
© Българско геологическо дружество и Българска академия на науките, 2025 https://bgd.bg/review-bgs

СПИСАНИЕ НА БЪЛГАРСКОТО ГЕОЛОГИЧЕСКО ДРУЖЕСТВО,  
год. 86, кн. 3, 2025, с. 309–316

REVIEW OF THE BULGARIAN GEOLOGICAL SOCIETY,  
vol. 86, part 3, 2025, p. 309–316

Spatiotemporal earthquake characteristics and tsunami risk in the Black Sea: 
A century-long analysis (1905–2022)

Emil Oynakov, Lyubka Pashova, Liliya Dimitrova

National Institute of Geophysics, Geodesy and Geography, Bulgarian Academy of Sciences; E-mail: lpashova.niggg@gmai.com

Emil Oynakov, Lyubka Pashova, Liliya Dimitrova. 2025. Spatiotemporal earthquake characteristics and tsunami 
risk in the Black Sea: A century-long analysis (1905–2022). – Rev. Bulg. Geol. Soc., 86, 3, 309–316, https://doi.
org/10.52215/rev.bgs.2025.86.3.309.

Abstract. The study of tsunamis in the Black Sea, although historically rare and less destructive, has become increas-
ingly vital as coastal populations and infrastructure in low-lying areas grow. This research synthesizes findings of 
our recent paper (2023) to elucidate the spatial and temporal characteristics of earthquakes in the Black Sea region 
(27°E–42°E; 40°N–47°N) over the last century. The developed methodological approach for compiling the BSE 
catalog with moment magnitudes above 1 is briefly presented, enabling assessments of seismicity and tsunami risk. In 
this study, a statistical analysis based on the BSE catalog was performed to derive a z-value, which indicates seismic 
quiescence and potential strain accumulation. The annual probability and the return period of earthquakes are also de-
rived for different magnitudes. The limited historical data on tsunamis in the Black Sea highlight the need to enhance 
the quality of seismic catalogs and conduct multidisciplinary research. Further multidisciplinary studies will aid in 
comprehensive hazard analysis and risk assessment, improving the preparedness of vulnerable coastal communities.
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Introduction

The accurate assessment of tsunami risk in popu-
lated coastal regions remains a significant challenge 
in both theoretical and practical terms within the 
Earth sciences. Catastrophic events in the Indian 
Ocean in 2004, Tohoku, Japan in 2011, Sulawesi, 
Indonesia in 2018, and the Aegean Sea in 2020 
have demonstrated the devastating consequences of 
underestimating tsunami hazards, particularly for 
coastal populations, infrastructure, economies, and 
environments (Reid & Mooney, 2023). The unex-
pected tsunami following the 2023 Turkey–Syria 
inland strike-slip earthquakes challenges conven-
tional understanding of tsunami generation (Hu et 
al., 2023), emphasizing that non-tectonic mecha-
nisms – especially landslides and earthquake-trig-
gered liquefaction – can significantly contribute to 
tsunami genesis. Therefore, it is necessary to assess 
cascading effects and multiple hazards in coastal 

areas exposed to strike-slip earthquakes. Due to a 
lack of extensive, reliable historical tsunami data, 
scientists are increasingly relying on instrumental 
records to assess tsunami hazard.

Although the Black Sea has not experienced cat-
astrophic tsunamis comparable to those in the Pa-
cific or Indian Oceans, historical records and tide-
gauge data reveal several notable tsunami events 
(Papadopoulos et al., 2014). These events simulate 
tsunami wave propagation, including tsunamis gen-
erated by offshore earthquakes in 1927 and 1966, as 
well as coastal effects following the 1939 Erzincan 
earthquake in Turkey (Nikonov et al., 2018; Kara & 
Özhan, 2025, and references therein). Such instanc-
es highlight the region’s tsunamigenic potential, de-
spite the limited number of recorded events. Given 
this scarcity, numerical modeling and simulation 
have become essential tools for evaluating tsunami 
risk in the Black Sea. Various studies have employed 
different software, scenarios, and input parameters 
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to simulate tsunami wave propagation (Papadopou-
los et al., 2014; Nikonov et al., 2018; Mazova et 
al., 2023). Numerical modeling and simulation are 
essential given the scarcity of observational data 
(Pashova & Ranguelov, 2023). While over 20 his-
torical tsunami events have been documented in the 
Black Sea region since antiquity, seismogenic fault 
studies are limited (Oynakov et al., 2023). Consid-
ering uncertainties in historical data and the variety 
of sources (historical accounts, tide gauge data, geo-
logical evidence), an instrumental earthquake cata-
log is essential for conducting thorough, qualitative 
probabilistic seismic and tsunami hazard analyses 
on sub-regions, i.e., coastal sections.

Furthermore, instrumental catalogs offer in-
sights into background seismicity, fault activity, 
and recurrence intervals of major earthquakes. Sev-
eral studies report historical Black Sea earthquakes 
with magnitudes of 7 and greater, many of which 
have produced tsunamis (Papadopoulos et al., 2014; 
Nikonov et al., 2018; Mazova et al., 2023; Reid & 
Mooney, 2023). Based on a tsunami intensity scale, 
ranging from 1 to 12, moderate events (intensity 
4–6) have occurred since 1650 (Triantafyllou et al., 
2023). Estimated return periods for tsunami inten-
sities 5, 6, and 7 are approximately 46, 128, and 
1660 years, respectively. Despite existing tectonic 
databases, detailed studies of individual faults in the 

Black Sea remain underdeveloped, which hinders a 
comprehensive understanding of the tsunamigenic 
potential in the area.

The main methodological steps used by Oyna-
kov et al. (2023) to compile a Black Sea earthquake 
(BSE) catalog, analyzing seismic activity from 
1905 to 2022, are briefly outlined in the next sec-
tion. Based on this catalog, we estimated the tem-
poral recurrence of earthquakes of specific magni-
tudes in the study region (27°E–42°E and 40°N–
47°N). Next, following Wiemer and Wyss (2002) 
and Habermann (1987), a z-test was conducted to 
identify spatial regions and time periods of seismic 
quiescence, preceding strong earthquakes. Finally, 
directions for future interdisciplinary research are 
presented, aimed at detailing the seismotectonic 
model of the Black Sea region to improve tsunami 
hazard assessments.

Previous studies on the compilation  
of Black Sea earthquake catalog (BSE)

This section presents the main stages of the meth-
odological approach of Oynakov et al. (2023) for 
creating a catalog of earthquakes for the Black Sea 
region spanning the period 1905–2022, shown in 
Fig. 1. A key contribution is the creation of a new 

Fig. 1. Location of the studied region: Black Sea region divided into five polygons, denoted by NWP, NP, EP, SP, and WP, with 
their boundaries indicated by a dashed purple line. All earthquakes from 1905 to 2022, extracted from international and national 
seismic data sources, are shown as circles.
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regional seismic catalog that integrates information 
from nine global, regional, and national seismic 
sources, including the International Seismologi-
cal Centre (ISC), Global Centroid Moment Tensor 
(GCMT), United States Geological Survey (USGS), 
European Mediterranean Seismological Centre 
(EMSC), Romanian, and Turkish catalogs and bul-
letins, and the Bulgarian national catalog.

The Black Sea region was divided into five co-
herent geographical polygons for detailed analysis 
following the approach of Grünthal and Wahlström 
(2012), reflecting national boundaries and exclusive 
economic zones (Fig. 1). These polygons are: North-
western region, covering eastern Romania, south-
ern Moldova, and southwestern Ukraine; Northern 
region, encompassing southeastern Ukraine and 
southern Russia; Eastern region, covering south-
eastern Russia and western Georgia; Southern re-
gion, including northern Turkey; and Western re-
gion, encompassing the eastern coast of Bulgaria. 

The dataset initially contained 54918 recorded 
earthquakes, of which approximately 85% lacked 
specified magnitudes, underscoring the heterogene-
ity of existing seismic records. All magnitude val-
ues were converted to moment magnitude (Mw) to 
ensure consistency. Within each polygon, empirical 
relationships between local magnitude scales (mb, 
ML, Md, Ms) and the moment magnitude (Mw) 
were derived using the General Orthogonal Re-
gression (GOR) method. This approach enabled 
the conversion of disparate magnitude data into a 
unified Mw scale, ensuring internal consistency be-
tween regional datasets. Region-specific analyses 
revealed strong linear relationships, most notably 
between Mw and ML in the Southern and North-
ern region (R2  ≥  0.90), and between Mw and mb 

in the Northwestern region (Mw = 0.9 mb + 0.3). 
The Western region utilized pre-homogenized Mw 
data from the Bulgarian national catalog, requiring 
no further conversion.

The next step involved homogenizing and evalu-
ating the completeness of the compiled BSE cata-
log. The homogenized catalog, adjusted to the Mw 
scale, includes earthquakes to depths of up to 40 km, 
consistent with the regional crustal thickness. The 
analysis was conducted using ZMAP software 
(Wiemer, 2001) and a MATLAB-based tool (Gilat, 
2014) that are commonly used in seismology. The 
analysis allowed evaluation of magnitude complete-
ness (Mc) and the b-value, an important parameter 
for assessing the frequency-magnitude distribution 
of earthquakes. Following homogenization, the 
catalog was declustered using the Reasenberg algo-
rithm to isolate 18528 independent seismic events, 
thereby minimizing the influence of aftershocks and 
swarm sequences (see Fig. 2). 

The completeness magnitude (Mc) – the thresh-
old above which all earthquakes are reliably de-
tected – was assessed using the maximum curvature 
method with bootstrapping (Mignan & Woessner, 
2012). For the period from 1905 to 2022, Mc was 5, 
reflecting limited instrumentation and underreport-
ing of small earthquakes in the early 20th century. 
Significant improvements in seismic monitoring 
occurred after 1980, especially with the installa-
tion of modern broadband seismic stations, which 
enhanced the quality of the catalog. The frequency-
magnitude distribution (FMD) for the instrumental 
period (1977–2022), as shown in Fig. 3, follows 
the Gutenberg-Richter law, indicating good catalog 
completeness and consistency. The completeness 
magnitude (Mc) was determined using the maxi-

Fig. 2. Flowchart of methodological steps for compiling the BSE catalog by Oynakov et al. (2023).
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mum curvature method with bootstrapping, yield-
ing Mc = 2.5, indicating the catalog is complete for 
Mw ≥ 2.5. The b-value, representing the slope of the 
FMD, was found to be 1.16 ± 0.01, and the a-value 
was 7.025.

The BSE catalog identifies several significant 
earthquakes with Mw ≥ 5, predominantly concen-
trated in Northern Turkey (North Anatolian Fault 
Zone), the offshore regions of Bulgaria and Georgia, 
and the Vrancea zone. However, no significant tsu-
nami waves were reported in connection with these 
events. According to Triantafyllou et al. (2021), 
only 22 tsunami events have been documented in 
the Black Sea (10 historical and 12 instrumental), 
and tide gauge records along the western coast are 
scarce.

In general, a comprehensive tsunami risk assess-
ment is hindered by limited historical data, missing 
focal mechanisms, and uncertainties in fault map-
ping, particularly regarding historical events and 
offshore faults (Oynakov et al., 2023). To address 
these gaps, further studies are needed to clarify the 
characteristics of potentially tsunamigenic faults, 
improve the completeness of seismic catalogs, and 
integrate empirical magnitude-transformation re-
lationships into modeling seismic sources, seismic 
wave propagation, and the estimation of seismic 
moment to characterize earthquake size and effects. 

It is also important to note that the compiled BSE 
catalog and findings by Oynakov et al. (2023) were 
affected by several factors:

•	 Incomplete and inconsistent seismic data, es-
pecially in the Northern and Eastern Black Sea.

•	 Variations in magnitude scales were required 
for conversion to moment magnitude (Mw) us-
ing empirical regressions.

•	 Declustering procedures, such as the Reasen-
berg algorithm, may introduce subjectivity.

•	 There were too few focal mechanism solutions 
before 2000, and limited source characteriza-
tion.

Furthermore, future efforts should focus on in-
corporating missing seismic events to enhance cata-
log completeness and on conducting detailed local 
fault studies to assess their tsunamigenic potential. 
The developed methodological approach, presented 
in Fig.  2 as a sequence of procedures, can be ap-
plied to newly registered earthquakes after 2022 to 
update and supplement the BSE catalog. Including 
new seismic events could improve empirical magni-
tude conversions for the Black Sea region, enabling 
the development of robust seismic inputs for proba-
bilistic tsunami hazard models. 

Once compiled, the BSE catalog was used in this 
study to investigate the seismicity in the Black Sea 
region, as presented in the next section. We applied 

Fig. 3. The magnitude-frequency relationship of the seismic Black Sea region for the instrumental period 1990–2022. Mc is the 
cut-off magnitude.



313

a statistical approach and used ZMAP software 
(Wiemer, 2001) to first calculate the annual prob-
ability and return periods for different magnitudes, 
and second, the z-value, a statistical measure quanti-
fying changes in seismicity rates over two different 
instrumental periods.

Methods

The probability of an earthquake occurrence within 
a time period T was estimated using the Poisson 
method, a standard model for probabilistic seismic 
hazard analyses. The probability is quantified using 
the following equation:

,                   (1)

where P(M) is the probability of at least one earth-
quake occurrence during a specific time period 
T, N(M) denotes the cumulative number of earth-
quakes with a magnitude greater than M. According 
to the Poisson model, Eq. (1), the recurrence period, 
Q is calculated using the equation below (Özmen et 
al., 2014):

.                          (2)

The Poisson model is commonly utilized in seis-
mic hazard analysis due to its simplicity; however, 
it relies on assumptions of constant event rates, in-
dependence, and the absence of memory. These as-
sumptions overlook real-world phenomena, such as 
aftershocks and stress interactions. Consequently, 
the Poisson model cannot accurately capture short-
term clustering or time-dependent changes in seis-
mic activity. Therefore, the study presents its find-
ings as idealized long-term averages rather than 
precise short-term predictions.

In the quiescence hypothesis (Wyss & Marti-
rosyan, 1998), it is suggested that a significant de-
crease in seismic activity often occurs in the future 
mainshock area shortly before the main earthquake 
occurs. To identify the spatial and temporal areas 
of seismic quiescence preceding strong earthquakes 
in the Black Sea region, we calculated the z-value 
(also called the z-test statistic for seismic quiescence 
or activation) using the BSE catalog. We followed 
the methodologies of Wiemer & Wyss (2002) and 
Habermann (1987). 

The z-statistic quantifies the significance of 
changes in seismicity by comparing the average 
earthquake occurrence rates between two distinct 
time periods – treated as independent samples – 

with their associated standard deviations and event 
counts. The times at which seismicity changes oc-
cur are analyzed using techniques described by 
Habermann (1983). To assess seismic quiescence, 
the study area was divided into a fixed-node grid 
spacing. For each grid node at a specific time, the 
function z(t) was calculated using the following 
equation:

(3)

where R1 and R2 are the average number of earth-
quakes in a time window with a minimum of 150 
surrounding events for the two time intervals; the pa-
rameters σ1 and σ2 are the standard deviations of R1 
and R2, respectively; and n1 and n2 denote the number 
of earthquakes during the respective periods. High 
(positive) z-values indicate a decrease in seismic ac-
tivity (seismic quiescence), while low (negative) z-
values signify an increase in seismic activity (Maeda 
& Wiemer, 1999). All grid nodes with z > 3 exhibit 
a 99% confidence level in confirming seismic quies-
cence (Wiemer, 2001; Wiemer & Wyss, 1994). The 
calculated z-values across the grid nodes were then 
combined based on spatial-temporal proximity to 
identify areas with seismic quiescence.

Results and discussion

Analysis of instrumental seismicity for the 
period 1977–2022, Mc ≥ 4.1 

Following the methods described in the previous 
section, we calculated the probability of earth-
quakes of different magnitudes occurring within a 
specific time interval using Eq. (1). This is illus-
trated in Fig. 4a and shows that the probabilities are 
high in the Black Sea region. This region also has 
a long recurrence period, shown in Fig. 4b, indicat-
ing that large earthquakes occur less frequently over 
time. The graph shows a clear linear relationship on 
a logarithmic scale, suggesting an exponential in-
crease in the recurrence interval as magnitude rises. 
The recurrence intervals for earthquakes with mag-
nitudes ranging from 5.2 to 7.0 were systematically 
quantified based on the derived recurrence curve. 
Earthquakes of M~5.2 occur frequently, with recur-
rence intervals of about 1 year. The higher-magni-
tude earthquakes (M > 7.0) have significantly long-
er recurrence intervals, exceeding 140 years. Our 
estimates reflect the exponential decrease in occur-
rence frequency with increasing magnitude, in line 
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with the Gutenberg-Richter frequency-magnitude 
relationship described by Oynakov et al. (2023). 

Statistical seismic quiescence evaluation

The density and distribution of earthquakes are cru-
cial for interpreting variations in z-values within 
the Black Sea region. The study of seismic quies-
cence evaluation focused on the instrumental pe-
riod 1977–2022. To assess seismic quiescence, we 
divided the Black Sea study area into a fixed-node 

grid with a 30.729 km by 30.729-km spacing. We 
selected two time periods for analysis: t1, from Feb-
ruary 18, 1977, to December 13, 1999, and t2, from 
February 14, 1999, to October 7, 2022. For each 
grid node at a given time, we calculated the func-
tion z(t) using Eq. (3) and plotted it on Fig.  5 by 
considering earthquakes with hypocentral depths up 
to 40 km at each grid node. 

Areas with similar z-values on the map indicate 
comparable relative changes in earthquake occur-
rence rates between the two analysis windows t1 
and t2 (Tw = 22 years; Fig.  5). Positive z-values 

Fig. 4. Seismicity in the Black Sea region for the period 1977–2022: a) annual probability of earthquakes of different magnitudes; 
b) return period of earthquakes of different magnitudes.

Fig. 5. Spatial variation of z-value for the Black Sea region at the beginning of December 1999 with Tw = 22 years. Grey dots show 
the declustered earthquakes with Mw ≥ 2.5.
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denote a relative decrease in seismicity during the 
second period, whereas negative z-values indicate 
a relative increase. Interpretation should account 
for the spatial distribution of events and catalog 
completeness. Regions with z ≈ 0 throughout 
1977–2022 suggest no systematic change in rate, 
i.e., stable seismicity. In the area 28.0°E–30.0°E 
and 40.5°N–42.5°N, we observe high z-values (4–
7), indicating pronounced quiescence in the second 
period relative to the first period. Values in this 
range exceed the conventional ≳ 99% confidence 
threshold (commonly taken as z ≥ 3), signifying a 
strong statistical significance. 

Conclusions

The BSE catalog (https://zenodo.org/records/8070 
409), developed by Oynakov et al. (2023) and cov-
ering the period from 1905 to 2022, provides a ho-
mogenized, declustered dataset that significantly 
enhances our understanding of the seismic regime 
in the Black Sea region. For the instrumental period 
1990–2022, the catalog is complete for Mw ≥ 2.5; 
for analyses covering 1977–2022, we adopted 
Mc ≥ 4.1 due to earlier network limitations. Focal 
mechanism analyses of earthquakes with a moment 
magnitude above 5  aid in identifying active fault 
systems. While the Black Sea is generally char-
acterized by moderate seismicity and infrequent 
tsunamis, certain coastal areas – such as Balchik–
Kaliakra in northeast Bulgaria, northwest Turkey, 
southern Crimea, and western Georgia – exhibit 
elevated tsunami risks that warrant further exami-
nation. Although tsunamis are uncommon and typi-
cally moderate in the Black Sea, the risk to some 
coastal regions cannot be overlooked, warranting 
site-specific hazard assessments.

The identification of seismic quiescence and 
the associated strain accommodation are critical 
for predicting future earthquakes and tsunamis in 
the Black Sea region. Seismic quiescence refers 
to periods of low seismic activity, suggesting that 
faults are accommodating strain that may lead to 
significant earthquakes. The z-value calculated 
from the BSE catalog is used to identify these qui-
escent periods, indicating heightened earthquake 
hazards once the faults are close to failure. High 
z-values indicate a notable decrease in seismic ac-
tivity, which can imply an increased hazard of fu-
ture earthquakes. Therefore, recognizing when and 
where seismic quiescence occurs can improve pre-
dictions of major seismic events and assessments 
of tsunami hazard. This research demonstrates that 
high z-values often precede strong earthquakes, 

and analyzing the spatial-temporal patterns of 
these z-values can thus enhance seismic hazard as-
sessments. The estimated z-values from the BSE 
catalog are consistent with the M6.2 2025 earth-
quake that occurred later in the Marmara Sea (U.S. 
Geological Survey, 2025), suggesting their predic-
tive potential.

However, several challenges hinder precise seis-
mic and tsunami risk assessment in the Black Sea 
region:

•	 Incomplete seismic data, especially in north-
ern and eastern regions;

•	 A lack of tide gauge records for confirming 
historical tsunamis;

•	 Limited access to proprietary data (e.g., from 
geophysical surveys related to oil and gas ex-
ploration in the Black Sea basin);

•	 Unclear attribution of earthquakes to specific 
faults, complicating hazard modeling.

The BSE catalog reflects these limitations. 
Data completeness, sensor reliability, and meth-
odology (e.g., declustering via the Reasenberg al-
gorithm) influence the catalog’s accuracy. Linear 
magnitude conversion functions were derived by 
Oynakov et al. (2023) to standardize across differ-
ent magnitude types, but some areas have sparse 
seismic event pairs, which affects the reliability of 
the regression.

The resulting BSE catalog represents the most 
comprehensive and internally consistent seismic 
dataset for the Black Sea region, providing a robust 
foundation for regional seismic and tsunami hazard 
modeling, tectonic interpretation, and risk assess-
ment. While the overall tsunami risk in the Black 
Sea is lower than in other parts of the Mediterra-
nean, the regional seismic activity indicates a non-
negligible hazard. Comprehensive, interdisciplinary 
research involving geophysics, seismology, and 
historical records is crucial for more reliable local 
and regional tsunami hazard assessments. Improved 
data sharing among Black Sea countries is essential 
to overcome current limitations and create a more 
accurate and unified seismic hazard model. Until 
then, any seismic or tsunami risk analysis must con-
sider the incompleteness and uncertainty inherent 
in the available datasets. The BSE catalog provides 
a robust foundation for future seismic and tsunami 
hazard assessments and regional geodynamic stud-
ies. Its open-access format allows for continuous 
updates and integration of new seismic data. Over-
all, while the BSE catalog represents a significant 
step forward in understanding Black Sea seismic-
ity, comprehensive hazard assessments require im-
proved data sharing, high-resolution regional stud-
ies, and interdisciplinary collaboration.

https://zenodo.org/records/8070409
https://zenodo.org/records/8070409
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