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In the southeast of Bosnia and Herzegovina, the Berkovici earthquake sequence started with the mainshock on 22
April 2022 21:07 UTC at focal depth 22 km with magnitude M;, = 6.0 (M,, = 5.7). Our preliminary estimation of
the mainshock's maximum intensity is VII EMS for Berkovici where 29% of buildings were damaged. We analysed
the first nine months of this sequence, 22 April 2022-22 January 2023. The earthquakes were located using a
guided grid-search algorithm with source-specific station corrections as a mean of solutions for 54 combinations
of velocity models and program control parameters. The analysis of aleatory variation and epistemic uncertainty
showed that they are very dependent on the station coverage, especially for focal depth. The event catalogue
consists of 7217 earthquakes and can be considered complete for M; > 1.3. Focal depths (15-30 km) are
considerably larger than average for the Dinarides, but consistent within the zone of mid-crustal events where
the earthquakes occurred. Focal mechanisms were determined with the first-motion polarity method for eight
earthquakes: five of them, including the mainshock, were due to reverse faulting on faults striking in the Dinaric
direction, with the preferred main fault gently dipping to the northeast. However, three events were due to
normal faulting, unexpected for this area. We constructed a regional seismotectonic cross-section to delineate a
potential seismogenic source of the mainshock, and it suggests that the mainshock occurred on the NE-dipping
blind ramp of the basal thrust of the Dalmatian tectonic unit. Moreover, another NE-dipping and blind ramp of
this basal thrust could be responsible for the Ston-Slano 1996 earthquake, located to the SW of the Berkovici
mainshock hypocentre at the horizontal distance of c. 35 km.

1. Introduction

The southern External Dinarides are seismically moderately to highly
active area. The historical seismicity catalogue for this region, e.g.
Croatian Earthquake Catalogue (CEC; updated regularly from Herak
et al., 1996), includes numerous strong events, the largest of them being
the devastating Dubrovnik earthquake of 1667. Moreover, at the far
south near Bar, Montenegro, an earthquake M; = 6.8 (CEC; My = 6.9,
International Seismological Centre, 2021) occurred in 1979. However,
geometry and properties of the complex fault systems in the area are still

* Corresponding author.

not known well enough. These are essential for improvement of seismic
hazard assessment in this area, and for advancement of our under-
standing of seismotectonic and structural relations. Accurate location
and characterisation of contemporary seismicity (including very weak
earthquakes) is one of the means towards this goal. The Berkovici
earthquake sequence occurred a few months after deployment of four
broadband seismic stations in an area of about 60 km radius around the
mainshock, and several more instrument deployments have followed
since (see section 3.1). Furthermore, it is the first earthquake of this size
in south of the External Dinarides to be monitored with such a quantity
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of modern instruments.

The last strong earthquake in the wider Dubrovnik area, as well the
southern External Dinarides, was the Ston-Slano (Croatia) earthquake of
5 September 1996. Its local magnitude was M = 6.0 (My = 6.0, In-
ternational Seismological Centre, 2021) and maximum intensity was
estimated as Iyq, = VIII Medvedev-Sponheuer-Karnik scale (hereafter
MSK; updated from Medvedev et al., 1964 and Medvedev, 1978). This
earthquake sequence is well studied with results reported by Markusic¢
et al. (1998), Herak et al. (2010) and Govorcin et al. (2020). However,
for this specific area the most interesting is the historical catastrophic
earthquake in Dubrovnik (Croatia) on 6 April 1667. Its epicentral in-
tensity was estimated at Iy = IX MSK and the mainshock was felt about
400 km away - detail description can be found in, e.g. Albini (2015),
Albini and Rovida (2016) and Herak et al. (2017). Since the Great
Dubrovnik earthquake several strong events occurred in this area, such
as the ones in Ston (Croatia) 1850 Iq = VIII-IX EMS (Herak et al.,
2023; European Macroseismic Scale — EMS, Griinthal, 1998), and My, =
6.1 close to Ljubinje (Bosnia and Herzegovina) in 1927, which still lacks
a detailed study.

The studied earthquake sequence began on 22 April 2022 with the
mainshock of M = 6.0 (M,, = 5.7) with the epicentre near the village of
Berkovi¢i in the southeastern Bosnia and Herzegovina. This is the
epicentral area of only moderate instrumentally well-recorded seis-
micity in the last ~75 years, but where significant historical events are
known to have occurred (e.g. the Ljubinje earthquake of 1927
mentioned above). Moreover, the Berkovi¢i mainshock hypocentre was
unexpectedly deep, at 22 km. The amount of damage reported from the
epicentral area, the results of the moment-tensor inversions reported by
international agencies (see section 3.2) and preliminary InSAR results
showing the absence of a significant co-seismic signal (Simone Atzori,
Twitter@SimoneAtzori73; URL1, 2023) agreed with the obtained depth.
Because of its considerable magnitude, uncommon focal depth and the
area that is under-researched, this is an interesting and important
earthquake that needs to be thoroughly investigated, both seismically
and tectonically.

We present results of the detailed analysis of the first nine months of
the series, i.e. 22 April 2022-22 January 2023. The earthquakes were
located using a guided search algorithm with implemented source-
specific station corrections (Herak et al., 2021), and spatial and tem-
poral analyses of the aftershock sequence are reported. Focal mecha-
nisms were estimated with the first-motion polarity method (Herak
et al., 2016) and compared with the available solutions obtained by the
moment tensor inversion techniques reported by international
institutions.

The results of the seismological analyses (e.g. fault plane solutions
and spatial distribution of the aftershocks) indicated activation of gently
NE-dipping thrust with tectonic transport top to SW. Taking into
consideration the depth of the mainshock, this thrust could not be ad hoc
linked to any nearby known faults or deformation structures on the
surface. Therefore, we constructed a regional geological cross-section to
gain a better understanding of the Berkovi¢i earthquake sequence and to
delineate potential seismogenic source.

The mainshock epicentral area is a rural, mountainous region of low
population density. Our preliminary estimation of the mainshock's
maximum intensity is VII EMS for the Municipality of Berkovi¢i where
29% of buildings were damaged. In Stolac, the largest town in the area, a
woman lost her life to a rockfall caused by an earthquake and ten people
were injured, however, we estimated the intensity as VI-VII EMS. In
Ljubinje we estimated the intensity as VI-VII EMS. The damage was
reported within about 40 km from the mainshock epicentre, yet
damaged buildings were mostly of vulnerability class A-B, and many of
them were in relatively poor condition. The average radius of the in-
tensity IV EMS is found to be about 150 km. The greater area affected by
the earthquake is a karstic area and buildings are mostly built on a hard
rock. More detailed macroseismic analysis is presented in the Appendix.
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2. Seismotectonic setting
2.1. Seismicity

The southern External Dinarides is one of the seismically most active
areas of the Dinarides. It encompasses three neighbouring countries:
Bosnia and Herzegovina, Croatia, and Montenegro. Seismicity of the
area where the Berkovi¢i sequence occurred is entirely in Bosnia and
Herzegovina. However, because of its vicinity and importance for the
southernmost Croatia (the wider Dubrovnik area), it is monitored by
several seismic networks, and the recordings are routinely analysed by
Croatian seismologists at the Department of Geophysics, Faculty of
Science, University of Zagreb. It is thus also covered by the Croatian
Earthquake Catalogue (CEC; Herak et al., 1996). In Fig. 1, we show
events My > 4.5 for the period 1600-1990 and M > 1.0 with maximum
allowed standard error for the epicentre op,max < 3.0 km for the period of
1991-2023.

The wider area of Berkoviéi is among the most active regions of the
southern External Dinarides. Most of the seismicity prior to the 2022
sequence is situated to the west of the mainshock epicentre. Since 1600,
in the circle of 25 km radius, three earthquakes with local magnitudes
M| > 5.5 occurred. On 1 August 1907, an earthquake of epicentral in-
tensity Iy = VII-VIII MCS (Mercalli-Cancani-Sieberg intensity scale) and
an estimated macroseismic magnitude M, = 5.7 occurred at the focal
depth h = 12 km, 23 km to the west of the Berkovi¢i mainshock. The
strongest and the closest event occurred on 14 February 1927 - an
earthquake of Iy = VIII MCS and My = 6.1 at h = 13 km with epicentre
near Ljubinje, 15 km to the southwest of the 2022 mainshock. It caused
damage in Ston, 35 km from the epicentre. The last one occurred on 26
November 2019 and was M = 5.5 (M, = 5.4) at h = 16 km and 21 km to
the northwest of the Berkovi¢i mainshock. Four earthquakes M; > 6.0
within 50 km radius from Berkoviéi that occurred since 1600 had epi-
centres in Croatia, close to the Adriatic coastline. To the southwest of
Berkovici, two events had magnitude 6.0: 13 April 1850 near Ston (M,
= 6.0, Ijox = VIII-IX EMS; Herak et al., 2023), and the Ston-Slano
earthquake of 5 September 1996 (M = M, = 6.0, ;o = VIII MSK, h =
13 km). To the south of Berkoviéi, other two events occurred in 17th
century in the proximity of Dubrovnik: on 28 July 1639 with I;q, = VIII
MCS (estimated magnitude M, = 6.2), and the Great Dubrovnik earth-
quake on 6 April 1667 of I, = IX MCS and M, = 6.9.

In this region (Fig. la), the earthquake hypocentres are mostly
located in the upper crust, down to about 20 km. However, events closer
to the coastline are shallower, typically above 15 km, whereas the
earthquakes located in a belt parallel to the coastline, about 30-60 km
inland (dashed outlines in Fig. 1), are generally deeper, with hypo-
centres in the middle crust at depths often exceeding 20 km.

The earthquakes' focal mechanisms from the Croatian focal mecha-
nism database (Herak and Herak, 2023, personal communication;
Fig. 1b) show dominance of reverse faulting mechanisms, which is ex-
pected in the compressional tectonic regime. Favourably oriented strike-
slip faults are also occasionally activated. Normal faulting is exceedingly
rare — in fact, the first three earthquakes in this area with reliably
determined normal faulting mechanism are the three aftershocks from
the Berkovi¢i 2022 earthquake series presented in this paper.

2.2. Tectonic and geological setting

Epicentral area of the Berkovi¢i 2022 earthquake sequence is in the
south-eastern part of the External Dinarides fold-thrust belt formed
along the north-eastern margin of the Adriatic microplate by prevail-
ingly SW-directed thrusting that culminated during Middle Eocene-
-Oligocene times (Fig. 2a; Schmid et al., 2020; Balling et al., 2021a and
references within). Structurally, the epicentral area is in the High Karst
unit, which is to the NE overthrusted by the Pre-Karst unit of the Internal
Dinarides, while to the SW it thrusts over the Dalmatian unit, i.e., the
most external tectonic unit of the External Dinarides thrusted over the
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Fig. 1. (a) Seismicity in the greater area of the Berkovici 2022 earthquake series (blue outline). Epicentres of all earthquakes in the Croatian Earthquake Catalogue
are shown satisfying criteria given in the top right corner (M, — minimum local magnitude; op,max — maximum allowed standard error for the epicentre). Historical
events (1600-1900) are shown as white squares (see the legend). Focal depth is indicated by the colourscale, and the symbol size scales with magnitude. Thick grey
dashed lines delineate a zone of mid-crustal events. The red rectangle in the inset map shows the geographical position of the region presented in this figure. (b) Focal
mechanism solutions (FMS) are from the Croatian FMS-database (Herak and Herak, 2023, personal communication; Herak et al., 2016) for the years 1962-2022. The
style of faulting is colour-coded by the colour of the compressional quadrant (blue — reverse, red — strike-slip, green — normal, violet — transpression, black — un-
known). The sizes of beachballs scale with magnitude. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. (a) Tectonic map of the wider study area (after Schmid et al., 2020) and traces of seismogenic sources from The European Database of Seismogenic Faults
(SHARE; Basili et al., 2013). (b) Simplified geological map compiled from the Basic Geological Map of SFRY, sheets: Trebinje (Natevic¢ and Petrovic, 1967), Nevesinje
(Mojicevic and Lausevic, 1969), Dubrovnik (Markovi¢, 1971), Metkovié¢ (Raic et al., 1975) and Ston (Raic et al., 1980), supplemented by own field measurements and
by interpretation and correlation with 2D reflection seismic cross-sections (DFT — Dalmatian unit frontal thrust, HKN — High Karst nappe frontal thrust, LJTN —
Ljubinje-Trebinje nappe, PKN — Pre-Karst nappe frontal thrust). Focal mechanism 1 is from this study, the solution 2 is from the Croatian focal mechanisms database

(Herak and Herak, 2023, personal communication).

Adriatic foreland (Fig. 2a). On the surface, the High Karst and the
Dalmatian units are mostly composed of Mesozoic shallow-marine
limestones and dolomites derived from the Adriatic carbonate plat-
form (Vlahovic et al., 2005), overlain by Paleocene-Middle Eocene
limestones and/or by Middle Eocene-Oligocene flysch-type and alluvial
fan deposits (Fig. 2b; Natevi¢ and Petrovi¢, 1967; Mojicevi¢c and
Lausevi¢, 1969; Raic¢ et al., 1975, 1980; Markovi¢, 1971). These de-
posits, regionally widespread and known as the External Dinarides
Flysch and the Promina Beds, respectively (e.g., Babi¢ and Zupanic,
2008; Vlahovic et al., 2012; Balling et al., 2021a), are considered as syn-
tectonic, foreland basin deposits, thus constraining the main tectonic
phase in this part of the External Dinarides to Middle Eocene-Oligocene
times. In the wider epicentral area, the High Karst and Dalmatian units
are internally imbricated by local- to regional-scale NW-SE striking and
SW-verging thrusts and reverse faults, associated by anticlines and
synclines cored by Mesozoic carbonates and Eo-Oligocene deposits,
respectively (Prtoljan et al., 2007; Balling et al., 2021a).

Following the main Eo-Oligocene tectonic phase in the External
Dinarides, the whole Dinarides mountain range experienced a post-
tectonic Oligocene-Miocene (28-17 Ma) regional uplift, assumed to
have been driven by the post-collisional mantle delamination of the
Adriatic lithosphere (Belinic et al., 2020; Balling et al., 2021b). Since
that time, there is no substantial orogen-scale shortening observed in the
External Dinarides, except for locally documented deformation accom-
modated by NE-dipping thrust and reverse faults associated by NW-
striking dextral faults that either reactivate or cut across older Eo-

Oligocene tectonic contacts (van Unen et al., 2019a, 2019b).

Historical and instrumentally recorded seismicity in this part of the
External Dinarides is attributed to numerous seismogenic sources
delineated and parametrized in the latest version of the European
SHARE database (URL2, 2023), partly also presented in Kastelic et al.
(2013, and references within) and in papers of Kuk et al. (2000), Kastelic
and Carafa (2012), Govorcin et al. (2020) and in Schmitz et al. (2020).
Seismogenic sources in the wider epicentral area of the Berkovi¢i 2022
earthquake sequence listed in the SHARE database are shown in Fig. 2a.
They are characterized by relatively small slip-rates between 0.15 and
2.01 mm/yr and inferred maximum expected magnitude (Mpq,) be-
tween 5.5 and 7.5 (Kastelic and Carafa, 2012; Kastelic et al., 2013).
Besides instrumentally recorded seismicity in this area, palaeoseismic
activity is also locally documented here by co-seismic uplift events in the
Dubrovnik archipelago (Faivre et al., 2021a, 2021b; Faivre et al., 2023),
all driven by convergence of the Adriatic plate towards the Europe,
presently at GPS-derived shortening rates of ~3-5 mm/yr (Grenerczy
et al., 2005; Bennett et al., 2008; Weber et al., 2010).

3. Data and methods
3.1. Instrumental data
Earthquake locations were calculated using phase-onset times read

from the seismograms gathered from several seismic networks, both
permanent and temporary. The majority of seismograms come from the



L. Dasovic et al.

permanent Croatian seismic network (network code CR; see list of DOIs
in References after network codes). In the earliest sequence, and for the
largest events, we also used recordings from stations in the neighbouring
countries (network codes HU, IV, MN, NI, OE, SJ, SL, WS, Z3) as
available on EIDA (2022-2023; see list of DOIs in References after
network codes). However, by far the most relevant for this earthquake
series were data collected by the semi-permanent Du-Net seismic
network (URL3, 2023) established in November 2021 and operated by
the Andrija Mohorovic¢i¢ Geophysical Institute of the Department of
Geophysics, Faculty of Science, University of Zagreb (Fig. 3) within the
DuFAULT project. The DF03 station was installed in Nevesinje in Bosnia
and Herzegovina on 4 May 2022 to improve the location precision and
accuracy of the Berkovi¢i 2022 earthquake sequence, especially to
narrow the azimuthal gap towards the north. At the end of the analysed
period, the network consisted of six stations equipped with high-
sensitivity broadband seismographs.

To improve monitoring of this sequence, Croatian Seismological
Survey from the Department of Geophysics, Faculty of Science, Uni-
versity of Zagreb installed three seismic stations between 24 and 27
April 2022 in the southernmost part of Croatia, close to the border with
Bosnia and Herzegovina. Two of them, PM31 and PM32, were equipped
with a broadband sensor and a collocated strong motion instrument,
whereas only an accelerograph was installed at PM33.

Unrelated to the sequence, ETH Ziirich deployed 20 BB seismic sta-
tions in Bosnia and Herzegovina within the AdriaArray initiative
(network code Y5; URL4, 2023): ten of them 13-17 June 2022 and the
other ten 18-22 July 2022. However, we began using these data in our
analysis in October 2022 when they became available. In mid-October
2022, the University of Bergen and NORSAR with the Department of

Tectonophysics 875 (2024) 230253

Geophysics, Faculty of Science, University of Zagreb installed 12
broadband stations in the southern part of Croatia within the project
CRONOS (Norway Grant 2021-2024; URL5, 2023) and the AdriaArray
initiative (network code 9H; URL4, 2023). These data were used in the
analyses soon after the deployment.

3.2. Data analysis

All available seismograms for the period 22 April 2022-22 January
2023 were analysed using the SANDI interactive seismogram analysis
program (Orlic et al., 2007-2021) for phase-picking and data organi-
sation. Experienced seismologists picked the phase onset times manu-
ally. Local magnitudes (M) were estimated as described in detail by
Herak (2020). The moment magnitudes (My) were retrieved from the
European-Mediterranean Seismological Centre (EMSC; URL6, 2023).
To reduce the influence of local conditions below each station and the
influence of spatial variation of travel times relative to the theoretical
ones for the chosen 1D model (e.g. Richards-Dinger and Shearer, 2000;
Nooshiri, 2019), the source-specific station corrections (abbreviation
SSSC) were used in the process of locating the earthquake hypocentres.
In general, if the velocity model predicts reasonably accurate travel
times, the locations obtained using SSSCs will be better, more robust,
and less dependent on the particularities of the chosen model.

3.2.1. Earthquake location method

Earthquake foci were determined in the two-stage iterative proced-
ure applying SSSCs obtained with the latest version of the guided grid-
search Hyposearch programme (the first version described by Herak,
1989). In the first stage, all locations are computed assuming the best

Station | #P Dns
BHO4 108 | 44
BHO5 217 34
DBRK 4050 | 46
DFO1 6653 | 17
DF@2 6268 | 29
DFO3 2684 | 27
DFo4 1395 | 64
22-04-2022 — 22-01-2023, ML > 1.0 DF@5 4733 | 48
A HR CRONOS A Du-Net & HR12 448 | 47
PM31 246 | 42
A CRnetwork A PM portable network
. . . QF04 PM32 257 | 46
A Y5 AdriaArray A\ Bosnia and Herzegovina PM33 224 | 39
network

STA 4030 | 54
20 km STON 4805 | 46
TREB 1101 | 41

17.0 17.4 17.8 18.2 18.6

Fig. 3. Map of the closest seismic stations (triangles) used in the earthquake analysis — each colour represents different seismic network according to the legend. Blue
dots represent earthquake epicentres. The table to the right gives the number of the first P-phase readings (#P), and the distance to the mainshock (Dys, in km) for
the 15 closest stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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known 1D velocity model used for location of events in the area. In the
second stage, SSSCs are computed as the average of observed travel-time
residuals for each [event-station—phase-source volume] quadruplet,
which are then subtracted from the corresponding observed travel times.
The source volume is determined for each event, station, and phase by
the maximum correlation distance (Rpnq) from the corresponding
hypocentre as obtained in stage 1. This procedure is repeated until the
chosen misfit function stabilises. For a detailed description of the
method, see Herak et al. (2021) and Herak and Herak (2023).

This procedure can be run several times always choosing a different
velocity model and/or a different set of programme control parameters
(PCP, e.g. definitions of various weighting schemes, the choice of Rpygx
and misfit function, etc.). Each run will produce distinct sets of locations,
frequently exhibiting closely comparable overall measures of goodness-
of-fit, such as the standardized median absolute deviation (SMAD) or the
mean absolute value of residuals for all picks across all earthquakes. In
such instances, one can designate the most probable or representative
location for each event as the weighted mean derived from all locations
for that event across various runs. The weights are contingent upon the
values of the selected measure of goodness-of-fit, such as SMAD, in each
respective run. Such an approach also allows for estimation of epistemic
uncertainty (due to imperfect knowledge of input parameters in the
inversion) of each solution. We estimated the epistemic uncertainty for
the epicentre (¢g) of each earthquake as the 90th percentile of the dis-
tribution of distances from the representative (average) location. In the
same way, we calculate the epistemic uncertainty for the depth (ep). The
aleatory variability of locations, primarily arising from imperfect picks
and the anisotropy of travel times not resolved by SSSC, serves as an
additional indicator of confidence for each location. For some earth-
quake, this variability is calculated as the average of the parameters of
the 1o confidence ellipses estimated in each location run (see also Herak
and Herak, 2023).

In this study, the initial 1D velocity model is based on the one used at
the Department of Geophysics in routine earthquake locations in these
parts of Croatia and Bosnia and Herzegovina. It was coarsely tuned in
several test runs to minimise observed average absolute residuals for the
phases considered (Pg, Sg, Pn, Sn; Table 1). The procedure of locations
as described above required a run of seven cycles of locations and SSSC
computations to stabilise the results. To assess the epistemic uncertainty
of locations, we have performed additional 53 runs, each with a distinct
set of models and/or PCPs. The models were derived from the initial
model of Table 1, by increasing or decreasing velocities in the upper
crust and/or the uppermost mantle by 1%, thus defining nine alternative
models. Of the PCPs, we varied the maximum correlation distance (Ryqx
= 3.0, 4.0, 5.0 or 7.0 km), and the choice whether to use the first-order
correction for the average Moho dip towards each station or not. Other
parameters were kept at values that produced reasonable results in
several previous studies (e.g. Govorcin et al., 2020; Herak et al., 2021;
Herak and Herak, 2023).

Table 1

Initial model used in the location procedure. Vp — P-wave velocity; Vs — S-wave
velocity. Velocities were increased/decreased by AVp,s = £+ 1% in all of the
upper crust (layers 1-5) and the uppermost mantle (layers 8-10) to define nine
alternative models.

Layer No. Depth (km) Vp AVp Vs AVs

(km/s) (km/s) (km/s) (km/s)

1 0.0 3.30 1.85

2 1.3 4.90 2.85

3 3.0 5.75 (+ 1%) 3.25 (+ 1%)

4 19.0 5.80 3.45

5 30.0 5.90 3.50

6 30.0 6.30 / 3.68 /

7 45.0 6.85 / 4.00 /

8 45.0 8.00 4.45

9 65.0 8.05 (+ 1%) 4.60 (+ 1%)

10 95.0 8.10 4.66
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3.2.2. Aftershock magnitude and occurrence time distributions
Aftershock magnitude distribution is calculated fitting the
Gutenberg-Richter (GR) relation

logN = a —bM,. (€]

Here N is the number of earthquakes with magnitude larger or equal
to M;, (with My > M., M, being the magnitude completeness threshold of
the catalogue), and a and b are coefficients. The coefficients were
derived in standard way using the maximum likelihood method.

The aftershock rate is modelled assuming validity of the modified
Omori law (Utsu, 1961):

K
(t+c)”

n(t) = (2)

where n(t) is the number of aftershocks that occurred in the unit of time
(aftershock rate), t is the time elapsed since the mainshock. The coeffi-
cient K is productivity that depends on the magnitude of the mainshock,
c is a constant that shifts the timescale to skip aftershocks that occurred
too early in the mainshock's coda to be counted, and p is exponent
usually between 0.7 and 1.5. We calculated the aftershock rate for the
window width of 25 earthquakes with the shift of 10 earthquakes.

3.2.3. Focal mechanism solutions (FMS)

Double-couple focal mechanisms that best describe sets of manually
picked polarities and/or amplitudes of the first P-phase motion on the
vertical seismogram component were determined by the first-motion
polarity method (FMP). All available data from local and regional net-
works were used.

The best fitting double-couple parameters were sought by exhaustive
grid-search for the triplet (¢, strike, &, — dip, 4, — rake) that minimizes
the misfit function D defined for N observations as

;Wi[ri((ﬂﬁﬁ)*l’i]z |
D(p,8,1) == . 3
(9,6,4) iwi 8(@p,8,4) ®

i=1

For each station (i), r; is the theoretical radiation pattern amplitude,
piis the observed normalized amplitude of the P-wave first onset, and w;
is the corresponding weight. The observable p is usually simply +1
(polarity), but it may also be discretized into any number of classes
between 0.0 and + 1.0 indicating the amplitude of the first swing. For
instance, 0.1, 0.5, 0.9, may signify the first amplitudes that are quali-
tatively described as “very small” (probably close to the nodal plane),
“average”, and “very large” (probably close to the center of the quad-
rant). r is discretized in the same way as p. The individual weights w;
depend on the quality of the first onset, and the proximity of the station
to the currently tested nodal plane. g is the percentage of correct po-
larities for the choice (¢, 6, 4) (ranging from 0.5 to 1.0) which, among
similar solutions, gives preference to the ones with larger number of
correct polarities.

For comparison, we also present the moment tensor best double-
couple (MT) solutions for three earthquakes from this sequence as re-
ported by various international agencies: the Istituto Nazionale di Geo-
fisica e Vulaconologia (INGV, 2022), the Deutsches GeoForschungsZentrum
(GFZ, 2022), the Observatoire de la Cote d'Azur (OCA, 2022), the Global
Centroid-Moment-Tensor (CMT) Project (GCMT, 2022), and the U.S.
Geological Survey (USGS, 2022).

3.3. Geological data and regional cross-section modelling

To gain a better understanding of the Berkovici earthquake sequence
and to delineate potential seismogenic source we constructed a regional
geological cross-section, which includes Dalmatian, High Karst, and part
of Pre-Karts tectonic units, Berkovi¢i and Ston-Slano epicentral area
(thick solid lines in Figs. 2). For this purpose, we digitized in ArcGIS Pro
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3.1 Basic Geological Map of SFRY, sheets: Trebinje (Natevic and Pet-
rovi¢, 1967), Nevesinje (Mojicevi¢ and Lausevic, 1969), Dubrovnik
(Markovi¢, 1971), Metkovié¢ (Rai¢ et al., 1975) and Ston (Raic et al.,
1980). Important deformation structures and faults with significant
displacement were singled out by analysing the maps, which were
further inspected during the field observations to cross-check available
structural measurements and structural relations of stratigraphic units,
to fill up the gaps with no structural data and to determine kinematic
indicators if available. For the offshore area, faults were mapped based
on 2D seismic cross-sections provided by Croatian Hydrocarbon Agency.
Simplified geological map of wider research area is shown in Fig. 2b,
where map units are grouped based on their age and only most impor-
tant faults are presented.

Construction of regional geological cross-section was done within
the Petex MOVE 2019.1 structural modelling software. Input data were:
1) European digital elevation model (EU-DEM 1.1, 2022) and Bathym-
etry Digital Terrain Model (EMODnet Bathymetry Consortium, 2022); 2)
offshore 2D seismic cross-section, provided by the Croatian Hydrocar-
bon Agency; 3) digitized map representing stratigraphic units, faults and
deformation structures imported from GIS project; 4) structural mea-
surement data from the maps and those gathered in the field, which
were additionally digitized within the Petex MOVE 2019; and 5) lith-
ostratigraphic table containing average thicknesses of each unit
compiled from previously mentioned geological maps. All structural
data within 2.5 km distance from the cross-section, as well as in-
tersections with stratigraphic units and faults were projected onto
topographic line that was extracted from DEM and bathymetry data.
Structures were constructed starting from the youngest map units and in
respect to projected structural data to accurately reflect geometry of
each unit. Offshore part of the cross-section (part of the Mljet structure,
for details see section 4.2 and Fig. 11) was constructed based on the
interpretation of 2D seismic cross-section and correlated with surface
data. For those stratigraphic units that do not outcrop at surface, average
thickness was used to project them parallel to overlying unit. The ge-
ometry of the thrusts, their ramps and flats, was constructed in respect to
geometry of the structures in the hanging wall. Geometry of the basal
thrust of the Dalmatian unit was modelled based on the hypocentres'
distribution of the 2022 Berkovié¢i earthquake sequence, fault plane
solutions of the Berkovi¢i 2022 and Ston-Slano 1996 mainshocks, and in
respect to the geometry of the basal thrust of the High karst unit and
Ljubinje thrust (for details see section 4.2 and Fig. 11). Certain parts of
the cross-section were retro-deformed using the fault-bend-folding and
fault parallel flow algorithm within the Petex MOVE 2019 to validate the
geometry of the modelled structures.

Balancing of the entire cross-section is outside the scope of this study,
because to do so frontal thrust of the Dalmatian unit (ca. 30 km further
to the SW) should be included in the cross-section, as well as the intra-
platform basin (located SW from the Mljet structure) containing pelagic
Oligocene to Miocene sediments and underlying Mesozoic carbonates
for which there is no available borehole data.

4. Results and discussion

We present here the results of statistical, spatial and temporal ana-
lyses of the earthquake sequence that started on 22 April 2022 with an
earthquake of local magnitude 6.0 and epicentre in the southern part of
the seismically active External Dinarides. Moreover, we discuss assessed
aleatory variability and epistemic uncertainty for the earthquake loca-
tion parameters. We complement these analyses with the report of
macroseismic intensity field of the mainshock to show its impact on the
surface (Appendix A). To understand seismotectonic context, we present
a constructed regional geological cross-section.

4.1. Instrumental data analyses

In the first nine months of the studied sequence, from 22 April 2022
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until 22 January 2023, we located hypocentres and computed local
magnitudes for 7217 earthquakes. These locations are based on a set of
manually picked 102,743 phase onset times (43,746 Pg, 55,430 Sg, 1462
Pn, 2105 Sn). As a rule, whenever possible both P- and S-phases are
picked. However, at more distant stations Pg (or Pn) is sometimes
drowned in noise, but Sg (or Sn) is clearly visible and picked. Therefore,
the number of S-phases is larger than the number of the corresponding P-
phases.

The Berkoviéi earthquake sequence began with the My = 6.0 (My, =
5.7) on 22 April 2022 21:07:48.6 UTC with epicentre location at (¢ =
43.066°N, 4 = 18.185°E) and at hypocentral depth of h = 22 km, in the
Municipality of Berkovi¢i, Bosnia and Herzegovina. The strongest
aftershock occurred on 24 April 2022 04:27 UTC with My = 4.9 (My =
4.7). Table 2 shows earthquake location parameters, together with local
magnitude and calculated focal mechanism solutions (for details see
section 4.1.3) for eight strongest events of the sequence.

4.1.1. Epistemic uncertainty and aleatory variability of locations

To assess epistemic uncertainty of locations, we have performed 54
runs - for nine alternative models (Table 1) and four different maximum
correlation distances (Rpax = 3.0, 4.0, 5.0 or 7.0 km) — which has a
significant influence on the results, and the choice whether to use the
first-order correction for the average Moho dip towards each station or
not. As discussed in Herak and Herak (2023), the sets of models and
PCPs used here are very far from exhausting all possible reasonable
combinations of parameters. In fact, considering the number of param-
eters that define each run, it would be an impossible task. This renders
our epistemic uncertainties not conservative and probably under-
estimated. However, it is a step forward towards better quantification of
epistemic uncertainty of locations, which is often neglected in similar
studies.

The 54 resulting different sets of locations are all characterized by
similar overall goodness-of-fit measures. For example, the standardized
median absolute deviation (SMAD) of residuals for all phases is found to
vary between 0.12 s and 0.13 s. This difference of up to 0.01 s is equal to
the best possible accuracy of phase picking, so we consider all sets of
locations equally valid and assign unit weights to all of them. Thus, the
simple means of the hypocentral coordinates and origin times of the 54
runs were taken as their representative values. Likewise, the epistemic
uncertainties (g5 and €, for the epicentre location and focal depth,
respectively) for each event were determined as the unweighted 90-
percentile of the distribution of distances of 54 foci from the represen-
tative (average) one and were included as such in the final earthquake
catalogue. Aleatory variation ay of the epicentral coordinates is esti-
mated for each event as the mean of the lengths of the major semi-axis of
the 90%-confidence error-ellipse of the 54 individual solutions.

In Fig. 4, we show the temporal variation of the location uncertainty
measures (horizontal aleatory uncertainty, epistemic uncertainties of
the epicentre and of focal depth) estimated as the mean value of the
corresponding quantity in a sliding window containing 25 consecutive
events for My > 0.5. There is a clear decrease of the mean horizontal
aleatory uncertainty on 4 May 2022 when the DF03 station in Nevesinje,
26 km to the north-northwest from the mainshock, was deployed to
monitor this sequence, thus primarily narrowing the azimuthal gap.
Periods of increased uncertainty correlate well with the times when the
closest stations (DF01, DF02, DF03) had problems that could not be
resolved immediately, resulting in loss of data. This is especially true for
the closest station DF01 (15 km from the epicentre), and the effect is
most clearly observed for the uncertainty of the focal depth (e, Fig. 4c),
which increases from <1 km to >5 km.

4.1.2. Statistical, temporal and spatial analyses

The analysis of the frequency-magnitude distributions (Fig. 5), i.e.
the Gutenberg-Richter relation, shows that the catalogue can be
considered complete for magnitudes M; > M¢ = 1.3. The Gutenberg-
Richter coefficient b equals 1.07, still within the usual range of values,
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Table 2
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Focal mechanism parameters for the eight considered earthquakes computed using the first-motion polarity method. to is origin time of the event, ¢ and 1 are
geographical coordinates of the epicentre, h is the focal depth, and M, is event's local magnitude. ¢;, §;, A;, are the strike, dip and rake of the two nodal planes,
respectively (indices 1, 2; no preference of solution implied) or the P and T-axes (indices P, T). Q stands for quality of solution (1-5, 5 being the best).

to (UTC) ¢ [°N] 2 [°E] h [km] My o1 [°] 61 [°] A1 @2 [°] 82 [°] A2 [°] op [°] op [°] or [°] or[°1 Q
[°]
1 22.4.2022 21:07:48.6 43.066 18.185  21.6 6.0 109 67 87 297 23 97 201 22 13 68 5
2 23.4.2022 00:59:08.0 43134  18.057  15.9 39 45 43 -109 250 50 -72 223 77 328 4 2
3 23.4.2022 02:20:27.2 43.136 18.065 13.8 4.5 215 45 —-109 61 48 -71 42 77 138 2 4
4 23.4.2022 02:34:21.0 43.036 18121  21.7 37 271 27 71 112 65 99 195 19 41 69 4
5 24.4.2022 04:27:53.4 43.066  18.144 245 49 271 43 -125 135 56 —61 99 66 205 7 3
6  5.5.2022 22:27:06.9 43.027  18.144 207 3.0 57 45 43 294 61 126 359 9 254 57 5
7 2.12.2022 20:05:05.3 43118 18141  21.8 45 295 59 79 136 33 108 33 13 176 74 3
8  10.12.2022 23:12:54.3  43.031 18168  21.6 3.2 287 59 87 113 31 95 19 14 188 76 3
: a) Mean horizontal aleatory variability, a,, km (25 egs., Mmin = 0.5)
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Fig. 4. Temporal variation of the location uncertainty measures estimated as a mean value of the corresponding quantity in a

sliding window containing 25

consecutive events with My > 0.5. (a) Mean horizontal aleatory variability (major half-axis of the 90% confidence ellipse). (b) Mean epistemic uncertainty (90-
percentile radius) of the horizontal coordinate. (c) Mean epistemic uncertainty of the focal depth (90-percentile radius). Bars topped with arrows indicate values
larger than 5 km. Periods of increased uncertainty correlate well with the times when the closest stations were out of order marked with horizontal bars and
indication of the missing seismic station. Dashed lines within the bar indicate periods of intermittent recording due to unstable power supply. Note that the time scale

is not equidistant!

which suggests 11.8-fold increase of number of events per one unit of
magnitude decrease.

The temporal analysis of the sequence modelled for earthquakes M},
> 1.3 with the modified Omori law (Fig. 6) shows the decrease in
earthquake rate from about 2000 events/day in a few hours after the
mainshock to about one event per day at the end of the analysed period.
The decay rate exponent p = 1.2 is within the normally expected range
of values. With this rate, after one year since the beginning of the series,
we can expect five earthquakes with M; > 1.3 in 10 days, and one such
event per month on the average can be expected after about 10 years.
The decrease in earthquake rate is monotonous and the fitted line fol-
lows the data nicely until 224 days after the mainshock — when after-
shock My, = 4.5 of 2 December 2022 occurred and activity increased in
the following weeks (Fig. 6). The epicentre of this aftershock was 7 km
away from the mainshock's, in the area that has been active since the
beginning of the sequence (see earthquake subgroup c in Figs. 7 and 8
and event No. 7 in Table 2).

4.1.3. Earthquake locations

Epicentres of all located events of the Berkovici sequence are shown
in Fig. 7a. The aftershocks seem to group into four distinct earthquake
clusters (subgroups a-d in Figs. 7a and 8). Figs. 8a and 9 show only
earthquakes with more reliable locations and provide more detailed
insight into the structure of aftershock clustering. Subplots 7b and 7c
show heat-maps of the number of earthquakes and the cumulative
moment release, respectively, whereas Fig. 8 presents spatio-temporal
evolution of the sequence. The distribution of the number of after-
shocks reveals that hotspots do not correspond with the locations of
more intense events. This suggests that the stronger earthquakes pre-
dominantly dissipated stress in proximity to their foci, with subsequent
aftershock activity occurring further away on the activated faults.

The main cluster (a in Figs. 7a and 8) is found in the area around the
mainshock where the bulk of aftershocks occurred on the causative
fault. It is ~15 km long (in the WNW-ESE direction) and ~8 km wide
(NNE-SSW). Most aftershocks with My > 3.0 occurred WSW and S of the
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Fig. 5. Frequency-magnitude distribution for the first nine months of the Berkovi¢i earthquake sequence (mainshock excluded). Blue circles represent non-
cumulative distribution while red circles present cumulative distribution. The aftershock catalogue may be considered complete for M; > 1.3. The black solid
line is the fit of the Gutenberg-Richter relation with the coefficients b = 1.07 and a = 2.34. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 6. Temporal activity rate variation for events with magnitude M, > 1.30: fit of the modified Omori law (solid black line) in log-log scale. The size of the circle
depicts the largest earthquake in a window for which the earthquake rate was calculates.

mainshock. Fig. 8 shows that this subgroup was active throughout the
whole analysed time span, however, smaller temporal-spatial clusters
are seen within it. For instance, cluster a; just north of Vlahoviéi in
Fig. 8a and b was active in late August and early September 2022. A
detailed analysis of possible subclustering is outside the scope of the
study.

Subgroup b is further away to the northwest (=12 km from the
mainshock), just to the SE of the village Dabrica, and encompasses af-
tershocks that form a SW-NE oriented cluster (perpendicular to the
Dinaric strike). This area was activated shortly after the mainshock

occurred and has been active throughout the whole analysed period.
However, almost half of the located events (/250 earthquakes) occurred
during April 2022. The strongest aftershocks in this cluster happened on
23 April 2023 at 00:59 and 02:20 with magnitudes 3.9 and 4.5 and at
depths of 16 and 14 km, respectively. A small cluster within this sub-
group occurred close to intersection with subgroup c in the period 10-13
November 2022 (with the strongest earthquake of My = 3.5), in a way
“announcing” the forthcoming activity within subgroup c.

Subgroup ¢, to the north of the main subgroup and close to the village
of Trusina (=6 km north of the mainshock), was initially active in April
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Fig. 7. (a) Epicentres of all 7217 located events in the first nine months of activity. Local magnitude is indicated by the colour scale on the right. The four distinct
epicentre subgroups a-d are shown by dashed rectangles. (b) Heat-map presenting number of located events within each cell (0.75 km x 0.75 km). Moderate spatial
smoothing involving only the neighbouring cells was applied. (c) Heat-map of logarithm of cumulative seismic moment released in each cell (0.75 km x 0.75 km).
Weak spatial smoothing was applied (only neighbouring cells, with unsmoothed field weight factor = 0.5).

and May 2022; however, the main activity started on 2 December 2022
at 20:55 with Mg 4.5 aftershock (see Fig. 8). Between 2 and 4
December 2022, 310 small events were located there.

The farthest subgroup (d in Figs. 7a and 8), with comparatively weak
events is located to the east of Divin, ~14 km southeast from the
mainshock, also featuring SW-NE elongated cluster. It was active almost
entirely in the first weeks of the sequence.

In general, focal depths of this sequence range between 10 and 30
km. However, majority of them (86%) had focal depths between 15 and
25 km and 61% is between 20 and 25 km of depth. These hypocentral
depths are considerably larger than the typical ones for the Dinarides
(5-15 km) but agree with previously observed depths of mid-crustal
events in the zone stretching from this area southeastwards to
Montenegro (see black dashed line in Fig. 1). Detailed description of the
depth distribution is in section 4.1.4.

10

4.1.4. Focal mechanisms

The focal mechanisms have been determined as the first-motion
polarity (FMP) solutions for eight earthquakes — they are presented in
Table 2. The attempts to include smaller events failed because they were
mostly well recorded only on a small number of the closest stations, thus
rendering inversions unstable and unreliable. In Fig. 9, we show our
solutions in comparison to the moment tensor best double-couple (MT)
solutions for three earthquakes from the Berkovic¢i sequence as reported
by various international agencies. In general, and especially for the
mainshock, FMP and MT solutions agree very well although they are
related to different episodes of the faulting process.

The mainshock shows pure reverse mechanism on a fault gently
dipping to the NNE (preferred solution based on the hypocentral loca-
tions, see Fig. 11). Figs. 7a and 8 reveal that the aftershock cluster a,
roughly corresponding to the events related to the main causative fault,
is unevenly populated with aftershock epicentres, with a large patch to
the north and east of the mainshock's epicentre being considerably less



L. Dasovic et al.

Tectonophysics 875 (2024) 230253

Temporal evolution of the sequence
22 April 2022 — 22 January 2023
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Fig. 8. Spatio-temporal evolution of the Berkovi¢i sequence. a) Map view. The date is according to the colour-scale at the bottom, and symbols scale with magnitude.
Only well-located events are shown, satisfying criteria shown in the legend (ymax — maximal allowed station azimuthal gap, Ny,;; — minimum number of phases used in
location). b) 2D presentation. Red boxes correspond to the subgroups as shown in part a) above. The main subgroup (a) is not marked. A cluster (a;) within the main
subgroup a is shown by a dashed box as an example of possible further subdivision of the four main subgroups. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

active than the rest of this group. It most probably corresponds to the
part of the causative fault plane tentatively indicated in Fig. 9 (with
dimensions estimated after Wells and Coppersmith, 1994) where most of
the stress was released by the mainshock.

Similar mechanism is observed for other three earthquakes in the
southern part of the main earthquake cluster a and for one earthquake in
the cluster c (Figs. 7a and 8) just to the north, close to Trusina. These are

11

somehow expected solutions, as the causative faults follow the Dinaric
strike (SE-NW) prevailing in this area. However, three aftershocks seem
to have been caused by normal faulting, which is unusual in the region of
tectonic compression: two of them are found in the smaller subgroup of
aftershocks to the south of Dabrica (b in Figs. 7a and 8) and one is
located close to the mainshock. The first two (23 April 2022, Nos. 2 and
3in Table 2) strike approximately perpendicularly to the Dinaric strike —
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with the currently available data about earthquakes in this area and
local geology we can speculate that redistribution of stress caused by the
mainshock fracture increased the probability of (re)activation of old
normal faults striking SW-NE if they exist there.

To try to verify this hypothesis, we computed the Coulomb stress
change caused by the mainshock rupture using Coulomb 3.4 program
(Toda et al., 2011). As no detailed model of the slip distribution on the
fault plane is available, the mainshock fault was modelled to be
consistent with the focal mechanism and depth as described above, and
its dimensions were estimated using the relationships from Wells and
Coppersmith (1994). The amount of slip was tapered-off towards the
fault edges. The modelling presented in Fig. 10 shows Coulomb failure
stress (ACFS) increase of 0.5 bars at the location of the normal after-
shock of 23 April 2022, 02:20 (No. 3 in Table 2), thus promoting rupture
on the optimally oriented normal fault there with strike roughly
NNE-SSW (parallel to the strikes of short black lines in Fig. 10). This
approximately agrees with the observed strikes of the two nodal planes
(NE-SW) of the 23 April 2022 normal events (see Fig. 9). The match is
not perfect, and modelled ACFS is not very high, but this explanation
remains the most plausible until it is confirmed or refuted by a future,
more detailed Coulomb stress analyses based on the realistic slip dis-
tribution on the mainshock's fault.
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The third aftershock with normal faulting (24 April 2022, No. 5 in
Table 2) seems to have occurred near the edge of the same fault as the
mainshock - the strike and dip of preferred solutions, especially the MT
ones (see Fig. 9) agree with the mainshocks', but the rake indicates
almost pure normal kinematics. Events with opposite mechanisms
occurring on the same fault shortly one after another, strongly indicate a
reversal of the stress state (e.g. Ide et al., 2011; Sattari, 2018). This in
turn suggests total stress drop and dynamic overshoot of the rupture
caused by inertial effects, thus reducing shear stress below dynamic
friction (McGarr, 1999). A rather similar case of large normal after-
shocks shortly following pure thrust mainshock on a gently dipping fault
is suggested (albeit on a much larger scale!) for the Tohoku-Oki earth-
quake of 2011 by Ide et al. (2011). Opposite mechanisms in aftershock
sequences have also been documented by, e.g. Beroza and Zoback
(1993) for the Loma Prieta aftershocks, and Ratchkovski (2017) for the
Denali fault (Alaska). A prerequisite is also that the fault zone is a
compliant one, with reduced rigidity in its neighbourhood compared to
the surrounding host rocks (Kang and Duan, 2015). Compliant zones
develop from damage accumulation during seismic ruptures (Nie and
Barbot, 2022), and fault zone lithology may play an important role in
their formation (Materna and Biirgmann, 2016). If this is indeed the
case, it may have implications for seismogenesis and tectonic processes
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in these parts of External Dinarides.

4.1.5. Vertical cross sections

To get better insight into the aftershock clustering in depth, in Fig. 11
we plot four profiles cutting through the activated hypocentral volume.
In any attempt to explain the cross-sections in Fig. 11, one must be aware
of rather large uncertainties (see Fig. 4) of focal coordinates (especially
the depth) due to the sparseness of the local network and take care not to
overinterpret the apparent geometrical trends.

Profile A in Fig. 11 shows that the hypocentres within Dy, = 5 km
from the trace profile are spread in the depth range between 10 and 30
km. Most events, belonging to subgroup a (Figs. 7a and 8), have foci
below 20 km. Rather steeply dipping cluster in the NW part of the profile
corresponds to events in cluster b where two aftershocks with normal
mechanisms are found at shallower depths. Judging from the cross-
section A, the planes of the corresponding focal mechanism solutions
(Nos. 2 and 3 in Table 2) dipping towards SE are more likely to be the
actual fault planes. In the transverse profile B (Dj,qx = 2 km), the western
edge of the main aftershock subgroup a shows as a rather scattered
cluster apparently dipping to the NNE with a sharp NW boundary. At its
NNE-most end, it crosses the aftershock subgroup ¢ which appears as a
well-defined group of foci steeply dipping towards NNE, and ranging in
focal depths between 17 and 25 km. The transverse profile C (Dpmqx = 2
km) crosses through the subgroup a near the mainshock, and shows a
cluster of foci dipping towards NNE, in agreement with one of the FMS
fault-planes for the mainshock (No. 1 in Table 2). The transverse profile
D (Dpmax = 2 km) shows the SE end of the main cluster, again suggesting a
dip towards NNE.

The observed scarcity of aftershocks in the areas towards N, NE and E
from the mainshock (Figs. 9 and 11), and information from cross-
sections through the hypocentral volume (Fig. 11) suggest that the
rupture most likely spread down-dip from the hypocentre, where most of

13

the accumulated stress was released by the mainshock.

4.2. Seismotectonic interpretation

To delineate potential seismogenic source of the Berkovi¢i 2022
earthquake sequence, hypocentres of this sequence are projected onto
the constructed regional geological cross-section, including events with
M > 1 and within 5 km distance from the cross-section (Fig. 2). In
construction of this cross-section, we firstly modelled the geometry of
the basal thrusts of the High Karst (labelled BTHKU in Fig. 12) and the
Dalmatian tectonic units (labelled BTDU in Fig. 12), based on surface
geological data and the interpretation of 2D reflection seismic section in
the Adriatic offshore which was provided by Croatian Hydrocarbon
Agency. Starting from the outcropping location of the frontal thrust of
the High Karst unit at Slano (Figs. 2 and 12), the basal thrust of this unit
is modelled by successive ramps and flats that passes downwards to the
NE into a root zone decollement, modelled at the depth of 12 km and at
the distance of c¢. 40 km from the outcropping front. A group of shal-
lowest hypocentres of the Berkovici sequence could be attributed to this
basal thrust surface, in particular those events at a vertical distance of
2-4 km above and below this thrust surface (Fig. 12).

Above this basal thrust, yet another regional-scale thrust surface is
modelled within the High Karst unit (Fig. 12), indicating that this unit is
here subdivided into two subunits, as documented further to the NW by
Balling et al. (2021a). Starting from the outcropping front at Ljubinje,
this shallower thrust surface also passes downwards to the NE into
successive ramps and flats, modelled to the depth of 8 km underneath
the frontal thrust of the Pre-Karst unit exposed at the surface at the NE
termination of the cross-section (Fig. 12). No hypocentres of the
Berkoviéi sequence were found close to this thrust surface.

The seismogenic source for the mainshock of the Berkovici sequence,
and for the group of events closest to the mainshock, is modelled by the
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mainshock hypocentre depth, its fault plane solution, the hypocentre
distribution of closest events to the mainshock projected onto the cross-
section and by the geometry of structures reconstructed in the upper part
of the cross-section, i.e. above the depth of 12 km. Based on these data
we firstly delineated a 23° NE-dipping ramp at the mainshock hypo-
centre depth of 22 km, which downwards to NE turns into a flat surface,
modelled as the basal thrust of the Dalmatian tectonic unit, delineated at
the depth of 23 km underneath the basal thrust of the High Karst unit. To
the SW from the mainshock hypocentre depth, the geometry of the
seismogenic source is delineated by a successive flat and ramp, the latter
corresponding to the 53° NE-dipping nodal plane reported by Govorcin
et al. (2020) as the seismogenic source of the mainshock of the
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Ston-Slano 1996 earthquake sequence. Thus, our modelling suggests
that both mainshocks, although at the horizontal distance of c. 35 km,
could be attributed to the same composite seismogenic source (either to
the HRCS004 or HRCS001 sensu Basili et al., 2013; Kastelic et al., 2013,
Fig. 2), corresponding to the basal thrust of the Dalmatian tectonic unit,
i.e. to the two NE-dipping and blind ramps of this basal thrust.

5. Conclusions
In the southern part of the External Dinarides, in the southeastern

part of Bosnia and Herzegovina in the Municipality of Berkovi¢i, an
earthquake sequence began on 22 April 2022 with the mainshock of M,
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= 6.0. Its maximum intensity was estimated as VII EMS for the Munic-
ipality of Berkovi¢i where 29% buildings were damaged, mostly of
vulnerability class A-B, and many of them were in relatively poor con-
dition prior to the earthquake. This epicentral area is known to have
produced only one strong earthquake in the past (in 1927, of maximum
intensity VIII MCS in Ljubinje), and this is the first opportunity to study a
strong event and its aftershocks there, as recorded by a modern seismic
network.

We analysed the first nine months of the sequence, the period be-
tween 22 April 2022 and 22 January 2023. The locations were calcu-
lated with source-specific station corrections as mean of solutions for 54
combinations of velocity models and program control parameters. The
analysis of temporal change of aleatory variation and epistemic uncer-
tainty of locations showed that they strongly depend on the station
coverage, especially for the focal depth. The largest influence is impar-
ted by the closest seismic station DF01 (Ljubinje), 15 km to the south of
the mainshock epicentre.

The mainshock occurred on 22 April 2022 21:07:48.6 UTC at the
depth of 22 km with magnitude M; = 6.0 (My = 5.7). In total, we
located 7217 earthquakes and the sequence's catalogue can be consid-
ered complete for magnitude M, = 1.3. Focal depths ranging between 15
and 30 km are larger than average for the whole area of the External
Dinarides, but consistent with so far observed depths in the narrow
SE-NW striking zone of mid-crustal events that includes the Berkovici
epicentral area. Epicentres are mostly concentrated in four earthquake
clusters, with the largest one containing aftershocks related to the main
seismogenic fault. Combining the information from the cross-sections
through the hypocentral volume and epicentral spatial distribution,
we propose that the rupture spread from the hypocentre down-dip, i.e.
mostly to the north, northeast, and east. Seismicity immediately spread
from the mainshock bilaterally further along the strike, to the NW and
SE, and to the SW. In later stages, it was mostly concentrated close to the
mainshock while slowly decreasing, until December 2022 when it
increased, predominantly as a cluster about 6 km north of the
mainshock.

Focal mechanisms were determined with the first-motion polarity
method for eight earthquakes: five of them, including the mainshock,
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were due to reverse faulting on faults striking in the Dinaric direction,
with the preferred main fault gently dipping to the northeast. However,
three earthquakes were due to normal faulting, unexpected for this area.
Two of them occurred close to each other, on a fault striking in the
SW-NE direction and within the separate aftershock cluster elongated
along the strike. It seems plausible that those two aftershocks were
caused by Coulomb stress redistribution following the main rupture,
which increased stresses and reactivated old normal faults of right
orientation (if they exist there). The third normal aftershock occurred
55 h after the mainshock, probably on the same fault, and with almost
exactly opposite mechanism. This may be explained by temporary
reversal of the stresses after a total stress drop, resulting in a dynamic
rupture overshoot due to inertial effects, and later recovery. A prereq-
uisite for it is a compliant fault zone, with reduced rigidity in its
neighbourhood compared to the surrounding host rocks — fault zone
lithology may play an important role in their formation. If this is the
case, it may have implications for seismogenesis and tectonic processes
in these parts of External Dinarides.

The modelled geometry of the basal thrusts of the High Karst and the
Dalmatian tectonic units along the cross-section from the Adriatic coast
towards northeast suggests that both the Ston-Slano event of 1996 and
the Berkoviéi earthquake of 2022, although at the horizontal distance of
about 35 km one from another, could be attributed to the same com-
posite seismogenic source. It corresponds to the basal thrust of the
Dalmatian tectonic unit, i.e. to the two NE-dipping and blind ramps of
this basal thrust.
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Appendix A. Macroseismic analysis of the Berkovici 2022 mainshock

To estimate macroseismic intensities for the mainshock according to European Macroseismic Scale (EMS, Griinthal, 1998) we used various types of
data. Data are gathered from the online questionnaire of the Croatian Seismological Survey, reports received by the European-Mediterranean
Seismological Centre (EMSC; URL6, 2023), data (photographs, videos, interviews etc.) available on the internet news portals (national, regional, and
local), reports from affected municipalities' webpages, as well as official reports and data (photos) from several municipalities and their civil pro-
tection organisations affected by earthquake shaking. We also used information on the mainshock effects collected in field by personal reconnaissance
of the shaken area. However, these were only of limited extent — mostly in the border area of Croatia and Bosnia and Herzegovina (Slano, Trnova,
Trnovica, Lisac, Zavala, Trn¢ina, Hutovo), as well as Ljubinje and Stolac. Fig. A1 shows the intensity map.

The mainshock epicentral area is a rural, mountainous region of low population density: the Municipalities of Berkovi¢i, Ljubinje and Stolac have
population densities of 8.5/km? (URL7, 2023), 11/km? (URLS, 2023), and 45/km? (URL9, 2023), respectively.

The maximum intensity VII EMS was assigned to the Municipality of Berkovi¢i (2114 inhabitants, URL7, 2023) in the proximity of the epicentre. It
is based on the official report of the Municipality (S1 in the References), and photographs and information obtained on the internet portals. The report
states that 29% of the building in the municipality were damaged or destroyed — 12 buildings (two residential buildings, nine stables and an auxiliary
building) have been heavily damaged and are designated for demolition. However, in the report damage was categorised differently than in EMS, not
taking the vulnerability class into account. By investigating alternative sources (published photographs) and knowing the traditional type of con-
struction, we presume that most of the damaged buildings are of vulnerability classes A and B, and some of vulnerability class C. The total damage was
estimated at about 1.25 million EUR.
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Ljubinje is the municipality of 3511 inhabitants whereas the main settlement itself has 2744 inhabitants (URL8, 2023). According to the official
report of Ljubinje municipality (S2 in the References), damage was found on 231 buildings or facilities (221 residential buildings and 9 public
buildings): 78% were categorised equivalently to damage grade 1 and 2, and six buildings and facilities were declared beyond repair — however, they
were in poor condition before an earthquake struck. The total damage was estimated at about 1.8 million EUR. We estimate the intensity as VI-VII
EMS.

Stolac is the municipality of 14,889 inhabitants, and the town of Stolac has 3816 inhabitants (URL9, 2023). The official report mentions 532
damaged buildings (houses, public buildings, stables, and auxiliary facilities): most of the damage is reported as cracked inner walls (possibly only
plaster in some cases) and ceilings, displaced roof tiles, light and heavy damage of chimneys. As for Berkovi¢i, we do not have information on
buildings' vulnerability class. The total damage is estimated at about 2.3 million EUR. Unfortunately, in Stolac, a 28-year-old woman lost her life to a
rockfall caused by an earthquake that hit her house, and ten people were injured. The effects were found to be consistent with the intensity of VI-VII
EMS.

Nevesinje is a settlement (5162 inhabitants; URL10, 2023) and a municipality (12,961 inhabitants; URL10, 2023) north of Berkovi¢i. According to
data obtained from the Municipality, the total number of damage reports was 80, but only 40 reports with damage estimate exceeding 50 EUR were
taken into account. Mostly vulnerability class A and/or B buildings and/or in poor state were damaged, especially if on soft ground. Damage is
dominantly in form of cracks on inner walls and facade, and/or dislocated roof tiles — it can be classified as the 1st and 2nd grade. Some class A
buildings also suffered damage to load-bearing walls. Damage in the amount of ~3400 EUR was determined. The intensity is estimated as V EMS.

The damage was reported within about 40 km from the mainshock epicentre. In Bosnia and Herzegovina, damage of grade 1 or grade 2 is reported
in towns and municipalities of Capljina (VI EMS), Mostar (VI EMS), Nevesinje (V EMS), Bilec¢a (V EMS), and Trebinje (V EMS). In Croatia, damage of
grade 1 and/or 2 was observed in Metkovi¢ (V-VI EMS) and Trnovica (VI EMS). In the area between Vrgorac and the border to Montenegro, intensity V
EMS predominates mostly due to the description of how people felt the earthquake (most were awakened, scared and ran outdoors, strong to very
strong shaking) and how the shaking affected objects (moving or fallen objects, spilling of fluids, etc.) rather than the damage it caused. The average
radius of the intensity IV EMS is found to be about 150 km.

The greater area affected by the earthquake is a karstic area (limestone and dolomites) with rather thin sediments in the valleys or near the rivers.
Thus, buildings are mostly built on a hard rock. Soft soil, however, dominates in the Neretva River delta where Metkovi¢ and Opuzen are situated and
where relatively thick sediments can be found, as well as upstream to Capljina.
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Appendix B. Supplementary data

Tectonophysics 875 (2024) 230253

Earthquake catalogue of the Berkoviéi 2022 sequence for the first nine months (22 Apr 2022-22 Jan 2023) of activity. Supplementary data to this
article can be found online at [https://doi.org/10.1016/j.tecto.2024.230253].
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Corrigendum to “The Berkovi¢i (BIH) ML = 6.0 earthquake sequence of 22  [%&s"
April 2022 — seismological and seismotectonic analyses” [Tectonophysics

875 (2024) 230253]

Iva Dasovi¢ ™ , Marijan Herak *, Davorka Herak ', Helena Latecki®, Marin Secanj?,
Bruno Tomljenovi¢ ", Snjezana Cviji¢-Amuli¢ ¢, Josip Stipéevié®

& Department of Geophysics, Faculty of Science, University of Zagreb, Horvatovac 95, 10000 Zagreb, Croatia
® Faculty of Mining, Geology and Petroleum Engineering, University of Zagreb, Pierottijeva 6, 10000 Zagreb, Croatia
¢ Republic Hydrometeorological Institute of Republic of Srpska, Put Banja Luka odreda bb, 78000 Banja Luka, P.O. Box: 147, Bosnia and Herzegovina

The authors regret that in the References the following reference is
missing:

Y5: Obermann, A., Jozinovi¢, D., Cvijic, S., Krehi¢, A., & Swiss
Seismological Service (SED) at ETH Zurich. (2022). Swiss Contribution
to AdriaArray Temporary Network. ETH Zurich. https://doi.org/10.12
686/SED/NETWORKS/Y5.

Furthermore, In the Acknowledgments, the following sentence should
be added after the first one: "The Swiss Seismological Service (SED) at
ETH Ziirich, in collaboration with the Republic Hydrometeorological
Service of the Republic of Srpska from Banja Luka and the Hydromete-
orological Institute of Federation of Bosnia and Herzegovina from Sar-
ajevo, deployed temporary seismic network Y5 in Bosnia and

DOI of original article: https://doi.org/10.1016/j.tecto.2024.230253.

Herzegovina within the AdriaArray initiative — we acknowledge their
efforts, as well as the efforts of the AdriaArray Seismology Group (URL4,
2023).“

The authors would like to apologise for any inconvenience caused.
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