Fault System) and the Vi-
enna Basin in Austria, and the Malé Karpaty Mountains
(Little Carpathians) and Véh Valley in Slovakia (e.g., Len-
hardt et al., 2007, Hammerl and Lenhardt, 2013). The
hypocentre depths of the recorded earthquakes are
generally between 3 and 12 km. The earliest earthquake
reported from the Vienna Basin occurred in 1283 (Wie-
ner Neustadt, I,=V; Hammerl and Lenhardt, 2013). Mod-
erate to relatively high seismicity occurs in the southern
Vienna Basin (including the 1927 Schwadorf earthquake
M/1,=5.2/VIll) and the Dobra Voda segment at the north-
ern end of the Vienna Basin (1906 Dobra Voda earth-
quake). In contrast, no significant earthquakes have
been observed in the central Vienna Basin in the last four
centuries (Hinsch and Decker, 2003; 2011). Comparison
of seismic slip calculated from seismic moment summa-
tion shows significant differences between the segments
of the VBTF. Seismic slip of more than 0.7 mm/a at the
seismically most active segments (Schwadorf and Dobra
Voda fault segments) contrasts with slip rates close to
zero at the Lassee fault (Hinsch and Decker, 2003, 2008;
Bus et al., 2009). All segments, however, show marked
slip deficits for the last century when comparing seismic
slip rates with geodetic data and geologically derived
slip rates of about 1-2 mm/a (Decker et al., 2005; Grener-
czy, 2002; Grenerczy et al., 2000).
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1.3 The Dobra Voda segment

The Dobra Voda segment is one of the seismically most
active zones in Slovakia (Fig. 1). It is located at the tran-
sition zone between the Vienna Basin and the Western
Carpathians (Sefara et al., 1998; Lenhardt et al., 2007),
specifically, at the Brezovské Karpaty Mountains north of
the Malé Karpaty Mountains. The dominant structures of
the area are ENE-WSW trending faults forming a trans-
pressional ridge. This segment of the VBTF is interpret-
ed as a restraining bend (Hinsch and Decker, 2011). The
sinistral Brezova fault zone forms the northern margin of
the Brezova elevation, while its southern border with the
Dobra Voda depression is represented by the distinctive
sinistral Dobra Voda fault zone (Marko et al., 1991). The
faults separate the uplifted Mesozoic Brezova Block from
Early Miocene molasses sediments to the N and S. locat-
ed between two sinistral fault zones, the Brezova Block
has been interpreted as a positive flower structure, which
formed at the VBTF during the Miocene (Marko et al.,
1991; Beidinger and Decker, 2011). Convergent sinistral
strike-slip faulting along the fault segment is confirmed
by fault plane mechanisms (Fojtikova et al., 2010). The
predominant focal mechanisms of the small earthquakes
(M=1.2-3.4) are compatible with oblique-reverse left lat-
eral strike slip on WSW-ENE striking faults (Fojtikova et al.,
2010). This data is consistent with the interpretation that
earthquakes occur along the ENE-WSW trending restrain-
ing bend.

The orientation of the present-day tectonic stress calcu-
lated from focal mechanisms and other stress measure-
ments in the Western Carpathians region and adjacent
areas are summarized in the world stress map (Mller et
al., 1992; Heidbach et al., 2008). The area lies in the transi-
tion zone between the Western Carpathians and the east-
ern Alps and is characterized a complicated stress pattern
(Drimmel and Trapp, 1982; Jarosinski, 1998; Reinecker,
2000; Kovac et al., 2002; Jarosinski, 2005). The mapped
maximum horizontal compression in the Dobra Voda
area has an azimuth of 30-40 °NE and lies along the strike
of the Male Karpaty Mts. (Fojtikova et al. 2010).

2 Data

2.1 Seismicity data

Information about the mainshock and all reported after-
shocks of the Dobra Voda 1906 earthquake are listed in the
ACORN catalogue. The ACORN catalogue contains events
with I,= lI-IX, covering a rectangular area between 47.5°
and 49.8° in latitude and 13.0° to 19.0° in longitude in the
Czech Republic, Slovakia, Hungary, and Austria encom-
passing the Eastern Alps, Western Carpathians and the
Bohemian Massif (Lenhardt et al., 2007). The data set in-
cludes 1968 earthquakes from the time between 1267 AD
and 2004 AD. The “observation threshold” for earthquake
data, i.e., the minimum magnitude/epicentral intensity
for inclusion in the ACORN catalogue is M/1,=2.5/1ll. Near
the village of Dobré Voda, the oldest earthquake listed in
the catalogue is from 1515 (M/l,= 5/VIl). The oldest known
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Fig. 1: Tectonic setting and earthquake scattered plot covering areas in Czech Republic, Slovakia, Hungary, and Austria (ACORN, 2004). Black stars show
earthquakes with magnitudes larger than 5, red star indicates the location of the Dobra Voda Earthquake. Blue circle marks the 26 km radius from the
16.01.1906 Dobra Voda mainshock. Inset shows the location of the figure in Europe. MMF (Mur-Murz-Fault); VBTF (Vienna Basin Transfer Fault); Fault

segments of the VBTF: SS (Schwadorf); LS (Lassee) DVS (Dobra Voda); MK (Male Karpaty mountains); B (Brezovské Karpaty mountains).

earthquakes along the VBTF occurred in 1267 (Kindberg/
Styria, M/I,=5.4/VIll) and 1283 (Wiener Neustadt, |,=V;
ACORN catalogue, 2004; Hammerl and Lenhardt, 2002).

The installation of the first seismographs in the former
Austro-Hungarian empire commenced at the turn from
the 19th to the 20th century as a consequence of the
earthquake of Ljubljana (Hammerl and Lenhardt, 2013).
The first seismographic station of the territory of Slovakia
has been installed in 1902. However, until the early 1990's,
only a few seismic stations existed in the area of interest
(Lenhardt et al., 2007). The further development includes
the first digital seismological station, which is in operation
since 1990, and the modernisation of the network 2001-
2004 (Csicskay et al., 2018). Today, the local seismic activity
around the Dobré Voda area is monitored by MKnet seis-
mic network, installed in 1985, the Slovak National Seismic
Network (Cipciar et al., 2002), and a micro displacement
monitoring network (Briestensky et al., 2007).

2.2 Documentation of the 1906 Dobra Voda earth-
quake

The main resource for the documentation of the 1906 Do-
bra Voda earthquake and resulting damages is a report by
the Hungarian seismologist Réthly (1907). The damage to
buildings and the reactions of the population to the earth-
quake was described in detail for 180 locations and used for
assessment of the local intensities and epicentral intensity.
Réthly (1907) used the 12-degree extended Forel-Mercal-
li intensity scale (Cancani, 1904) for his assessment, which
is broadly comparable to the successional intensity scales
including the European Macroseismic Scale (EMS-98, see
Musson et al, 2010 for a detailed discussion). Réthly’s
(1907) I=IX isoseismal includes 12 intensity data points and
about 390 km?. Réthly (1907, p. 60) further noted that the
long axis of the I=IX isoseismal is oriented WSW-ENE (Fig. 2),
which is parallel to the strike of the Dobra Voda segment of
the VBTF mapped by Beidinger and Decker (2011).
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The description of the earthquake effects of the main-
shock on 10.01.1906 and the largest aftershock on
16.01.1906 include also effects on the natural envi-
ronment, clearly distinguishing between both earth-
quakes (Réthly, 1907). The environmental effects of the
mainshock included temporary changes in well water
level, drying out of springs and wells, changes in water
chemistry and temperature, and the generation of new
springs. Detailed description these occurrences are giv-
en in Tab. 1. In addition, mostly temporal effects on well
water and sulphuric enrichment of spring waters were
observed for the largest aftershock on 16.01.1906.

Recent EMS-based catalogues list the epicentral inten-
sity of the Dobréa Voda mainshock as 1,=VIII-IX (Griinthal
et al., 2009; ACORN, 2004; Zsiros, 2005). Re-assessment
based on intensity datapoints and isoseismals lead to fo-
cal depth estimates between 2.8 km and 6.7 km (Zsiros,
2005). For precision the strongest aftershock, Réthly
(1907) notes a maximum intensity of l,= IX as well, al-
though this intensity was only assessed at two locations.
ACORN (2004) and Griinthal et al. (2009) assess the stron-
gest aftershock with [=VII-VIIl (“I=7.5"). As one of the
first instrumentally recorded earthquakes in the Austri-
an-Hungarian Empire, the magnitude of the Dobra Voda
earthquake was obtained from instrumentally recorded
surface-waves. The resulting surface-wave magnitude of
Ms = 5.7 (Réthly, 1907; Karnik, 1968; ACORN, 2004) cor-
responds to a moment magnitude Mw=5.8 according to
the empirical conversions by Scordilis (2006) and Kadirio-
glu and Kartal (2016).

3 Assessment of the epicentral intensity based on the ESI

3.1 Contemporary description of relevant secondary
earthquake effects

Macroseismic intensity data points of Forel-Mercalli as
well as for the EMS-98 are derived from effects of humans,
objects and damage to buildings (Griinthal et al., 1998).
The Environmental Seismic Intensity (ESI) scale (Michetti
et al.,, 2007), however, focuses on environmental effects
to determine intensity levels. The ESI is designed so that
the intensity determined from natural effects matches
the intensity derived from macroseismic observations as
described in the EMS-98 (Grinthal, 1998). Here, we eval-
uate the descriptions of environmental effects provided
by Réthly (1907) using the ESI scale for the mainshock
and the strongest aftershock on 16.01.1906, and then
compare the resultant intensity levels with intensity data
points derived using the macroseismic Forel-Mercalli in-
tensity scale (Fig. 2). The documented changes in hydro-
logical conditions are important parameters for the ESI
2007 intensity evaluation.

For the mainshock on 10.01.1906, reported hydrologic
anomalies include variations of spring discharge, well
water levels, water turbidity, changes of water tempera-
ture, and sulphurous emissions (Tab. 1). Especially the
abundance of the effects at Cerova can be assessed from
the description “all but two wells fell dry” (Tab. 1, Fig. 2). In
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addition, the generation of a permanent sulphur spring
is mentioned from the village Hradiste pod Vratnom. For
the remaining villages, the hydrological effects are wide-
spread, but mostly of temporal nature (Mihlmann et al.,
2012).

In the Hungarian language part of the damage report,
Réthly (1907) describes surface cracks that opened in the
epicentral area. However, he visited the area only after the
16.01.1906 aftershock, so the features that he describes
might also have been caused by the later earthquake,
and not by the mainshock. One location is extensively
documented by photographs. It was interpreted as being
probably caused by water-saturated soil at the inclined
surface that started to slide during the earthquake (Réth-
ly, 1907). The cracks were thought to be caused by “the
roughness of the subsurface”. One crack is described as
33 m long with a 140 cm high scarp, an opening of 130-
140 cm width and a depth of 80-110 cm. Another crack
close by was 14 m long, 40 cm wide and showed a height
difference from 60 cm up to 110 cm. Localized up to 3 m
wide cracks were observed at several more places. In ad-
dition, local landslides were triggered by ground shaking
near the village of Dobra Voda. The total area affected by
such effects is about 250 km? (Tab. 2a, Fig. 2). Records of
environmental effects for the aftershock on 16.01.1906
are restricted to four intensity datapoints (Tab. 1, Fig. 2b)
with reports from Jablonica indicating the severest ef-
fects. The total area from which hydrological effects were
reported is about 80 km? (Tab. 2, Fig. 2b).

3.2 Interpretation of secondary earthquake effects
The size and length of the cracks described by Réthly
(1907) and their occurrence in water-saturated soil helps
identify them as typical secondary earthquake effects.
The application of the ESI 2007 to the macroseismic re-
port (Réthly, 1907) uses hydrological anomalies and slope
movements, which are described in sufficient detail to
allow assessing local intensities for five locations for the
mainshock (10.01.1906) and four intensity data points for
the aftershock on 16.01.1906 (Tab. 1). The locations from
which secondary effects were reported define a mini-
mum area of about 250 km? supporting IESI-2007=VIII-IX
(Tab. 2). Tab. 1 shows that most of the reported effects
refer to hydrological anomalies, all of them being indic-
ative for ESI intensity >VII. Descriptions of turbid waters
in wells in the villages of Bucovec and Trstin indicate that
the effect was “common” at these sites leading to an as-
sessment of IESI=IX (Tab. 2). For Cerova, “all except two”
wells ran dry, including one well which remained dry
until March 1906 possibly indicating a local intensity IE-
SI-2007=X. The formation of a sulphur spring in Hradiste
pod Vratnom also indicates a significant environmental
impact of the earthquake. However, an intensity value
cannot be assessed as the descriptions of the ESI 2007
intensities only refer to springs running dry and not to
the formation of new springs.

For the aftershock on 16.01.1906, hydrologic anomalies
were recorded from four locations leading to assessments
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Location Lat Long Intensity Intensity | Original German description by English translation
Forel-Mercalli | ESI 2007 Réthly (1907)
Precursory effects
Vrbové/ Verbd/ 48.622 | 17.724 ,Am 8.1. in der Friih war in dem 24 m “In the morning of January, 8th, there
tiefen Brunnen der staatlichen Schule was no water in the 24 m deep well of
kein Wasser, Nachmittags um 14 Uhr the school, at 2 pm there was some
war schon wieder ein bisschen triibes muddy water, and at 5 pm, the well was
Wasser, wéihrend gegen 17 h der filled again with clear water as normal.”
Brunnen wie gewohnt mit Wasser
gefillt war.”
Mainshock 10.01.1906
Dobra Voda/ Joket | 48.599 | 17.541 | IX VII-IX ,Die Blava-Quelle nahm eine “Water of the Blava spring turned
rote Triibung an und kldrte sich turbid red and cleared only 4 hours
erst 4 h spdter. An zwei Stellen in later. Landslides occurred at two
der Umgebung von Joke6 gab es locations near Joked, e.g., to the SW at
Erdrutschungen, z.B. siidwestlich an a slope of the Breva Mountains.”
einem Hang des Brezover Gebirges.” €. 2400 m’ large slide in water
Etwa 2400 m” groBe ,Schichten- saturated soil near Dobra Voda with
rutschung ... auf sanft ansteigender cracks 80-200 cm deep, 33 m long
Lehne am Fusse des Kopec” nahe and 60-110 cm difference of elevation
Dobra Voda auf wassergesattigtem
Boden mit mehreren Spalten,
80200 cm tief, 33 m lang, 60 - 110 cm
Hoéhenunterschied.
Hradiste pod 48.626 | 17.487 | IX ? “Nach dem Erdbeben entstand eine “A sulfur spring formed after the
Vratnom/ Hradist Schwefelquelle.” Diese liegt ca. 5-6 km | earthquake” at a distance of about
vom angenommenen Epizentrum 5-6 km from the assumed epicenter.
entfernt.
Bucovec/ Bukov 48.700 | 17.496 | VI IX ,Das Brunnenwasser wurde triib.” “Well water became turbid.”
Wording suggests that the effect
applied to the wells in the village in
general indicting that it occurred
commonly.
Trstin / Nadas 48.527 | 17.463 | IX IX ,Das Brunnenwasser wurde triib.” “Well water became turbid.”
Wording suggests that the effect
applied to the wells in the village in
general indicting that it occurred
commonly.
Dechtice / Dejte 48.547 | 17.594 >VII ,Starkes Brausen, eine Schwefelquelle “Laud booming, discharge of a sulfur
floss 2-3 Tage lang reichlicher.” spring increased for 2-3 days.”
Cerovda/ Czerova 48.586 | 17.379 | IX X ,Alle Brunnen bis auf 2 waren “All wells but 2 fell dry.”
ausgetrocknet.” “Water of the well in the hunting castle
,Das Wasser der Brunnen im disappeared, the well remained dry
Jagdschloss verschwindet véllig und until March.”
taucht erst im Mdrz wieder auf”
Aftershock 16.01.1906
Dobra Voda/ Jokeo | 48.599 | 17.541 | - VII-IX “In der Blava Quelle hob sich der “The water level of the Blava Increased
Wasserstand um 6 cm. Die schwdichste | by 6 cm. The smallest outflowing
der drei Abzweigungen, die mittlere, channel (the one in the middle) showed
war sehr ergiebig. Nach dem Erdbeben | high discharge. The outflowing water
war das sonst klare Wasser rostfarben was very hot, normal conditions re-
und sehr heil3, 5 Tage spdter war es established after 5 days.”
wieder normal.”
Jablonica / Jablonic | 48.830 | 17.421 | - IX ,Das Brunnenwasser der gesamten “Well water of the entire surroundings
Umgebung war getriibt.” was turbid.”
Hradiste pod 48.626 | 17.487 | - =V ,Der Schwefelgehalt der Quelle stieg an.” | “The sulfur content of the spring
Vratnom / Hradist increased.”
Bukovec / Bukéc 48.700 | 17.496 | - VIII-IX »In vielen Brunnen versiegte das “Many wells fell dry.”
Wasser.”

Tab. 1: Contemporary descriptions of environmental effects of the 1906 Dobra Voda / J6ke earthquake and its strongest aftershock from Réthly (1907).
Location names are given in Slovak and Hungarian language. Forel-Mercalli intensity taken from Réthly (1907). See text and Table 2 for explanation and
discussion of assigned ESI 2007 intensities.
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IESI | Description Hydrological anomalies Ground cracks Slope movement :}:::2)
Significant temporary variations of the Fractures up to 5-10 cm wide and | Scattered landslides occur
water level in wells and/or of the flow-rate up to hundred metres long are in prone areas, where
of springs are locally recorded. Seldom, observed, commonly in loose equilibrium is unstable (steep

Vil Damaging small springs may temporarily run dry or alluvial deposits and/or saturated | slopes of loose / saturated 10
appear. Weak variations of chemical-physical | soils; rarely, in dry sand, sand-clay, | soils)...
properties of water and turbidity in lakes, and clay soil fractures are also
springs and wells are locally observed. seen, up to 1 cm wide.
Springs may change, generally temporarily, | Fractures up to 50 cm wide and | Small to moderate (10° -
their flow-rate and/or elevation of outcrop. up to hundreds metres long, 10° m3) landslides are
Some small springs may even run dry. are commonly observed in loose | widespread in prone areas;
Variations in water level are observed in alluvial deposits and/or saturated | rarely they can occur also

Heavily wells. Weak variations of chemical-physical | soils; in rare cases fractures up on gentle slopes; where

Vil damaging properties of water, most commonly to 1 cm can be observed in equilibrium is unstable 100
temperature, may be observed... Water competent dry rocks. Decimetric | (steep slopes of loose /
turbidity may appear... Gas emissions, cracks arecommon in paved saturated soils; rock falls on
often sulphureous, are locally observed. (asphalt or stone) roads, as well as | steep gorges, coastal cliffs)

small pressure undulations. their size is sometimes large
(10°-10°m3).
Springs can change, generally temporarily, | Fractures up to 100 cm wide and | Landsliding is widespread in
their flow-rate and/or location to a up to hundreds metres long prone areas, also on gentle
considerable extent. Some modest springs are commonly observed in loose | slopes; where equilibrium
may even run dry. Temporary variations alluvial deposits and/or saturated | is unstable (steep slopes of
. of water level are commonly observed soils; in competent rocks they loose / saturated soils; rock

IX Destructive . . g X L 1,000
in wells. Variations of chemical-physical can reach up to 10 cm. Significant | falls on steep gorges, coastal
properties of water, most commonly cracks are common in paved cliffs) their size is frequently
temperature, are observed... Water turbidity | (asphalt or stone) roads, as well as | large (10° m?), sometimes
is common ... Gas emissions, often small pressure undulations. very large (106 m3).
sulphureous, are observed...
Many springs significantly change their Open ground cracks up to Large landslides and
flow-rate and/or elevation of outcrop. more than 1 m wide and up rock-falls (> 10° - 10° m3)
Some springs may run temporarily or even to hundred metres long are are frequent, practically
permanently dry. Temporary variations of | frequent, mainly in loose alluvial | regardless of equilibrium

X Very water level are commonly observed in wells. | deposits and/or saturated soils; state of slopes, causing 5000

destructive Even strong variations of chemical-physical | in competent rocks opening temporary or permanent !

properties of water, most commonly reaches several decimeters. barrier lakes.
temperature, are observed... Often water Wide cracks develop in paved
becomes very muddy... Gas emissions, (asphalt or stone) roads, as well as
often sulphureous, are observed. pressure undulations.

Tab. 2: Shortened version of the definitions of the intensity classes VIl to X according to the ESI 2007. The full text of the intensity definitions provided
by Michetti et al. (2007) was used for the assessment of the effects of the 1906 Dobra Voda earthquake.

between IESI=VII and IX. The intensity is in agreement
with the minimum area of about 80 km? spanned by
the locations mentioned by Réthly (1907), supporting
IESI-2007=VIIl for the aftershock. In total, the reported
intensity data points of the mainshock indicate ESI in-
tensities between VIl and X in the epicentral area of the
mainshock. However, the absence of descriptions of sur-
face faulting and the absence of descriptions of ground
cracks other than those related to landsliding points to a
maximum intensity of the 1906 Dobra Voda of less than
IESI=X. At the ESl intensity of X, primary effects of surface
faulting should be “leading”, and up to more than 1 m
wide and up to hundred meters long cracks should be
frequent (Michetti, 2007). We therefore assess the ESI in-
tensity of the mainshock as IESI=IX.

As seen in Tab. 1 and Fig. 2a, the ESI 2007 intensity esti-
mations for the mainshock on 10.01.1906 are comparable
to the results of macroseismic intensity assessment by
Réthly (1907), but slightly higher than the assessments
of Imax by Griinthal et al. (2009) and ACORN (2004),

which denote intensity VIII-IX for the event. Among the
four ESI 2007 intensity datapoints available for the after-
shock on 16.01.1906, the one from Jablonica (“Well wa-
ter of the entire surroundings was turbid”) indicates the
highest intensity leading to assign IESI-2007=IX (Tab. 1,
Fig. 2). Descriptions from two locations are indicative for
IESI-2007=VIII-IX, one for IESI-2007=VII. The area of about
80 km? from which hydrological effects were reported
is indicative for IESI-2007=VII-VIII (Tab. 2). We conclude
that 1,=VIIl is more appropriately describes the maximum
intensity of the event than I,=VII-VIIl as listed in ACORN
(2004) and Griinthal et al. (2009).

3.3 Earthquake occurrence near the 1906 Dobra Voda
mainshock

The most common and practical way of automatic after-

shock detection is the use of temporal and spatial win-

dows with the window length and size scaled according

to the magnitude of the mainshock (Gardner and Knopoff,

1974). As the proposed spatial window size (about 50
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km for 5.5<M<6.0) seems too large for the investigated
event, we calculated the rupture length for an earthquake
with M=5.7 using the following equation (Wells and
Coppersmith, 1994):

Log (Radial distance in m) = (M - 4.32)/1.54

As the aftershocks tend to occur on the ruptured fault
plane, the rupture length can be used to constrain the
maximum epicentral distance of aftershocks from the
mainshock. The regression by Wells & Coppersmith
(1994) would suggest a radius of about 10 km around
the epicenter as a spatial window for aftershock of the
Ms=5.7 earthquake (Tab. 3). To account for the inaccura-
cies of macroseismic hypocenter locations resulting from
the distance between the different settlements for which
intensity data points are available, we extended the re-
gion under consideration to a radius of 13 km.

For a further assessment and to account for possibly
even larger uncertainties of epicentre locations of histor-
ical events, we compared the seismicity distribution for a
larger region with twice the radius of the previous spatial
window (26 km). This extension approximates the hy-
pocentre uncertainty for pre-instrumental earthquakes
during the 20th century (Gangl and Decker, 2011). Fig. 3
shows the seismic activity around the mainshock (red
star) from the ACORN catalogue (2004). Seismicity is
shown by for a radial distance of 13 km (green circles)
and 26 km (blue circles) from the epicenter of the main-
shock. Most earthquakes are located within 5-10 km of
the mainshock (Fig. 4), justifying the definition of after-
shocks within the 13 km radius of epicentral distance.

The temporal distribution of earthquakes prior and after
the 10.01.1906 mainshock shows an interesting pattern
(Fig. 5). Prior to the 20th century, several earthquakes
with magnitudes larger than 4.0 were recorded in the
study area, fitting well to the considered completeness
magnitude of 4.0 for the ACORN catalogue (Nasir et al.,
2013). However, no major earthquake has been recorded
in the vicinity of the mainshock. Earthquakes with mag-
nitudes of approximately M=2.7 (corresponding to I,=IV)

Magnitude L (km) T (days)
4.5 10 83
5.0 10 155
5.5 10 290
6.0 13 510
6.5 26 790
7.0 54 915

Tab. 3: Values from the window algorithm for automatic detection of
fore- and aftershocks based on temporal (T = days after the mainshock
(Knopoff and Gardner, 1969) and spatial windows (L = radial distance
from epicenter in km). Spatial windows follow the equation Log (Radial
distance in km) = (M-4.32)/1.54 (Wells and Coppersmith, 1994). The low-
er limit for the spatial window is set to 10 km due to high uncertainties
associated with macroseismically determined epicentres of historical
earthquakes. For explanation for the usage of the Wells and Copper-
smith (1994) relation see text.
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are reported consistently since 1850. As expected, the
mainshock caused the onset of elevated earthquake ac-
tivity in its vicinity, and the seismicity shifts to its close
surrounding, with the strongest (M=5) event occurring
on 05.03.1930. In contrast, seismicity in the wider 26 km
area almost stops completely for the next 70 years after
the mainshock (Fig. 6). Normally, earthquakes are consid-
ered as aftershocks as long as the seismic activity level
is above the background seismicity defined as the ac-
tivity level prior to the mainshock. Applying this rule to
the earthquake distribution shown in Fig. 5, earthquakes
with magnitudes larger than 4.0 seem to decrease to
background level between the 1930s and 1950s.

In comparison, earthquakes of magnitudes between
2.5 and 4.0 were recorded only sparsely before the main-
shock but are abundant in the 20th century. It is inter-
esting to note that almost all of them occur close to the
mainshock within 13 km of epicentral distance. So, com-
pared to the pre-mainshock seismic activity level within
the 13 km radius, the moderate seismic activity in this
area was elevated until about 2000 AD. Using the outer
area of 13-26 km distance to the mainshock as reference
level for background seismicity, the seismic activity ceas-
es to background level at around 1980 AD. Unfortunately,
data gaps due the war times of WWI and WWII (1914-18
and 1939-1945) and the following decades of recovery
coincide with the analyzed period. The activity rates be-
fore and after the record gaps show regular exponential
patterns of decaying seismicity.

The standard length of the time window where earth-
quakes are considered as aftershocks according to Gard-
ner and Knopoff (1974) would be about 380 days for the
10.01.1906 and 155 days for the 05.03.1930 (M=5) Do-
bra Voda earthquakes. The time windows interpolated
from the values given in Table 3 are shown in Fig. 6 as
gray vertical bars. This indicates that the time window
from this method seems too short to include all potential
aftershocks of the 1906 earthquake. In contrast, today’s
apparently still elevated seismicity and the overall grad-
ual reduction of the seismicity level following the earth-
quake until today closely resembles a long-lasting after-
shock succession as proposed for slow intra-plate faults
by Stein and Liu (2009).

4 Discussion

In general, the major criteria for determining aftershock
duration is the change in seismicity rates from decaying
aftershocks to background seismicity, which can be di-
rectly measured for short aftershock durations. Howev-
er, identifying this transition becomes difficult and even
impossible as the aftershock duration approaches or ex-
ceeds the length of earthquake records (Stein and Liu,
2009). In case of the Dobra Voda earthquake, determin-
ing the pre-event background seismicity poses another
challenge, as earthquake recording changes at the same
time from macroseismic to instrumentally supported
observations. In the following, we discuss therefore the
completeness of the pre-1906 earthquake records and
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Fig. 3: Seismicity in the vicinity of the 1906 Dobré Voda earthquake (M/10=5.7/VIlI-IX). Blue and green circles indicate earthquakes within a 0-13 km and
13-26 km distance from the mainshock. Light colors denote earthquakes before the mainshock, darker colors earthquakes after the mainshock. Data

are listed in Tab. 4.

the resulting background seismicity, and then compare it
to the earthquake distribution after 1906.

Fig. 5 shows that several earthquakes with M=4-5 oc-
curred within a distance of 13-26 km from the epicenter of
the 1906 Dobra Voda mainshock between about 1500 and
1900. However, no aftershocks of these earthquakes have
been recorded, most probably due to the general lack of
detailed descriptions for these historical events. The obser-
vation threshold of M=4.0 for the time before 1815 is clearly
seen, with a recurrence interval of about 100 years for earth-
quakes larger than M=4.0. In contrast, the main Dobra Voda
earthquake was followed by several strong earthquakes on
16.01.1906 (M=5.1), 18.04.1914 (M=5.1), 05.03.1930 (M=5.0)
and 06.03.1930 (M=4.6) in much shorter intervals.

The next strong earthquake after the apparent lack
of data due to World War Il (Figs. 5 and 6) occurred on
03.12.1967 (M=4.3) close to Dobra Voda. As the 1967
earthquake occurred approximately 100 years after the

1852 (M=4.3) Pernek earthquake, its occurrence fits well
to the level of seismicity observed before the 1906 earth-
quake. Considering this as background seismicity, the el-
evated seismicity caused by the 1906 mainshock would
have lasted at least until 1930. On the other hand, consid-
ering that this earthquake occurred to close to the epi-
center of the 1906 mainshock, it would be also reason-
able to include it into a long-lasting aftershock sequence.

The systematic recording of smaller earthquakes with
magnitudes down to M=2.6 (10=IV) in the former Austri-
an empire started around 1895 (Nasir et al., 2013). How-
ever, the period between 1800 and 1900, and especially
since 1850, may be regarded as complete enough to de-
fine the “background seismicity” before the 1906 main-
shock (Fig. 5). The observational threshold for this period
is M=2.6 except for the periods of non-recording around
WWI and WWIL. In spite of the low record threshold, al-
most no earthquake larger than M=3.0 was recorded at
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Date Lat Long | M | |, Epicentre Date Lat Long | M | I, Epicentre
26.02.1515 48,37 | 17,56 5 7 Trnava 22.02.1906 48,6 17,51 | 32| 4 Dobra Voda
1586 48,37 | 17,56 | 46 | 7 Trnava 22.02.1906 48,6 1751 | 34| 5 Dobré Voda
30.11.1660 48,37 | 1756 | 44 | 6 Trnava 25.02.1906 48,6 17,51 | 26| 3 Dobré Voda
1805 48,58 | 1768 |43 | 6 Dobra Voda 25.02.1906 48,6 17,51 | 26| 3 Dobré Voda
1815 48,6 1765 |32 | 4 Lancar 25.02.1906 48,6 17,51 | 29| 4 Dobré Voda
15.06.1815 48,58 | 17,68 |32 | 4 Dobré Voda 25.02.1906 48,6 17,51 | 32| 4 Dobré Voda
15.11.1852 4864 | 17,16 |43 | 6 Pernek - 26.02.1906 48,6 17,51 | 29| 4 Dobré Voda
13.04.1860 | 4837 | 17,56 | 2,6 | 3 Trnava 28.02.1906 486 | 1751 | 29| 4 Dobra Voda
13.04.1860 | 4837 | 17,56 | 2,6 | 3 Trnava 28.02.1906 486 | 1751 | 29| 4 Dobra Voda
15.11.1865 | 48,64 | 17,16 | 26 | 3 Sastin 01.03.1906 486 | 1751 | 32| 4 Dobra Voda
15.11.1865 | 48,64 | 17,16 | 26 | 3 Sastin 02.03.1906 | 48,58 | 17,51 |34 | 5 Dobra Voda
01.02.1873 | 4837 | 17,56 |26 | 3 Trnava 02.03.1906 486 | 1751 | 32| 4 Dobra Voda
02.12.1874 | 48,66 | 1752 |26 | 3 Pernek-Modra 02.03.1906 486 | 1755 |37 | 5 Dobré Voda
24.03.1893 | 4862 | 178 [38 | 6 Dobra Voda 03.03.1906 486 | 1751 | 32| 4 Dobra Voda
28.03.1893* | 48,62 | 178 |26 | 6 Dobra Voda 03.03.1906 486 | 1751 |32 | 4 Dobra Voda
04.03.1894 48,6 17,51 | 26 | 3 Dobré Voda 08.03.1906 48,6 17,51 | 32| 4 Dobra Voda
19.04.1904 48,6 17,51 | 26| 3 Dobré Voda 09.03.1906 48,6 1751 | 37| 5 Dobra Voda
20.04.1904 48,62 | 1746 | 45| 7 Dobré Voda 13.03.1906 48,6 17,51 | 29| 4 Dobra Voda
12.10.1904 4868 | 1739 | 43| 6 Dobré Voda 16.03.1906* | 4862 | 1748 |32 | 5 Jablonica
10.04.1905 48,55 1735 | 26| 3 Sandorfal 23.03.1906 48,6 17,51 | 26| 3 Dobra Voda
| | co:000 |46 1754 |29 4| Dobravods
10.01.1906 | 48,63 | 17,27 | 26 | 3 Dobra Voda 25.03.1906 486 | 1755 | 38| 5 Dobra Voda
10.01.1906 | 48,75 | 17,54 | 26 | 3 Dobra Voda 31.03.1906 486 | 1751 | 28| 4 Dobra Voda
10.01.1906 | 48,63 | 17,56 | 3,7 | 5 Dobra Voda 31.03.1906 486 | 1751 | 29| 4 Dobra Voda
10.01.1906 | 4857 | 176 |26 | 3 Dobra Voda 01.04.1906 486 | 1751 | 32| 4 Dobra Voda
15.01.1906 486 | 17,55 | 32| 4 Dobra Voda 02.04.1906 486 | 1751 | 26| 3 Dobra Voda
16.01.1906 486 | 17,51 | 26| 3 Dobra Voda 02.04.1906 486 | 1751 | 26| 3 Dobra Voda
16.01.1906 486 | 17,51 | 26| 3 Dobra Voda 02.04.1906 486 | 1755 | 26| 3 Dobra Voda
16.01.1906 48,6 17,51 | 26| 3 Dobra Voda 06.04.1906 48,6 1751 | 29| 4 Dobra Voda
16.01.1906 48,6 17,51 | 26| 3 Dobra Voda 07.04.1906 48,6 1751 | 26| 3 Dobra Voda
16.01.1906 48,6 17,51 | 26| 3 Dobra Voda 07.04.1906 48,6 1751 | 26| 3 Dobra Voda
16.01.1906 48,62 | 1756 | 51| 8 Dobra Voda 07.04.1906 48,6 17,51 | 32| 4 Dobra Voda
17.01.1906 48,6 17,51 | 26| 3 Dobra Voda 07.04.1906 48,6 1751 | 37| 5 Dobré Voda
17.01.1906 48,6 17,51 | 26| 3 Dobra Voda 07.04.1906 48,6 17,55 | 26| 3 Dobré Voda
17.01.1906 48,6 17,55 | 26 | 3 Dobra Voda 08.04.1906 48,6 17,51 | 26| 3 Dobré Voda
19.01.1906 48,6 17,51 | 26| 3 Dobra Voda 08.04.1906 48,6 17,51 | 29| 4 Dobré Voda
19.01.1906 48,6 17,51 | 26| 3 Dobra Voda 08.04.1906 48,6 17,51 | 29| 4 Dobré Voda
20.01.1906 48,6 17,51 | 26| 3 Dobré Voda 09.04.1906 48,62 | 1749 | 29 | 4 Dobré Voda
04.02.1906 48,6 17,51 | 26 | 3 Dobra Voda 09.04.1906 48,6 1751 | 26| 3 Dobra Voda
04.02.1906 486 | 1751 | 29| 4 Dobra Voda 09.04.1906 | 48,53 | 17,53 | 26 | 3 Nahac
08.02.1906 486 | 17,51 | 26| 3 Dobra Voda 09.04.1906 | 48,61 | 1753 |37 | 5 Dobra Voda
10.02.1906 486 | 17,51 | 26| 3 Dobra Voda 12.04.1906 486 | 1751 | 26| 3 Dobra Voda
12.02.1906 486 | 17,55 | 32| 4 Dobra Voda 12.04.1906 486 | 1751 | 29| 4 Dobra Voda
14.02.1906 486 | 17,55 | 26| 3 Dobra Voda 12.04.1906 486 | 1751 | 32| 4 Dobra Voda
15.02.1906 48,6 17,55 | 26| 3 Dobra Voda 13.04.1906 48,6 17,51 | 26 | 3 Dobré Voda
15.02.1906 48,6 17,55 | 26 | 3 Dobré Voda 15.04.1906 48,61 | 1745 |34 | 5 Dobra Voda
20.02.1906 48,6 17,55 | 26 | 3 Dobré Voda 15.04.1906 48,6 17,51 | 26| 3 Dobra Voda
21.02.1906 48,6 17,55 | 26| 3 Dobré Voda 19.04.1906 48,61 | 1745 |33 | 5 Dobra Voda
21.02.1906 48,6 1755 | 37| 5 Dobré Voda 22.04.1906 48,6 17,51 | 26| 3 Dobra Voda
22.02.1906 48,6 17,51 | 26| 3 Dobré Voda 23.04.1906 48,6 17,51 | 32| 4 Dobra Voda
22.02.1906 48,6 17,51 | 29| 4 Dobré Voda 23.04.1906 48,6 17,51 | 32| 4 Dobra Voda
24.04.1906 48,6 17,51 | 26| 3 Dobré Voda 07.03.1930 48,6 17,51 | 26| 3 Dobra Voda
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Date Lat Long | M | |, Epicentre Date Lat Long | M | I, Epicentre
25.04.1906 48,6 17,51 | 26| 3 Dobra Voda 07.03.1930 48,6 17,51 | 26| 3 Dobra Voda
10.05.1906 48,6 17,51 | 26| 3 Dobra Voda 07.03.1930 48,6 17,51 | 32| 4 Dobra Voda
12.05.1906 48,6 17,51 | 26| 3 Dobra Voda 08.03.1930 48,6 17,51 | 26| 3 Dobra Voda
15.05.1906 48,6 1751 |34 5 Dobra Voda 09.03.1930 48,6 17,51 | 26| 3 Dobré Voda
31.05.1906 48,6 17,51 | 26| 3 Dobra Voda 09.03.1930 48,6 17,51 | 26| 3 Dobré Voda
31.05.1906 48,6 17,51 | 32| 4 Dobra Voda 15.03.1930 48,6 17,51 | 26| 3 Dobré Voda
01.06.1906 48,63 | 1767 |34 | 5 Dobra Voda 17.03.1930 48,6 17,51 | 26 | 3 Dobré Voda
02.06.1906 486 | 1751 | 29| 4 Dobra Voda 17.03.1930 486 | 1751 |34 | 5 Dobra Voda
07.06.1906 | 48,57 | 176 |32 | 4 Dobra Voda 18.03.1930 486 | 17,51 |26 | 3 Dobra Voda
20.06.1906 486 | 1751 | 29| 4 Dobra Voda 18.03.1930 486 | 1751 | 26| 3 Dobra Voda
04.07.1906 48,6 17,51 | 28| 4 Dobré Voda 13.12.1955 4849 | 17,44 | 32| 4 Pernek-Modra
08.08.1906 486 | 17,51 | 26| 3 Dobra Voda 22.06.1957 48,5 174 |26 | 3 Smolenice
09.08.1906 486 | 17,55 | 26| 3 Dobra Voda 01.07.1957 48,5 174 |29 | 4 Smolenice
10.08.1906 48,6 17,55 | 26 | 3 Dobré Voda 03.07.1957 48,5 174 | 26| 3 Smolenice
13.08.1906 48,6 17,51 | 26| 3 Dobra Voda 04.07.1957 48,5 174 | 23] 3 Smolenice
14.08.1906 48,6 17,51 | 26| 3 Dobra Voda 17.06.1967 48,58 | 1738 | 3,7 | 5 Dobré Voda
15.08.1906 48,6 17,51 | 26| 3 Dobra Voda 03.12.1967 48,57 | 1739 |43 | 7 Dobré Voda
16.08.1906 48,6 17,51 | 26| 3 Dobra Voda 26.07.1976 48,76 | 1755 | 32 | 4 Pernek-Modra
16.08.1906 48,6 17,55 | 26 | 3 Dobra Voda 28.07.1976 48,76 | 1755 | 32 | 4 Pernek-Modra
17.08.1906 48,55 | 1758 | 26 | 3 Dobré Voda 05.08.1976 48,76 | 1755 | 29 | 4 Pernek-Modra
25.08.1906 48,6 17,51 | 32| 4 Dobra Voda 19.08.1976 48,76 | 1755 | 29 | 4 Pernek-Modra
06.09.1906 48,6 17,51 | 32| 4 Dobra Voda 24.08.1976 48,57 | 17,36 | 4 6 Pernek-Modra
11.09.1906 48,6 17,51 |32 ] 4 Dobré Voda 11.04.1977 48,5 175 |34 | 5 Dobré Voda
16.03.1908 486 | 1751 | 29| 4 Dobra Voda 21.03.1980 48,5 174 |29 | 4 Pernek -
25.05.1908 486 | 17,55 | 26| 3 Dobra Voda 13.03.1987 | 48,59 | 17,74 | 2,4 Dobra Voda
26.05.1908 486 | 17,55 | 26| 3 Dobra Voda 22.03.1987 | 48,47 | 17,56 | 2,3 Dobra Voda
18.12.1908 486 | 1751 | 32| 4 Dobra Voda 30.05.1987 | 48,52 | 17,71 | 2,8 Dobra Voda
04.01.1909 486 | 17,51 | 26| 3 Dobra Voda 01.07.1987 | 48,52 | 17,39 | 2,3 Dobra Voda
08.01.1909 48,6 17,51 | 26 | 3 Dobré Voda 12.03.1989 48,49 172 | 23 Plavecke
09.01.1909 48,6 17,51 | 26| 3 Dobra Voda 21.10.1991 48,57 175 |31 4 Dobré Voda
14.03.1909 48,6 1751 |37 | 5 Dobra Voda 27.04.1992 48,44 | 17,22 | 2,3 Bratislav
16.01.1910 48,6 17,51 | 26| 3 Dobra Voda 14.07.1992 48,48 | 1757 |33 | 4 Dobré Voda
06.09.1929 4858 | 1755 |34 | 5 Dobra Voda 06.11.1997 48,52 17,8 | 1,2 Jaslov. Bohunice
04.03.1930 48,46 | 1747 | 23| 3 Dobra Voda 11.01.1998 48,51 17,67 | 1,6 Jaslov. Bohunice
04.03.1930 48,6 17,51 | 37| 5 Dobra Voda 03.08.1998 48,53 | 17,67 | 0,5 Jaslov. Bohunice
05.03.1930 48,6 17,51 | 22| 3 Dobra Voda 05.05.1999 48,5 17,72 | 1,2 Jaslov. Bohunice
05.03.1930 48,6 17,51 | 26| 3 Dobra Voda 05.05.1999 48,49 | 17,73 2 Jaslov. Bohunice
05.03.1930 48,58 | 17,62 5 8 Dobra Voda 18.10.1999 48,55 | 17,72 2 Chtelnica
06.03.1930 48,5 1745 | 26| 3 Dobra Voda 19.10.1999 48,41 17,42 | 1,1 Dolne Ore
06.03.1930 486 | 1751 | 26| 3 Dobra Voda 27.04.2000 | 48,43 | 17,48 | 1,6 Boleraz
06.03.1930 486 | 1751 | 26| 3 Dobra Voda 28.05.2000 | 48,53 | 17,44 | 1,9 Horna Krupa
06.03.1930 486 | 1751 | 26| 3 Dobra Voda 28.05.2000 | 48,53 | 17,44 | 0,5 Horna Krupa
06.03.1930 48,6 17,51 | 26| 3 Dobra Voda 08.08.2000 48,5 17,54 | 1,5 Nahac
06.03.1930 48,6 17,51 | 26| 3 Dobra Voda 24.01.2001 48,5 17,53 | 1,2 Nahac
06.03.1930 48,6 17,51 3 4 Dobra Voda 06.06.2001 48,65 | 17,79 1 Vrbové
06.03.1930 48,6 17,51 | 32| 4 Dobra Voda 28.06.2001 48,61 17,8 | 1,2 Trebatice
06.03.1930 48,48 | 1753 | 26 | 3 Dobra Voda 15.12.2002 48,52 | 17,47 | 1,8 Dobré Voda
06.03.1930 48,55 | 17,63 |46 | 7 Dobra Voda 05.04.2003 48,55 | 17,46 | 1,5 W Slovakia
07.03.1930 486 | 1751 | 26| 3 Dobra Voda 17.06.2003 | 48,55 | 17,77 | 2 W Slovakia
07.03.1930 486 | 1751 |26 | 3 Dobra Voda 19.09.2003 | 4859 | 17,54 | 25 | 3 W Slovakia

Tab. 4. Earthquakes within 13 km (white) and 26 km distance (grey) from the 1906 Dobra Voda earthquake. The mainshock on 10.01.1906
is highlighted. I,: Epicentral intensity (EMS98); M: magnitude estimated from |,. Data source: ACORN catalogue (ACORN, 2004). Data marked

with * from Shebalin and Leydecker (1998).
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Fig. 4: Number of recorded earthquakes plotted versus epicentral distance from the 10.01.1906 Dobra Voda mainshock (see Figure 3 for location).

distances up to 26 km from the Dobra Voda mainshock
(Fig. 5). In contrast, after the 1906 earthquake, the seis-
micity level significantly increased, especially within
13 km of epicentral distance. In total, 158 earthquakes
were observed within 13 km from the mainshock and

only 25 earthquakes in distances between 13 km and
26 km. This concentration of seismicity close to the main-
shock continues until the 1990s. This evolution can be in-
terpreted as an ongoing aftershock sequence of the 1906
Dobra Voda earthquake. The earthquakes outside the

Magnitude vs. occurrence time
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Fig. 5: Magnitude vs. occurrence time plotted for earthquakes in the vicinity of the Dobré Voda earthquake. Blue diamonds show seismicity within
13-26 km distance, green diamonds within 0-13 km distance of the mainshock. Note the data gaps due to World War | (1914-1918) and World War Il

(1939-1945). 1800 indicates the onset of catalogue completeness for I,<V (= M < 3.5) is marked according to Nasir et al. (2013).
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Magnitude vs. Occurrence time
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Fig. 6: Magnitude vs. time plot for earthquakes in the Dobra Voda region between 1900 and 2004. Blue diamonds show seismicity within 13-26 km
distance, green diamonds within 0-13 km distance of the mainshock. The time series includes two major events: the 10.01.1906 (M=5.7) and 03.05.1930
(M=5) earthquakes. Black lines show aftershock sequences expected from Omori’s law, the red dotted lineis the possible interpretation of a
several-decades-long aftershock sequence following Stein and Liu (2009). The gray vertical lines indicate temporal windows following Gardener and

Knopoff (1974), as interpolated from Tab. 3.

13 km radius restart again around 1975. In general, the
area experiences elevated seismicity until today.

In Fig. 6, earthquakes at the Dobra Voda Segment are
plotted for the time 1900-2004. The two major earth-
quakes in 1906 (M=5.7) and 1930 (M=5) are shown to-
gether with expected aftershock occurrences calculated
from Omori’s law (black lines in Fig. 6; Ogata, 1983) and
the aftershock duration based on Gardner and Knopoff
(1974) inTab. 3. Using the values in Tab. 3, the latter meth-
od indicate 155 days of aftershocks for an earthquake of
M=5 and 378 days for an earthquake of M=5.7 (grey lines
in Fig. 6). Both time windows and the times of increased
seismicity calculated from Omori's law are too short to
cover the actual aftershock occurrences for the 1906
mainshock. Therefore, we discard the temporal windows
as a suitable approach to define the aftershock sequence.
Fig. 6 further indicates that Omori’s law is suited to ex-
plain the aftershock occurrence for both major earth-
quakes. However, for the 1930 earthquake, we cannot be
sure if the whole length of the aftershock sequence is re-
corded or if the aftershock sequence is cut short by an in-
complete earthquake record. Therefore, the coincidence
of data gaps due with war times (1914-18/1938-1945)
and the recovery period afterwards may prevent a final
conclusive interpretation of the aftershock sequences of
the 1906 and 1930 events.

The temporal distribution of earthquakes within the
13 km radius around the 1906 earthquake show a long-

term decay, which fits the model of Stein and Liu (2009)
who proposed aftershock sequences extending over sev-
eral decades to hundreds of years. Fig. 7 displays after-
shock durations for selected events from three tectonic
settings: plate boundary faults, broad plate boundary
zones, and continental interiors (Stein and Liu, 2009).
Despite the uncertainties in estimating both the dura-
tion and the rate at which tectonic slip loads the faults,
the data indicate an inverse relationship between the
aftershock durations and the slip rates. Faults at plate
boundaries that are loaded by the rapid (typically faster
than 10mm/yr) plate motion show aftershock durations
of about ten years. Faults within broad plate boundary
zones but off the main boundaries move at only a small
fraction of the plate motion (a few millimeters per year)
and have longer aftershock durations (Stein and Liu,
2009). In diffuse plate boundary zones such as the North
American Basin and Range, aftershock sequences often
continue for fifty years or more. Considering the geologi-
cal slip rate of 1-2 mm/yr for the Vienna Basin fault (Deck-
eretal., 2005; Grenerczy et al., 2000; Grenerczy, 2002) and
the ongoing elevated seismicity level in the Dobra Voda
region, the 1906 Dobra Voda earthquake fits well into the
data presented by Stein and Liu (2009). Therefore, the ob-
served seismicity at the Dobra Voda area might be still
be influenced by the 1906 earthquake and could be in-
terpreted as an extended aftershock sequence of almost
100 years duration.
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Fig. 7: Aftershock duration vs. fault loading rate for large earthquakes in different tectonic settings from Stein and Liu (2009). The solid line shows the
model prediction. Aftershock durations have bars showing the span of published estimates. One-sided constraints have bars at the known value and
arrows indicating the open value. For example, the New Madrid aftershocks span at least 200 years, but the upper bound is unconstrained. Similarly, the
Wasatch aftershocks span less than 600 years, but the lower bound is unconstrained. Data and source for this plot obtained from the Supplementary
Information of Stein and Liu (2009). The Dobra Voda aftershock span is 100 years, but the upper bound is yet unconstrained. The graph shows that the
Dobra Voda aftershock sequence fits well to the model prediction for the slow (1-2 mm slip/yr) Vienna Basin strike-slip fault system, 1 kyr = 1000 years.

5 Conclusions

The 1906 Dobra Voda earthquake is the dominant earth-
quake at the northern part of the Vienna Basin Trans-
fer Fault and has influenced the local seismic activity
throughout the 20th century. Environmental effects of
the earthquake described by contemporary authors in-
clude hydrological effects and mass movements with
surface cracks, which help to constrain the epicentral in-
tensity for the Dobra Voda mainshock and its strongest
aftershock in 1906. Applying the ESI 2007 intensity scale
to these effects leads to an assessment of the related epi-
central intensities with =X and | ,=VIII, respectively. This
new intensity estimates are regarded more appropriate
to describe the maximum intensity of the events than
the values listed in the ACORN and CENEC catalogues
(ACORN, 2004; Grunthal et al., 2009).

Analysis of the temporal evolution of seismicity around
Dobré Voda reveals that significant earthquakes (M=4-5)
that occurred in the centuries prior to the mainshock are
scattered over the entire region. After the 1906 Dobra
Voda mainshock, seismicity mainly concentrates within a
distance of less than 13 km from the epicentre. This seis-
micity pattern persists for about 70 years.

The slow regular decline of seismicity after 1906, best
shown by the gradual decrease of the largest observed
magnitudes (Fig. 6), suggests that the aftershock sequence
might have lasted longer than predicted by the Omori law
and the level of background seismicity is only reached
more than about 100 years after the mainshock. The ob-
served seismicity pattern fits to the model of century-long
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aftershock sequences in intraplate regions as described
by Stein and Liu (2009), suggesting that the slow loading
rate of the VBTF can lead to aftershock sequences of severe
earthquakes that exceed 100 years duration.
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