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Abstract. A new homogenous earthquake catalogue cover-l Introduction

ing Bulgaria and the surrounding Balkan area has been cre-

ated with intention of performing a consistent seismic haz-Historical earthquake catalogues attempt to represent an
ard assessment across the region. In keeping with moderarea’s seismicity as accurately and as completely as possi-
requirements of cataloguing seismicity, this catalogue ha$le. The most abundant and accurate information is during
been made homogenous as far as possible with regards the instrumental period, i.e. from the start of the 20th cen-
magnitude, which has been provided on any of four differ- tury. Extending further back in time requires access to exten-
ent reported scales for each event;, Mg, M,, and M. sive macroseismic data, early historical records and public
A key historical catalogue for the region has been used taeports, and palaeo-seismicity records. An improvement in
represent the early instrumental period of earthquake recordquality and distribution of seismograph stations over time has
ing (1900 to 1963), whilst data have been obtained from theenabled a consistent improvement in earthquake data record-
International Seismological Centre (ISC), National Earth-ing. A sharp increase in the numbers of events reported was
guake Information Center (NEIC) and National Observatoryseen during the 1960’s with introduction of the World Wide
of Athens (NOA) to cover the instrumental period of earth- Seismological Station Network (WWSSN) that provided a
guake recording (1964 to 2004). I1SC data have also beerneliable and modern global source of recorded earthquake
used to develop a newyn>M; magnitude conversion equa- data for researchers to access, and use for many reasons, in-
tion for the catalogued region. Application of this new mag- cluding creation of earthquake catalogues.

nitude conversion relation, in combination with other se-  Shebalin et al. (1998) noted that the “. . . territory of Europe
lected magnitude scale correlations, ensures reported magnis a whole is not covered by a system of homogenous earth-
tudes can be systematically rendered onto homogenized Mquake catalogues”; Musson (1999) provided support to this
and M, scales for all earthquakes. This catalogue containglaim “...the absence of a reliable, homogenised catalogue
3681 events with homogenized magnitudes0 M,,, forthe  for the whole region...”. Interest has often been biased to-
time interval 1900 to 2004 (inclusive), located in the region wards more seismically active provinces. This is reflected in
bounded by 38-45° N, 19-29 E, at focal depths of 0.0km  Bulgarian seismicity not having the same luxury as its more
to 401.0km and in a magnitude range 4M,,<7.2. Se-  seismically active and consequently better known neighbours
lected large magnitude (6.0 My) earthquakes have had in the region, e.g. Greece and Turkey, with regards to the ex-
their reported magnitudes reassessed — and adjusted if necaent to which it has been catalogued in the past. It is often
sary — in light of work by other authors. Applied statistical only partially covered or entirely excluded from catalogued
approaches aimed at determining the lower threshold to magareas, and as such seismic risk mitigation will suffer for this.
nitude completeness suggest this catalogue is complete dowburing the second half of the 20th century, a number of au-
to a homogenized surface-wave magnitude of 4,6 M thors have taken steps to rectify this shortfall, notably by She-
balin etal. (1974, 1998), @Gnthal and Wahlstrm (2003) and
Burton et al. (2004).

This earthquake catalogue and its structure has been gov-
erned by seven criteria considered key in developing a robust
Correspondenceto: T. J. Bayliss and suitable tool for seismic hazard assessment. These are
(t.bayliss@uea.ac.uk) born out of limitations with previous attempts in cataloguing
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Bulgarian and Balkan seismicity, “best practice” principles along with developed region-dependent magnitude conver-
of earthquake cataloguing and the intended end use of thision hierarchies. A comprehensive assessment of catalogue
catalogue. These reasons and criteria are: completeness is also provided. This catalogue will form the
main data source for a probabilistic seismic hazard assess-
1. Currently there exists no catalogue using the best availment (PSHA) for Bulgaria and the surrounding Balkan re-
able data that covers the study area; gion that will be covered in future papers.

2. A need to cross political boundaries as earthquake pop-
ulations don't adhere to them (Alsan et al.,

at 1975; Giar-  previous catalogues of Balkan seismicity
dini, 1999; Baba et al., 2000);

3. Catalogues that do cover sections of this study regionct?talo?u:jng ?f Bulgarl?an a?]d ialkanSSﬁsnl](lcny r,la(smkzeen
are often creations of humerous merged data source 19e7m7p eM ke ore, Ie.g. 19“7); a; %va, 1579(3”1;\?1 &“P
(many of which themselves would have been derived in 1979)’ c a rtop(z'u 0s ( d)M a u1(980 ,M K ), Iurcarud
this manner). Creation of an historical earthquake cat-( ), Constan Inescul an arza ( _ ), Ma ropouios an
alogue requires use of several resources to form a tooEurtor_' (1981), Stanishkova and Slejko (1991)’ Trifu and
that is consistent, complete and adheres to specific crite- adulian (1991) and O_ncescu etal. (1999)' Figures 1a and b
ria. However. over zealous use of an excessive nurnbeplustrate the geographical coverage of this catalogue, along

' with a selection of others described in this section.

of secondary resources may introduce new and unnec- Karrik (1968 q | tor £ dth
essary problems such as event duplication and inclusion am ( ) pr(_asente a cgta ogue for Europe an the
editerranean region for the time interval 1901 to 1955

of fake entries (Musson, 1999). The aim here has beer{\/I o ) N >~
.consisting of events with macroseismic intensitigsV| or

to use resources economically and effectively as possi- X - )
ble, especially with few resorts to secondary resources;magn't.uo'.8324'5 M. as part of the E_u_ropean Seismological
Commission’s Project of the Seismicity of Europe. It sought
4. Ultimately, this catalogue is intended to be used in seisto achieve uniform magnitude determinations for the Eu-
mic hazard analysis of a specific area, in unison with aropean area (defined approximately as-Z&" N, 30° W—
second catalogue. Its format is strictly governed by that65° E) by applying calibration curves with station and depth
defined in Burton et al. (2004) to enable tasks outlinedcorrections. This aimed to provide homogeneity through data
in Point 7; in terms of space, time and seismic energy source. Macro-
seismic epicentres in Bulgaria were given tor&presenting
5. Catalogues that are Currently best representations of thﬂ]e centre of the meizoseismal area or the |ocationn9;' |
seismicity of this region (e.g. &rik, 1968, 1971; She-  Romanian events are given to an accuracy of;0TLrkish
balin etal., 1974, 1998; and the British Geological Sur- eyents to 0.1 and P; Greece to 1, 1/2, 1/4 and 0.2.
vey's hypocentre database) are known to possess fak¢he sub-project that provided data for the region of inter-
and duplicate entries, have missed events, poorly asest, i.e. seismicity of the “Baltic Shield”, presented a seis-
signed, or suffer from issues specified above magni-motectonic map for Europe and a study of the seismicity of
tudes (S. Sargeant and R. Musson; personal communithe Carpathian and Balkan regionaiik (1971) continued
cation; Shebalin et al., 1998); this work, focusing on events with macroseismic intensities
6. A desire to make a magnitude homogenous catalogutlao?l_\é” fgrl\:gi;iLrjnl\TIEirSltgrc\)/a!BOl to :9:\)0. Seismici £ th
for the area of study, using carefully selected magnitudeB Ike Reai duced Ltlrzve); of the elfrglcg)r/l Ob It € t
conversion equations depending upon the time and aregan egion produced the long respecte ebalin €
in question: al. (1974) catalogue. This presents a collt_actlon (_)f th_e main
earthquake parameters for Balkan events in the time interval
7. To create a catalogue that is homogenous with the Greefk901 to 1970, with M4.0 or b>VI. It was accompanied
catalogue of Burton et al. (2004) covering the adjacentby an Atlas of Isoseismals for key historical earthquakes in
Greek and Aegean region. This will enable seismic the study region. The main sources used to derive its content
hazard assessments over a wider area of interest, for were listings of Galanopoulos (1960, 1963)aridk (1968,
longer time interval than is currently possible with any 1971) and Papazachos and Comninakis (1971).
single earthquake catalogue currently available or ei- Alsan et al. (1975) provided the first computerized earth-
ther catalogue used in isolation, through consolidationquake catalogue for Turkey, covering the region 35.5
of these catalogues. 42.5° N, 25.5-45 E for the period 1913 to 1970. This pur-
sued the highest possible magnitude homogeneity and com-
Therefore, this paper creates a new historical earthquake capleteness through application of P-wave readings from data
alogue for the Balkan region in detail. A description of mag- sources such as the British Association for the Advancement
nitude conversion equations used, with particular emphasief Science, Bureau Central International deisgnologie
on conversion from g—M; magnitude scales, is provided (BCIS), the International Seismological Summary (ISS) and
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(after 1963) the International Seismological Centre (ISC).
Earthquake epicentres depended on the Herrin earth model
and magnitudes were obtained on a homogenizgdiligni-

tude scale.

For the Aegean and its surrounding area, extending into 55
southern Bulgaria, Papazachos et al. (1997) developed a
strategy to create a new catalogue that could be considered
homogenous on the moment magnitude scale. They de- **
velop a suite of magnitude conversion relations to allow ho-
mogenising of earthquake magnitudes from the other stan- |~
dard magnitude scales, in addition to new empirical rela-
tions with macroseismic data of the region. Papazachos et
al. found equivalence between M (magnitude determined
from a Wiechert or Mainka seismograph) and,Mvhen
5.0<M<8.0, and also to Mwhen 6.0M<8.0. Section 6 *
outlines how other authors mentioned in this section have
found these magnitude equalities to hold similarly for other(a) woE
regions of Europe.

Shebalin et al. (1998) supersedes Shebalin et al. (1974). S S
This earthquake Catalogue for Central and Southeast Europe  “rrodgprrcsccciomoasoosso ooy
(CSEE) was compiled within the framework of the Russian- V
German project “Reevaluation of the earthquake data for
the areas between the EU countries and the territory of the 7
FUSSR (former USSR)”. This comprehensive earthquake
catalogue covers the time interval 342 BC to 1990, arfd-38
55° N, 10°—35’ E for the countries: Poland, Czech Republic,
Slovakia, Hungary, Slovenia, Croatia, Bosnia and Herzegov-
ina, Serbia, Montenegro, Macedonia, Albania, Romania and
Bulgaria in their entirety as well as western Turkey. Over
50 articles and publications were consulted to enable report-
ing of magnitudes for 3949 earthquakes in one of four for-

35° 40° 45° 50° 55°
60° Mo X e = = - = 60°
% 4 ——- Alsan et al. (1975)
Stanishkova & Slejko (1991)
- - Shebalin et al. (1998) iy
—- Musson (1999)
--- Baba et al. (2000) 55°
—-= Burton et al. (2004)
—— This catalogue

40°

-+ Oncescu et al. (1999)

_ Makropoulos and
Burton (1981) .
70
Grunthal and

Wahlstrom (2003)

Prochakova et al.
T (1977)

This catalogue

60° 60°

50° 50°

B ISR R R R R L R R R R R R R E e e

mats: M, derived from macroseismic and mixed determina- "

tions (including estimation from observed maximum inten- 4R 40°
sity, Imax, and depth); M derived from direct measurements; : Wl

M, converted from SP, LP etc. phases; ang derived 30° " : A 30°
from direct measurements. Each earthquake was assigned e L e i e

one magnitude estimate, and one epicentral intensity esti®)

mate (based on the MSK-64 — Medvedev-SponhelamriK _ _
Fig. 1. (a) and(b). Geographical coverage of the catalogue created

— scale), with each having an inferred uncertainty attached. . = ° ) .
The “southern Balkan area” 334% N, 18—30 E is cov- in this study and those of selected other studies. The geographic

extent of (b) represents&rik (1968, 1971). This is irregular in
ered by Baba et al. (2000) for 196‘_1 to 1995. They l’e'shape, wiEh)thepIimits represe(ntative of th)e latitude anc?longitude
port 60473 shallow-focus events with surface-wave andgytremes of the region catalogued.
body-wave magnitude estimates drawn from the ISC and
National Earthquake Information Center (NEIC) if avail-
able. Additionally, local magnitudes as reported by the Geo- Griinthal and Wahlstirm (2003) merge 55 individual stud-
dynamic Institute of the National Observatory of Athens ies and catalogues to create an,Mased earthquake cat-
(NOA), the Geophysics Laboratory of Thessaloniki Univer- alogue for the region bounded by 442 N, 25°W-32 E
sity (GLAUTH) and the seismological stations of Kandili, (approximately equivalent to GSHAP (Global Seismic Haz-
Istanbul (ISK), Tirana (TIR), Titograd (TTG) and Skopje ard Assessment Program) Region 3; Giardini and Basham,
(SKO) are cited and used to develop relations between local993) and time interval 1300 to 1993. Data on approximately
magnitudes obtained from each station. Scaling relations be5000 events is provided, calibrated onto a homogenizgd M
tween reported M estimates of local networks and the corre- magnitude scale through application of a hierarchical con-
sponding seismic moment magnitude were also used to reacversion system. Values for epicentral intensity, dre also
magnitude homogeneity in terms of, M provided. This catalogue has a lower magnitude threshold of
3.5My,.
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Burton et al. (2004) extend Makropoulos and Burton’s The final year of the catalogue, 2004, is represented by
(1981) catalogue with an additional 18 years data from thedata contributed by NOA. NOA cites earthquakes on the
ISC, NEIC, NOA and Harvard-Centroid Moment Tensor local magnitude scale, M NOA provides a further 96
(HRVD-CMT) databases. Magnitude conversion equationsevents in the moment magnitude range\,, <5.8 and fo-
from m,, My, M,, and M, scales onto homogenized, M cal depth range 2.0 to 98.0 km.
and M, tested to ensure magnitude homogeneity, provide
5198 events during 1900 to 1999 on the homogenizedhd
M, scales, along with originally reported,mM;, M,, and

M, magnitude estimates. This work provides the templateData sources representing the early instrumental period of

against Wh'Ch the creation of this new regional earthqual(erecording and considered reliable to maintain magnitude ho-
catalogue is based.

mogeneity with the remainder of the instrumental period of
seismology were needed. Many sources were considered, in-
cluding the catalogues ofarik (1968, 1971) and Shebalin
et al. (1974), which have since been superseded by Shebalin
et al. (1998).

Much emphasis was finally placed upon the catalogue of

The ISC hypocentre database is generally accepted to be t%hebalri]n et il' %998;' Thri]s catallogue becamelthe sol; sdource
standard source of earthquake location and magnitude dafd ear]E quake I ata for the early mstrufmenft_? recorced pe-
for the instrumental period of definitive recording. The ISC riod of seismology, 1900 to 1963. After filtering events

publish revised event locations approximately 24 months aflo regional boundaries and to a minimum momen_t magni-
ter they occur. This allows the greatest possible numbeltude threshold of 4.0 M, Shebalin et al. (1998) provides an

of phase readings to be collected for analysis. Typica”yadditional 955 events in the homogenized magnitude range
earthquakes are reported on the body-wave magnitude scalé;of,vll”f?'2 and foca! depth range 0.0_to 160.0km. D"?‘ta
my. In addition, surface-wave magnitudes, Mre often re- representing the early instrumental and instrumental periods
ported occasi(;nally moment magnitudes, ;\&re reported of recording were not filtered to remove quarry blasts within

and rarely local magnitude, M and duration magnitude, the catalogued region.
MD, estimates are reported.

Data were collected from the ISC hypocentre database fo5  Ajterations to reported magnitudes of historical
the time interval 1964 to 2002. Only primary hypocentres  ayents
were selected for those earthquakes located in the region of
interest regardless of the agency that computed them. AfteRe-evaluation of magnitude estimates originally reported by
removing a small number of events with no reported magni-seismological agencies is commonplace in earthquake stud-
tudes, filtering to the study region, and adopting a homog-es with the advent of more data over time. This is particu-
enized magnitude threshold of 4.QMISC data provided larly true of larger magnitude, destructive events. Similarly,
2569 events. Reported magnitudes provided in the cataloguig will often be older events of the early instrumental and his-
were extracted from the ISC bulletin on a hierarchical ba-torical periods that need re-evaluation due to an initial lack of
sis. If the ISC had computed an estimate (for any magnitudea comprehensive review of macroseismic and/or instrumental
type used) that was selected; if no ISC estimate was availgata.
able, an estimate of the NEIC were sought; if no NEIC esti- One event for which the magnitude has long been a source
mate was available, then magnitudes computed by the Unief contention, and is of importance here, is the 4 April 1904
versity of Athens (ATH) were sought. If none of these were Kresna event. This event was reported with a body-wave
available, a magnitude calculated by any other reporting stamagnitude estimate of 7.8y Shebalin et al. (1998), mak-
tion was accepted. All events are within a magnitude rangeng it the strongest shallow focus earthquake in Europe of
4.0<M,,<7.2, a time interval of 1964 to 2002 and a focal the last two centuries (Sledzinski, 2000; Ranguelov et al.,
depth range 0.0 to 401.0 km for the region bounded 5¥-39 2000b). A lot of research has been undertaken during the lat-
45° N, 19-29 E. ter half of the 20th century focusing upon evaluation of this

To extend the time interval available, data of the NEIC earthquake’s magnitude. Grigorova and Grigorov (1964),
were acquired for 2003. NEIC report earthquake locationsChristoskov and Grigorova (1968), Ranguelov et al. (2000a,
and magnitudes in near real time, and are assigned one of elp; 2001), Rizhikova et al. (2000), Toteva et al. (2000), and
ther Mz, my,, Mg MD or M,, (reported by any one of a num- Meyer etal. (2007), and references therein, all report on mag-
ber of reporting stations or agencies; e.g. ISK, ATH, IST, nitude estimates for this event, the seismic sequence in which
BRK, ATU, SKO, TRI, TIR, RMP, GRF). NEIC data pro- it occurred and the seismic potential of the localised Kresna-
vides an additional 61 events in the moment magnitude rang&rupnik seismic zone. Ranguelov et al. (2000b) especially
4.0<M,,<5.5 and focal depth range 0.0 to 72.0 km. makes effort to highlight how a number of previous studies

4 Early instrumental period

3 Data sources

3.1 Instrumental period

Nat. Hazards Earth Syst. Sci., 7, 345-359, 2007 www.nhat-hazards-earth-syst-sci.net/7/345/2007/
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apply alternative methods to appraise this earthquake’s mag¢.1 m,. Dineva et al. (2002) offer a second estimate for this
nitude, produce estimates in the range 6.4 M to 7.9 M usingevent of 6.8 M, that was also attached.

neotectonic movements and observed macroseismic intensity . _
estimates respective|y_ 572 14 June 1913 (Gorna OrJa.hOV|tZa.; 43\11 25.7 E)

S. Pavlides has re-evaluated this magnitude to 7.1 to 6.3M;

7.2M;, (Pavlides and Caputo, 2004; Pavlides, S., persona|Dineva et al. (2002) discuss the 14th June 1913 Gorna Or-

communication) using historical and fault rupture measure'jahovitza event. They suggest 6.3 Ms alternative to the

ments, following the revision of Ambraseys (2001), Meyer et estimate of 7.0 M :

o - . proposed by Shebalin et al. (1998). Ad-
al. (2002), and Papazachos (1990) and application Ofemp'”aitionally, Bungum et al. (2003) suggests 6.8 kb derived
cal formulae frc_)m Ambrase)_/s and Jackson (1998). and We”ﬁ)y the Pasadena seismological observatory. This revised es-
and Coppersmith (1994). Dineva et al. (2002) estimates th'%imate of 6.3M by Dineva et al. (2002) was adopted for

i\l/)ent’s Zulrr‘ace-vrt/av;zgnggghlttrtde asi.2 M ?greerng&vt\)nth this catalogue, as source parameters have been used to de-
e and Noguchi ( ; after revision from 7.3M\be rive it, instead of analog and digital records by Bungum et

and Noguchi, 1983a) and Pacheco and Sykes (1992). Consgﬂ_ (2003).

quently, this new estimate of 7.2\Ms attached to the 1904

Kresna event, in addition to the original body-wave magni-5.3 14 and 18 April 1928 (Plovdiv; 42N, 25.2 E and
tude estimate of Shebalin et al. (1998). These studies in- 42.1°N, 25.0 E) 6.7 M, and 7.0 M,

tended adjustment of the magnitude of this event (along with

other large magnitude early instrumental events that are deBimitrov et al. (2004) re-evaluated the Chirpan and Plovdiv
tailed later) to counter the effect of using undamped narrow-events of 14 and 18 April 1928. These were initially assigned
band seismometers (Koravos et al., 2003). magnitude estimates of 6.8Mand 7.0 M respectively by

To maintain consistency across large magnitude events ifphebalin et al. (1998). Dimitrov et al. obtain moment
this catalogue, additional earthquakes of note were reviewedhagnitude estimates of 6.7Mand 7.0 M, respectively for
to determine if their magnitudes had been re-evaluated byhese events.
past authors. Attention was paid specifically to the early in- These re-evaluations are used in the catalogue, in addition to
strumental period, 1900 to 1963, and events with a reportedetaining magnitude estimates of Shebalin et al. (1998). Also
magnitude of M>6.0 (where M is a generic reported magni- noteworthy is Karakostas et al.’s (2006) attempt to determine
tude scale representing,ifM,, M;, and M,). The instru-  Slip distribution and fault geometry using surface faulting
mental period (1964 to present) was not reviewed further a@.nd deformation. This enabled them to derive alternative
this period is covered largely by data of the ISC. A numberand comparable moment magnitude estimates, not attached
of studies have re-evaluated ISC data, notably Makropoulo$0 this catalogue, of 6.5 Mand 6.9 M, for the Chirpan and
and Burton (1981), Engdahl et al. (1998) aretéz (1999) Plovdiv events respectively.
in relation to hypocentre locations and teleseismic report-
ing’ Comp|eteness and magnitude homogeneity determina- In addition to the re-evaluated events discussed above,
tion. This particular task is considered outside the scope oBungum et al. (2003) assess a number of events by looking
this study, given that Makropoulos and Burton (1981) ob- atlong-period ground motions for large magnitude European
tained small improvements in hypocentre locations (generﬁarthquakes of the 20th Century. The fOIIOWing events are of
ally <10km) and Engdahl et al. (1998) achieved similar re- note in their work:
sults for their re-determined hypocentres, suggesting they ap-
peared to be regionally systematic, and possess substantigd4 6 January 1905 (42,01, 19.5 E) 6.6 M,

improvements on focal depth estimates when comparing toAssigned 6.6 Mby Shebalin et al. (1998), Arik (1971) and

other estimates. It was deemed generally acceptable to us§ungum et al. (2003). The magnitude estimate of Shebalin
ISC hypocentre locations without further analysis. et al, (1998) was retained

The events in this catalogue that have been re-evaluated in
terms of their magnitude are as follows (along with the newly 5.5 3 January 1906 (4. N, 20.0’ E) 6.4 M

attached or alternative magnitude estimates):
This event was assigned surface-wave magnitude estimates

of 6.4 My by Shebalin et al. (1998), and 6.5Nby Karrik
(1971) and Bungum et al. (2003). The magnitude estimate of
Ehebalin et al. (1998) was adopted.

5.1 4 April1904 (Kresna; 41°N, 22.9 E) 6.9 M,/6.8 M,,

Pavlides and Caputo (2004) re-evaluated the main foreshoc
to the 1904 event. This was re-assigned with a surface-wavg g 18 March 1953 (40°(N, 27.3 E) 7.2 M, and 7.2 M,
magnitude estimate of 6.8 to 6.9 Monsequently this cat-

alogue reports the Mmagnitude for this event as 6.9,Nh This event was not reported by Shebalin et al. (1998) and as-
addition to the original estimate by Shebalin et al. (1998) ofsigned 7.2 M and 7.2 M, by Pacheco and Sykes (1992). Full
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12.0 The region catalogued has 638 events with pairgcahd

7 m;, ISC magnitude estimates. RegressingWlues on m
for these earthquakes results in Egs. (2) and (3) using stan-
dard single and York (1969) double-error regression tech-
niques respectively;

10.0

8.0

o Ap N

M, = 1.4311(+0.040)m;, — 2.4394+0.178) @)

6.0

M, =1.9418+0.0443m,;, — 4.7256+0.2002 3

4.0
Single error regression assumes uncertainty only in data of
the y-axis variable. York (1969) presented reasoning for the

: least squares quadratic to be used in generalised forms when
0.0 it is found that errors in the y-coordinate of a given point

Mg (ISC reported)

20 8

, is correlated to errors in the x-coordinate through the data
2.0 range. Figure 2 plots the 638 events with both amd M,
magnitude estimated by the ISC for the study area with the
40 m,— M, conversion equations of Table 1.
25 30 %5 40 45 80 55 B0 65 7O Clearly, many alternative magnitude scale conversions for

o (SC reported) the region have been proposed and this is inevitably an on-

going situation as more, and better data accumulate. Al-
though the M/m,, pairing is vital, other scale conversions

for both m, and My scales. Line 1 — This catalogue (single er-
ror); Line 2 - This catalogue (double error); Line 3 — Rezapour and . u . o
Pearce (47); Line 4 — Makropoulos and Burton (32); Line 5 — Alsan 1. 2The eX'St?nce, of ah Comnl]on Zrea _39'30 ';l' 19~

et al. (3); Line 6 - Burton et al. (single error (10)); Line 7 — Burton & E overlapping the catalogued region of Burton et

et al. (double error (10)); Line 8 — Shebalin et al. (50). al. (2004), and the equations used for equivalent con-
versions in that work;

Whether the sub-region is north or south of B3(the
boundary between the area “common” with Burton et
al. (2004) and that which is not);

event details from Pacheco and Sykes (1992) were adopted;z'
26 May 1960 (40.5N, 20.6 E) 6.5 M

Assigned 6.2 M by Shebalin et al. (1998) and 6.5Nyy
Pasadena Seismological Observatory (Bungum et al., 2003). 3. The magnitude type;

The magnitude estimate of Pasadena Seismological Obser-
vatory was adopted. 4. The magnitude scale conversion required;

5. Conversion equations used in previous studies.

6 Homogenous magnitude and magnitude regression  Equations used to render each earthquake in this catalogue
conversions onto the required magnitude scales for the region south of
43 N are set as those used in Burton et al. (2004), and these
The International Seismological Centre’s (ISC) database proare summarised in Tables 2a and b. These aim to maintain
vides a rich source of data from which to derive magnitudemagnitude homogeneity between this catalogue, Burton et
regression equations. From 1964 the ISC consistently reg|'s Greek catalogue, and the, e-evaluation performed for
ported m magnitude for the majority of earthquakes. Ad- the Makropoulos and Burton (1981) catalogue. Tables 2a and
ditionally, My magnitude is also frequently reported for the b provide the further conversion equations betwegnand
same event. Consequently, provided a study region is larg@1,, M,, and M; and M,, and m, that apply south of 43N.
enough to contain a reasonable number of events, there is The region north of 43N requires detailed homogeniz-
opportunity to develop regression equations between the twenhg for the purpose of this study. This region is dominated
principle magnitude scales. This method has been applied geographically not only by northern Bulgaria, but also by
number of times to ISC data (see example regression equasputhern Romania and Yugoslavia, and as such, conversion
tions in Table 1) and a good, recent example for global datasquations derived in previous studies of seismicity for them

is provided by Rezapour and Pearce’s (1998) result: are of interest here, as are regressions that can now be de-
termined from data within the catalogue itself.UBthal and
M, = (1.8782+ 0.0222m;, — (4.6046+ 0.1102 (1)  wahlstdm (2003) and Bungum et al. (2003) find the equality
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Table 1. mp,— Mg magnitude conversion relations of note to this work.

Equation Comment Reference
M;=1.59m,-3.97 Gutenberg and Richter (1949)
M;s=1.55m,—2.49 110 events with ISC grand My magnitude estimates Alsan et al. (1975)
covering region of Turkey.
My=1.31m—-1.41 Obtained using ISC data for 126 earthquakes for tidakropoulos and Burton (1981)
time interval 1964 to 1975 (standard deviation of
0.41).
0.86 mb—0.49 Ms=1.94 Obtained using re-evaluated events witt\8(B.0  Ambraseys (1990)

to derive orthogonal regression relationships between
mb, mB, Ml and Ms.

My=(1.8782£0.0222)m—(4.6046:0.1102) Used global data for 13903 earthquakes with ISRezapour and Pearce (1998)
data.

My=1.2m,—1.45 ISC data with paired pand My magnitude estimates Shebalin et al. (1998)
used.

M;=1.306(-0.070)m,—2.037(0.32) 591 events with both ISCinand M estimates using Burton et al. (2004)
single-error regression

M;=3.05¢0.10)m,—10.22¢-0.47) As above, but using a York (1969) double-error reBurton et al. (2004)

gression method.

My =M; holds for central and northern Europe. Oncescu etFigure 3a illustrates all 3681 events contained in the cata-
al. (1999) also adopt this equality. logue. Figure 3b illustrates the 334 events with homogenized
The simple equality between Mand M is not shared by  magnitude>5.0 M;.

other magnitude scale pairs, and the importance of adopting

appropriate magnitude conversion hierarchies in developing

earthquake catalogues is paramount (e.g. Alsan et al. (1975),

Oncescu et al. (1999), Gnthal and Wahlstm (2003) and 7 Catalogue completeness

Burton et al. (2004) all use such strategies to enable an ho-

mogenous magnitude scale). A magnitude conversion hierarA key requirement of any historical earthquake catalogue is
chy was necessary in the development of the GSHAP Project

(Basham and Giardini, 1993; Johnston and Halchuk, 1993):0 be as complete and homogenous as possible with respect

. . . : . magnit intensity or other t rthquak ram-
Magnitude conversion hierarchies are important as they en-O agnitude, intensity or other accepted earthquake pa

. o .., eter; certainly down to a known threshold for a known time
able homogenizing a catalogue onto a specific magnitude .

. . . -~ Span. A number of methods exist that analyse catalogue com-
scale and counteract inhomogeneity resulting from mergin

gpleteness. Data completeness and homogeneity is largely de-

multiple catalogues that may represent two different politi- L . .
. . i : ) pendent upon availability and is governed by factors includ-
cal, geographical or seismotectonic regions, effectively re- L . . ; ;
) . o . ing the time interval in question, geographical region, and
moving the existence of any divide in question.

. : recording instrumentation used. It is fair to assume that with
Thus for the region north of 43\ conversions to i and 9

M; are facilitated by the equations of Tables 2c and d Whiletime’ data.availability V.Vi" impr_ovg In most regions given im-
. . . plementation of superior monitoring methods.

the vital link between mand M is provided by Eg. (3) from )

this study. Hierarchies used to develop this catalogue were The catalogue was truncated at a moment magnitude of

then both aided and constrained by the requirement for it to+-0 My in order to include as many small well-determined

be systematically consistent with, and expand upon, the cat€Vents as possible and thereby provide the best represen-

alogue of Burton et al. (2004). Further detailed investiga-tation of the seismicity. Truncation at 4.0Mrather than

tion of seismic hazard around the southwest political triple4-0M; was done because the latter would remove a sig-

junction between Bulgaria, Greece and Macedonia was als®ificant number of smaller events (4.Q)#2.4 M; whereas

a strong factor in its creation. Consequently, final strategiet-0 Ms=4.9 M,,; Burton et al., 2004).

adopted for conversion onto homogenized moment magni- Catalogue completeness is defined as the magnitude above

tude, M,, and surface-wave magnitude ; Mscales respec- which it is considered to be fully reported. The traditional

tively are given below; Tables 2a and b represent hierarchiesnethod for estimating completeness of a catalogue uses the

of a magnitude conversion selection for the region south ofcumulative frequency-magnitude distribution of Gutenberg

and including 43N and Tables 2c and d represent the regionand Richter (1944) and Richter (1958). For the purposes of

north of 43 N. this paper, magnitude completeness will be examined using:
Figures 3a and b illustrate the final content of this cata-the cumulative frequency-magnitude distribution and a time-

logue in terms of epicentral location and event magnitude. magnitude distribution.
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Table 2a. Hierarchical strategy adopted for converting onto the moment magnitude scalesddth of 43 N. Relations are used in
decreasing order of preference as one reads down the table, and dependent upon reported magnitude types.

From Comments Conversion equation Source
MU) Mw
Mg IfM<5.3 M,=0.56M;+2.66 Papazachos and Papazachou (1997),
IfMs>5.3 M,,=0.804M,+1.28 Burton et al. (2004)
m 4.8<m;,<6.0 My=1.28m,—1.12 Papazachos and Papazachou (1997),
Papazachos et al. (1997)
3 My=M[+0.43 Baba et al. (2000)

Table 2b. Hierarchical strategy adopted for converting onto the surface-wave magnitude sgaknuth of 43 N. Relations are used in
decreasing order of preference as one reads down the table, and dependent upon reported magnitude types.

From Comments Conversion equation Source

M Mg

My IfM<5.3 M,,=0.56 M;+2.66 Papazachos and Papazachou (1997),
IfM;>5.3 M,,=0.804 M;+1.28 Burton et al. (2004)

my Ms=(1.8782£0.0222)m—(4.6046£0.1102)  Rezapour and Pearce (1998)

My ML (ATH) is the lo- M;=1.70&0.05)M_caTH)—3.59¢:0.22) Burton et al. (1991)

cal magnitude scale as
recorded at the NOA.

8 Cumulative frequency-magnitude distribution quakes (e.g. Yilmaiirk et al., 1998; Yilmaiirk and Bur-
ton, 1999). The b-value for the early instrumental period is
The commonest method for assessing magnitude distribu(-)‘760 €0.02; a-value = 4.280.09), and this is the period

tion and completeness of an earthquake catalogue uses tr?f the large magnitude 1904 Kresna-Kroupnik, 1928 Plov-

Gutenberg-Richter cumulative frequency-magnitude law (i.e.d"ev’ and 1913 Gorna Orjahovitza earthquakes. However, a

log N.(m) = a — bm, where Nm) counts the number of similar b-value of 0.7904£0.02; a-value = 4.450.15) is re-

. . turned for the modern instrumental period. These estimates
earthquakes with magnitude greater than or equal to mag_how good agreement with other studies, falling in the mid-

nitude m, and a and b are se|sm|C|_ty a_nd zone-depe_nden le of the range from Alsan et al. (1975), Christoskov (1982),
constants). The data are presented in Fig. 4 for magnltudegokerova et al. (1992), van Eck and Stoyanov (1996) and

o s oo nMUSEn (1953, o Gbtan b-lus fo 0550 0 1,15
X 9 ' Y g0t outliers are from Musson (1999), otherwise b-values

;gggental (1900 to 1963) and modern instrumental (1964 toare 0.66 10 0.90.

Viewing catalogue content in this manner suggests a com- A magnitude-density (frequency) distribution provides an
pleteness threshold of about 4.6 Nbr the full catalogue additional means by which to estimate the lower level of
data. This is the magnitude at which the straight line de-completeness of an earthquake catalogue. van Eck and Stoy-
viates from linearity towards smaller magnitudes and it is in-anov (1996) use this method on their homogenized catalogue
dicated by the solid vertical line. Additional lines on Fig. 4 for southern Bulgaria, and Willemann (1999) takes advan-
denote the gradient and b-values for the catalogue time intage to analyse completeness of International Seismological
tervals: early instrumental, modern instrumental and the fullCentre Bulletin data for 1995 compared to 1994 for a number
catalogue. These b-values for each section of the cataloguef global seismic regions. Willemann suggests that, where
are an important measure of regional activity (Utsu, 1971;several hundred magnitude estimates are available, an objec-
Vere-Jones, 1970). Data representing the full time inter-tive estimate for the lower bound of data completeness is in-
val, 1900 to 2004, and with magnitude<.6 My, has an a-  dicated by the maximum of the density distribution. The in-
value of 4.62 £0.18) and b-value of 0.82GH0.03; by least  set to Fig. 4 provides the density distribution for all the data
squares). Lower b-values may correspond to time interval®f this catalogue with homogenized magnitug24 M;. Us-
or geographic regions relatively dominated by larger earth-ing the above assumption a completeness threshold of 2.9 M
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Table 2c. Hierarchical strategy adopted for converting onto the moment magnitude scglendfith of 43 N. Relations are used in
decreasing order of preference as one reads down the table, and dependent upon reported magnitude types.

From Comments Conversion equation Source

MU) Mw

My My, =M; Oncescu et al. (1999),
Griinthal and Wahlstim (2003)

mp 4.8<m;,<6.0 My=1.28m,—1.12 Papazachos and Papazachou (1997),
Papazachos et al. (1997)

Mg Myp=My+0.43 Baba et al. (2000)

Table 2d. Hierarchical strategy adopted for converting onto the surface-wave magnitude sgaleorihh of 43 N. Relations are used in
decreasing order of preference as one reads down the table, and dependent upon reported magnitude types.

From Comments Conversion equation Source

M Mg

My IfM<5.3 M,,=0.56M;+2.66 Papazachos and Papazachou (1997),
IfM;>5.3 M,,=0.804M,+1.28 Burton et al. (2004)

mp M;=1.9418(-0.0443)np—4.7256¢-0.2002)  This work

My M (ATH) is the lo- M;=1.706-0.05)M; (ATH)-3.59(0.22) Burton et al. (1991)

cal magnitude scale as
recorded at the NOA.

might be intimated. However, this is clearly far too low to full time interval suggesting a shorter periodicity for events
suggest with any real confidence, and a completeness thresir this magnitude interval to that suggested for the interval
old of 4.6 M, is adopted as a conservative estimate from5.0<M;<5.5. A gradual decrease in the number of events
Fig. 4. It is worth noting, however, that altering any of the reported for magnitudes with ¥5.5 over the full time in-
magnitude estimates attached to larger earthquakes preseerval suggests this may be only a section of a longer period
in this catalogue, may further improve the correlations andof time-varying seismicity for this magnitude interval, i.e.
accuracy of Figs. 2 and 4 (B. Ranguelov, personal communiionger than the full length of the catalogue.

cation).
Significant increases in the total number of reported events

8.1 Time-magnitude distribution in the decade 1960 to 1969 and thereafter simply reflect the
introduction of the WWSSN, and the proliferation of seismo-
The numbers of earthquakes reported in the catalogue pdogical data globally. Since then, numbers of smaller magni-
decade are shown in Fig. 5 for specific magnitude intervalstude earthquakes with magnitudes=0£.0 M, reported have
Table 3 provides the values used to create the time-magnitudiacreased significantly, due to an increase in sensitivity of
distribution plot and provides a synopsis of catalogue con-ecording stations, number of recording stations accessible
tent. Events have been classified into six magnitude interand geographical coverage of seismological stations improv-
vals: M;<4.0, 4.0cM;<4.5, 4.5<M;<5.0, 5.0cM,<5.5, ing. A progressive expansion of the Bulgarian seismograph
5.5<M;<6.0 and M >6.0. Figure 5 suggests that all events monitoring network was seen from the 1960s to 1980s; this
in magnitude interval 4 5M; <5.0 have been reported back is reflected in the increased number of magnitade5 M;
to the decade 1930 to 1939, and events in magnitude interevents reported per decade. The 1960s and 1970s saw Bul-
val 5.0<M; <5.5 are fully reported throughout the catalogue garia’s network expand using three-component seismometers
time span. A gradual fluctuation in the numbers reportedto encompass more of the seismogenic zones in the country
at this magnitude interval (i.e. 50M; <5.5) suggests time- (Glavcheva et al., 2003). A further expansion of the network
varying seismicity might be occurring during the period of was seen in the mid-1980s after the 1977 Vrancea earthquake
the catalogue. Two distinct peaks are seen at 1920 to 1928equence. This significant increase in numbers of events re-
and 1980 to 1989, suggesting periodicity of about 50 to 60ported with magnitude<4.5 M, after 1960 suggests that re-
years for events of these magnitudes. The magnitude inporting of these events would be severely incomplete before
terval 4.5<M; <5.0 exhibits similar fluctuations across the this time. The use of the expanded network of seismometers
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Fig. 3a. Earthquake epicentres in the Balkan and south eastern European region for all events, represented by the 3681 events listed in the
presented catalogue (i.e. all magnitudes and focal depths).
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Fig. 3b. Epicentres in Bulgaria and the surrounding Balkan region with homogenized magnifuele 0/and all focal depths.

within Bulgaria obviously has an effect on the threshold of 9 Catalogue format

magnitude completeness able to be reported. Finally, it is

worth noting that the ISS started receiving data from Sofia,The format of this catalogue in its readily available form is

Bulgaria in December 1952. However, data provision wasgs follows.

very infrequent (amounting to a few deliveries in 1952 and ygaR (F4.0), MONTH (F3.0), DATE (F3.0), HOUR

1964) until continuous supply commenced in January 199]};:4_0), MINUTE (F3.0), SECOND (F7.2), LATI-

until the present day. To compensate for this, estimates offypg (F8.2), LONGITUDE (F8.2), DEPTH (F7.1),

earthquake hypocentres were derived from other agencie§OMOGENIZEDMW  (F8.1), HOMOGENIZEDMS

contributing phase data at the time. (F8.1), MBREPORTED (F8.1), MREPORTED (F8.1),
MW _REPORTED (F8.1), MLREPORTED (F8.1)
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Fig. 4. Catalogue completeness: Gutenberg-Richter cumulative frequency-magnitude plot. Solid triangles represent the full catalogue (1900
to 2004 inc.), clear diamonds represent the early instrumental period of earthquake recording (1900 to 1963 inclusive) and solid circles
represent the instrumental period of earthquake recording (1964 to 2004 inclusive.) Data are shown for (homogenized) meg0iMdes

Inset depicts the magnitude-density distribution of the catalogue. Solid lines are at dr6ith main plot and inset, that is, the suggested
threshold of completeness for this catalogue.
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Fig. 5. Catalogue completeness: the catalogue in discrete magnitude and time intervals. All data are represented (i.e. 1900 to 2004,
homogenized N>2.4).

www.nat-hazards-earth-syst-sci.net/7/345/2007/ Nat. Hazards Earth Syst. Sci., 7, 345-359, 2007



356 T. J. Bayliss and P. W. Burton: A new earthquake catalogue for Bulgaria and the Balkans

Table 3. Time-Magnitude distribution for the catalogue. The number of events is given in discrete magnitude intervals Qfah@ Kbr
time intervals of 10 years (except for the final time interval which is 5 years) and is presented in Fig. 2.

Period M <40 4.0<M; <45 45<M;<50 50<M;<55 55<M;<6.0 M;>6.0 Total
1900-1909 31 47 61 35 19 10 203
1910-1919 20 25 32 17 5 7 106
1920-1929 35 113 90 38 14 5 295
1930-1939 35 45 34 12 5 4 135
1940-1949 15 14 14 9 2 1 55
1950-1959 16 28 24 7 6 2 83
1960-1969 262 111 31 23 8 10 445
1970-1979 322 58 33 21 4 3 441
1980-1989 620 118 44 22 11 7 822
1990-1999 625 58 38 15 2 2 740
2000-2004 317 24 7 4 2 2 356
Total 2298 641 408 203 78 53 3681

HOMOGENIZED.MW and HOMOGENIZEDMS are 10 Summary
moment and surface-wave magnitude scales calculated from
the reported m, M;, M, and M, magnitude estimates using A new earthquake catalogue for the instrumental era has been
the magnitude conversion equations and magnitude convegreated for the central European and Balkan region bounded
sion hierarchies specified in Sect. 6. by 39-45" N, 19-29 E. Given limitations of previous cat-
Provision of homogenized magnitude estimates on bothalogues in terms of time intervals covered, magnitude inho-
moment and surface-wave scales for each event is done fahogeneity and completeness, geographical extent and data
several reasons. First, it maintains a need for consistencgontent, the task was set to derive a new data source that met
between the Greek catalogue and this catalogue; second, xplicit requirements for this seismic province and define as
enable hazard calculations consistent with past studies igompletely as possible the seismicity of the region during the
the magnitude scale and types used. Third, providing thajme interval 1900 to 2004.

moment magnitude estimates will allow a globally uniform Reported magnitudes for all 3681 events have been con-
overview of seismicity. The second point concerning whicherted onto homogenized moment magnitude and surface-
magnitude scale(s) to provide and use for calculations, iSyaye magnitude scales using a selection of carefully cho-

still under discussion. @nthal and Wahlstm (2003) state  gen magnitude conversion equations. Magnitude conversion
“Seismic hazard calculations are currently based mostly Omyigrarchies have been developed to enable consistent con-
My, magnitudes, which, unlike other magnitude concepts, da,ersion from reported | My, M,, and M, magnitude es-

not saturate for strong events. Most strong motion rela-imates onto these homogenized moment and surface-wave
tions refer to M,". Their work was strongly based around scgjes. All these steps enable magnitude homogeneity to be
the Global Seismic Hazard Assessment Program (GSHAP)etained across the data throughout the geographical region.

which itself was based heavily on use of the seismic momentpata have not been filtered to remove quarry blasts within
M,. Thisinturnis closely linked to M. Burton etal. (2004), e catalogued region.

in agreement with Gmthal and Wahlstirm (2003) points out

that preparation of an earthquake catalogue should logicall)ﬁsed to derive M, magnitude regression equations for

be on the moment magnitude scale, Mo enable consistent regions of the world. New region-specific magnitude regres-

desc_rlptlon of an earthquake siz€. However, further on Fheysion equations have been developed from suitable ISC data
provide reasoning behind supplementing each event with

h ed surf | ) ismic h d att %o enable conversion from theynmagnitude scale onto the
omogenized surface-wave scale as “...seismic hazard atteqy; magnitude scale (Fig. 2).

uation laws are still more often expressed in terms gtihén Catalogue completeness is a maior issue of concern for
M,,". Consequently, this catalogue reports all earthquakes on gu p ! jorissu

both homogenised M and M, magnitude scales, providing se;smolo_glst§ t;]smg garthc}uake c%aloglljets as a .t00|t to dF_
flexibility and choice. velop seismic hazard analyses. Completeness is strongly

governed by data availability, which in turn is linked to ge-
ographical region and time interval considered. A number
of standard methods have been adopted here to suggest pos-
sible limits on magnitude completeness in the catalogue.

International Seismological Centre data have often been
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threshold of~4.6 M is suggested by cumulative frequency-  catalogue of seismicity in Greece and the adjacent areas for the
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This catalogue will be used in a seismic hazard assessmefitristoskov, L. and Grigorova, E.: Energetic and space-time char-
of Bulgaria and its surrounding region in future work and is acteristics of the destructive earthquakes in Bulgaria after 1900,

. - .. Geophys. Inst. Rev. (in Bulgarian), 12, 79-107, 1968.
;\ilglI(laGbrlgqun CD on request from either author at the Selsmlc(:hristoskov, L.: A method for estimating the seismological cata-
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