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Abstract

We apply statistical analysis to study the temporal pattern of earthquake
occurrence in the aftershock sequence of the 2023 Romania M 5.4 earthquake.
The temporal clustering of aftershocks is a dominant non-random element of
the seismicity, so that, when the clusters are removed, the remaining activity
can be modelled as a Poisson process (as first approximation). The maximum
likelihood method was used for estimating the parameters (K, ¢ and p) in
the modified Omori formula for the aftershock sequence. The goodness of fit
between the aftershock occurrence and different statistical models has then been
tested using a transformation from the time scale t to a frequency-linearized
time scale 7. It is assumed that on this time axis the aftershocks are distributed
in time as a standard stationary Poisson process if the choice of the parameters
K, ¢ and p is correct. We further used the Akaike Information Criterion as
a measure for selecting the best among competing models. The aftershock
sequence of the February 14th, 2023, Mw 5.4 Romania earthquake is best
modelled by the combination of one ordinary and one secondary sequence.
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Introduction. The space distribution of aftershock sequences observed after
the occurrence of a main event, is characterized by great diversity, because a strong
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mainshock can produce a large number of aftershocks in a short time and in a
small region. The aftershock area is located in and around the fault rupture
region of the mainshock. The largest aftershocks are not generally forecastable,
and they have a potential for structural damage [1]. Space-temporal distribution of
aftershocks provides valuable insights regarding the geometry of fault structures,
and the stress distribution associated with the earthquake. Additionally, these
distributions help in understanding the physical properties of materials within the
fault zone, and in underlying the characteristics of the seismic sources responsible
for large earthquakes [2].

Temporal distribution of aftershocks is a dominant non-random element of
seismicity; if clusters are removed, the remaining activity can be modelled as a
Poisson process as a first approximation [3]. Aftershock activity is usually consid-
ered to be the seismicity that occurs after a main event and is above background
activity. The frequency of aftershocks decreases with time, usually following a
pattern known as Omori’s law. The aftershock activity can last months, a year,
or even longer for earthquakes in stable continental interiors [4].

In the present study the temporal distribution of the aftershocks of February
14, 2023, Romania earthquake (with magnitude My 5.4) is analyzed.

Romania is well-known as a FKuropean territory with high level of seismic
risk. The seismic hazard for almost half of the country is mainly controlled by the
intermediate-depth Vrancea earthquakes, which are located beneath the southern
Carpathian Arc. The Vrancea region is characterized by rather high rate of occur-
rence of large earthquakes in a narrow focal volume in the depth range from 70 km
to 160km [5]. Several areas of shallow seismicity in Romania are considered seis-
mically dangerous. Low-to-moderate crustal seismicity is distributed throughout
almost the entire territory, mainly along the Carpathians and in the Pannonian
depression: in front of the Eastern Carpathians bend, in the Fagaras Mountain
area, in the Danubian area, in the Banat, Crisana, Maramures, and North Do-
brogea regions [6]. The area related to February 14th, 2023, Mw 5.4 Romania
earthquake is tectonically complex.

It is situated at the contact between the Getic Depression, to the South,
and the South Carpathians, to the North [7,8|. The seismicity of this area is
part of the overall seismicity characterizing the contact of the Moesian Platform
and the South Carpathians orogen. The considered seismic zone is characterized
by shallow seismicity with depths of events in the range 5-33 km, with increased
frequency between 5-10km [6].

The main event was largely felt in Romania and neighbouring countries: a
relatively wide felt area included Oltenia, Banat, Hunedoara regions, as well as
the north-eastern part of Serbia and the north-western part of Bulgaria. The in-
tensity of the ground motion was estimated at VI degrees on Mercalli scale in the
epicentral area. Minor to moderate damages were recorded especially in the epi-
central area. The fault plane solution of the main event indicates normal faulting
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with rupture plane oriented in ENE-WSW direction [9]. Five months after the
main earthquake, the aftershock sequence included more than 3000 seismic events
with magnitudes in the range 1.2-4.6.

In the present paper statistical analysis is applied to study the temporal
pattern of earthquakes in the aftershock sequence of the February 14th, 2023,
Mw 5.4 earthquake.

The maximum likelihood method is applied for estimating the parameters
(K, ¢ and p) in the modified Omori formula for the aftershock sequence [10].
The goodness of fit between the aftershock occurrence and different statistical
models has then been tested using a transformation from the time scale t to a
frequency-linearized time scale 7. Finally, to select the best statistical model for
the aftershock occurrence, the Akaike Information Criterion (AIC) is used [11].

Method and data. The frequency n(t) of aftershocks at time t is well
described by the modified Omori formula [12]:

(1) n(t) = K(t+c¢)™,

where t is the elapsed time since the occurrence of the main shock, and K, p, c are
constants. The key parameter p characterizes the decay of the aftershock activity.
OGATA [10] proposed to estimate the parameters of the modified Omori for-
mula via maximum likelihood method, accepting that aftershocks are distributed
as a non-stationary Poisson process.
The following relation defines the intensity function of the Poisson process

A(t):
(2) A(t) = Al%r_rio Prob{an event in [t,t + At]}/At.

Using the modified Omori formula, the intensity function becomes:
(3) At) =K(t+c)P.

An integration of the intensity function A(t) gives a transformation from the
time scale ¢ to a frequency-linearized time scale 7 [13]. The aftershocks occurrence
on this time axis is transformed into a standard stationary Poisson process if the
choice of the intensity function A(t) (i.e. the parameters K, ¢ and p) is accurate.

The frequency-linearized time for a sequence of aftershocks, for time interval
s, is described by the equation:

(@) = A(t) = /0 As) ds.

Time scale 7 was used for testing the goodness of fit between the observed
aftershock distribution and the selected statistical model. It is possible that the
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chosen model reflects ordinary aftershock activity or suggests the presence of sec-
ondary aftershock sequences.

If the model is appropriate, a linear dependence between the cumulative num-
bers of aftershocks N, and 7 should be observed. Anomalies in the aftershock
sequences are more obvious on the N(¢) plot than on n(t), and the 7 time axis
was used to identify secondary aftershock activity.

The Akaike Information Criterion (AIC) [11] was applied to select a model
that best matches the observed distribution of aftershock events. This is a measure
indicating which model most frequently reproduces features similar to the given
observations, and is defined by:

(5) AIC = (—2) max(In likelihood) + 2(Number of parameters).

A model with a smaller value of AIC was considered a better fit to the ob-
servations.

The aftershock sequence of the My 5.4 Romania earthquake was compiled
on the base of earthquake data presented in Romanian Earthquake Catalogue
(ROMPLUS) [14].

We accepted that aftershocks satisfy the space-time criteria introduced and
modified for the central Balkans by CHRISTOSKOV and LAZAROV [15]:

(6) log Ra(M,,) = 0.9696 + 0.1243M,,,
log Ty (M) = —0.62 + 0.56M,, (M, < 6.0),

where M, is the magnitude of the main event, R, is the largest distance between
the main event and an aftershock, and 7, is the greatest elapsed time since the
occurrence of the main shock.

Spatial distribution of the considered aftershocks was illustrated in Fig. 1. It
shows the distribution of aftershocks, as well as the main earthquake, which was
with a magnitude of My 5.4.

The data sample of 3501 aftershocks, with magnitude Mw > 1.2, which
occurred within 533 days after the February 14th, 2023, Mw 5.4 earthquake, is
compiled.

To test the completeness of the data sample and to estimate the minimum
magnitude of completeness (the so-called threshold magnitude) the magnitude—
frequency distribution the Gutenberg—Richter law [16]) was used. The cumulative
magnitude—frequency distribution of aftershocks is shown in Fig. 2.

The distribution indicates that the compiled data sample is incomplete below
Mpin = 1.8.

Results. To test the reliability of the estimated p-values for the aftershock
sequence, we considered the effects of different My,;,. We estimated parameters in
the modified Omori formula for three different My (Mpin = 1.8, 2.0, and 2.5).
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Fig. 1. Space distribution of aftershocks of February 14, 2023, Romania Mw 5.4 earthquake

Fig. 2.
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The results (presented in Table 1) show that the p-value varies slightly from 0.92
to 1.01 with variation of Myjy.

The parameters K, ¢, and p of the modified Omori formula (for 7" = 553 days)
are calculated by the maximum likelihood method, assuming that the seismicity
follows a non-stationary Poisson process. The estimated parameters for the three
data samples are presented in Table 1.

The observed aftershock distributions are plotted in blue colour, and the
theoretical (model-based) distributions in black, in Fig. 3b, c.
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Table 1

Estimates of the parameters of Omori formula and corresponding AIC (for T, = 533 days)

K P c Ki m ¢l AIC
An ordinary aftershock
sequence, M > 1.8 186.21 1.01 0.11 —6899.49
An ordinary aftershock
sequence, M > 2.0 76.18 1.00 0.05 —9514.31
An ordinary aftershock 8.76 092 0.02 05,96

sequence, M > 2.5

One ordinary and one

secondary aftershock 184.78 1.04 0.12 9.29 1.04 0.02 —7084.47

sequences, M > 1.8

One ordinary and one

secondary aftershock 75.30 1.02 0.05 295 1.02 0.01 —2587.54
sequences, M > 2.0

One ordinary and one

secondary aftershock 8.69 094 0.02 049 094 0.03 83.50
sequences, M > 2.5
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Fig. 3. Temporal distribution of aftershocks for the threshold magnitude Muyin = 1.8:

a) frequency-time t (days) distribution; b) cumulative number of events vs. frequency-linearized

time 7 for an ordinary aftershock sequence; c) cumulative number of events vs. frequency-
linearized time 7 for a combination of one ordinary and one secondary sequence

The results for the data set with threshold magnitude My, = 1.8 are dis-
played in Fig. 3. Figure 3a illustrates frequency-time ¢ (in days) distribution of
earthquakes. Figure 3b, ¢ presents the cumulative number of events against the
frequency-linearized time 7, using the estimated parameters K, p, c. If the mod-
elling of the sequence is appropriate, the cumulative number of events will increase
linearly with 7.

Figure 3a and b suggests the existence of some discrepancies between ob-
served and expected distributions, i.e., the modified Omori formula does not fit
the observational data. Figure 3a shows a bump about 34 days after the main
shock. This temporal distribution anomaly could be caused by the occurrence of
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the strongest aftershocks on March 20, 2023, with magnitude My = 4.6. Con-
sequently, we tested the model with one ordinary and one secondary aftershock
sequences, with the same p-value for both (main and secondary) sequences.

Figure 3c shows the cumulative number of events against the frequency—
linearized time 7, using the MLESs of the Omori formula parameters for this model.
A good fit between observed and expected distributions can be noticed, without
evident periods of decaying and activation of the process. A nearly linear trend
of aftershock decay, up to 533 days after the main event, is observed.

All tested models with their corresponding AICs are presented in Table 1.

Discussion. Aftershock decay rate (parameter p in modified Omori’s law)
contains information about the mechanisms of stress relaxation and frictional
strength heterogeneity. The variability in the characteristic p-values is related to
the structural heterogeneity, stress and temperature in the crust [18].

More than 200 estimates of p-value with a scatter from 0.6 to 2.5 and a
median of 1.1, have been published for aftershock sequences in different parts of
the world [18]. The p-value estimated in the present study is very close to the
p-value assessed in GHITA et al. [19] for February 14th, 2023, My 5.4 Romania
earthquake. Ghita et al. [19] applied an approach based on the modified Omori
formula to study the 2023 aftershock sequence, testing several relatively short
time periods (hours to one day). The p-value about 1.0 is in the middle of the
p-value range obtained for aftershock sequences in Bulgaria and surroundings,
0.71 < p < 1.17 [20], and it is in the lower part of the interval obtained for
aftershock sequences in Greece, i.e. 0.83 < p < 1.86 [17].

Our results confirm the results in the work of UTsSuU [17] that the p-value is
independent of M, of the input data.

The earthquakes distribution in the aftershock sequence shows a complex
temporal pattern. The AIC values for the models with secondary aftershock
activity are smaller than those for the ordinary aftershock sequences, for all three
data samples, The best model (with the smallest AIC value) is a combination of
one ordinary and one secondary sequences for the considered three data sets with
different threshold magnitude.

Consideration of recent earthquake sequences suggests that the aftershocks
of large earthquakes, although they are, by definition, smaller events, can be very
damaging, and should be addressed in emergence planning scenarios. Because
of factors such as location and radiation pattern, and the cumulative nature of
building damage, aftershocks can cause additional severe damages to those already
produced by the mainshocks.

The large aftershock potential needs further assessment. Society should have
more knowledge of earthquake seismic hazard issues, including an awareness of
potential hazardous shaking just after the main shock, as well as the occurrence
of a damaging aftershock several months later.
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Conclusion. The aftershock sequences, occurred within 533 days after Febru-
ary 14th, 2023, Mw 5.4 Romania earthquake comprise 3501 aftershocks. Based
on the analysis the following conclusions can be drawn:

e A high degree of clustering in the aftershock activity is observed, as well as
a well-expressed tendency of expansion of the aftershock area in time as the
magnitude decreases.

e A modified version of Omori’s law well describes the temporal distribution
of the 2023 event in Romania. The p-value, estimated for the aftershock
sequence, is in the p-value range that has been estimated for aftershock
sequences in different parts of the world. The aftershock sequence of the
earthquake is best modelled by the combination of one ordinary and one
secondary aftershock sequence.

Finally, it should be stated that more and new studies on aftershock sequences
will help the decision makers to master complicated situations after major earth-
quakes.
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