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1. Introduction

ABSTRACT

The 2017 Ezgeleh earthquake (Mw: 7.3), which occurred in the northwest of the Zagros, was followed
by many aftershocks. The histogram of the monthly rate of aftershocks shows that, except for the
first few months, the aftershock sequence did not follow the Omori law. Therefore, it is necessary
to use more complex methods to investigate the aftershock sequence. In this research, the temporal
multifractal method was used. The obtained results show that the temporal pattern of aftershocks has
two short and long-scaling ranges. It seems that short and long ranges are related to the distribution of
aftershocks within smaller clusters and the pattern of clusters in the aftershock sequence, respectively.
These result showed that the pattern in the longer range is more heterogeneous than the shorter one.
On the other hand, by removing the smaller aftershocks, the heterogeneity increases. It seems that
the occurrence of several more significant aftershocks with a magnitude of more than 5 has caused
an increase in the heterogeneity of the temporal pattern of the aftershock sequence. The results also
show that the degree of inhomogeneity of the occurrence time of aftershocks is related to the spatial

distribution pattern of aftershocks.

An earthquake with a magnitude of 7.3 occurred on November
21, 2017, in the Ezgeleh region, about 37 kilometers northwest of
Sarpol-e- Zahab city of Kermanshah province, on the boundary
of Iran and Iraq. This earthquake with a thrust focal mechanism
(Figure 1) occurred in the subzone of the Lorestan in the northwest
of Zagros between the two fault zones of the High Zagros (HZF)
and the Mountain Front (MFF) (Zare et al.,, 2017). Numerous

aftershocks followed the Ezgeleh earthquake, most distributed in
the south and east of the epicenter of the mainshock.

The aftershocks are one of the most striking phenomena of
earthquake clustering in space and time. Investigation of the temporal
distribution of aftershocks can provide important information about
their generation process. One of the methods to study the temporal

pattern of aftershocks is Omori’s law (Omori, 1894). Utsu (1961)
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proposed a modified version of this law, according to which the
rate of aftershocks decreases with time after the mainshock with a
power relation (p-value).

In recent years, the fractal approaches have been used to study
the complexity of the aftershocks in different regions (Nanjo and
Nagahama, 2004; Setyawan and Sapiie, 2019; Tiwari and Paudyal,
2022). The fractal nature of the spatial or temporal distribution of
aftershocks means that there are scaling relationships between them.
These scaling relationships are described by fractal dimensions that
are proportional to the degree of clustering of events. Nevertheless,
researchers have suggested that it is better to use multifractal
methods rather than monofractal ones to explain the distribution
pattern of complex phenomena such as earthquakes (Hirata and
Imoto, 1991; Zamani and Agh-Atabai, 2009). Several studies
have been carried out in different parts of the world and Iran to
investigate the multifractal behaviour of seismic activities in space
and time (Hirata and Imoto, 1991; Hirabayashi et al., 1992; Enescu
et al., 2005; Zamani and Agh-Atabai, 2009; Wang et al., 2022;
Rahimi-Majd et al., 2022). In this research, due to the complexity
of the aftershocks occurrence pattern of the Ezgeleh earthquake
in which a significant number of events greater than 5 occurred,
multifractal methods were used to investigate the time pattern of

the aftershocks event.

2. Research methodology

Multifractal methods are helpful tools for demonstrating the
complex behaviour of the seismic activity distribution that other
methods do not detect. In these methods, instead of obtaining a
fractal dimension, a spectrum of fractal dimensions known as a
multifractal spectrum shows different aspects of the earthquake
distribution pattern. This article used the generalized correlation
integral approach to calculate the multifractal dimensions of the
temporal distribution of aftershocks (Grassberger and Procaccia,
1983a, b). In this research, two multifractal spectra, Dq and f(a),
are used to describe the multifractal distribution pattern of the
aftershocks (Fig. 2). The Dq multifractal spectrum ranges from D_ to
D, . D, represents the regions of dense and clustered events in the
studied period or area. For negative gs, the multifractal dimensions
can take values larger than geometric dimensions and characterize
the multifractal measures of seismic gap areas (Hirabayashi et al.,
1992). The width of the D -spectrum, W=(D_-D., ), is an important
parameter showing the degree of heterogeneity (multifractality).
The higher width indicates the more inhomogeneous multifractal
distribution of events. For a homogeneous earthquake distribution,
the D, graph becomes a horizontal straight line in which the
fractal dimensions are equal for all gs (Fig. 2-a). In such cases,
only one fractal dimension (monofractal) is sufficient to interpret

the distribution of events. Another spectrum used to describe the

temporal distribution of earthquakes is the f(a)) spectrum. The fla)-
spectrum is an inverted parabola ranging from o, to o with a
vertex at o, corresponding to ¢ = 0 (Figure 2-b). The left side of
this spectrum is related to concentrated regions (or times) of the
earthquake, and the right side is for empty areas. In this research,
the Non-linear Analysis toolbox written under Matlab and Zmap
(Wiemer and Zuniga, 1994; Wiemer, 2001) has been used for
multifractal analysis (Enescu et al., 2005).

To investigate the temporal multifractal pattern of the Ezgele
earthquake’s aftershock sequence, the aftershocks with M,>1 was
collected from the Iranian Seismological Center (IRSC). The method
introduced by Gardner and Knopoff (1974) was used to identify the
aftershocks sequence. Accordingly, any earthquake within about
900 days after the main shock’s occurrence time with an epicenter
within about 90 km (considering the epicentral error) was selected
as an aftershock. The minimum magnitude of completeness (Mc)
of the extracted catalogue was calculated to have a complete
catalogue (Fig. 3-a). The graphs of the histogram of aftershock rates
(Fig. 3-b) and the magnitudes - time for different minimum
magnitudes (Fig. 4) show that within the aftershock sequence

(cluster), there are smaller aftershock clusters.

3. Results and discussion

At first, multifractal analysis was performed for all aftershocks with
a minimum magnitude of completeness (M,>2.2) (Figure 5). Then,
to investigate the effect of magnitude on the temporal distribution
pattern, the multifractal analysis of the aftershock sequence was
also performed for different minimum magnitudes (M, ) of 2.5, 3,
3.5 and 4 (Figs. 6 and 7).

In Figure 5-a the diagram of neighbourhood size functions is drawn
for specified values of 7 (-24 to -6). Two short linear scaling ranges
(short range) (mass or m: 36 to 105) and long-range (mass: 106 to
430) are observed to calculate multifractal dimensions. In Figure
5-b, the T, diagram for both the short (dashed) and long (dotted)
areas is drawn, and the angle 0 for these two areas was calculated
to be about 175 and 162 degrees, respectively, which indicates
that the distribution pattern of aftershocks is more heterogeneous
in the long range. The multifractal dimensions D, and f{a) were
also calculated for both short and long ranges, and graphs were
drawn for each range (Figures 5-c and d). The parameter values
are presented for these time ranges in (Table 1). The D spectrum
diagram (Figure 5-c) also indicates that the temporal distribution
pattern of aftershocks is more heterogeneous in the long time range
(w=0.81) compared to the short time range (W=0.23). The fla)
(Figure 5-d) graph also indicates that the aftershocks distribution
pattern is more heterogeneous in a long-range than in a shorter one.
Figure 6 shows the results of the multifractal analysis of aftershocks

with different minimum magnitudes in the short scaling range.
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According to these diagrams, the clustering of aftershocks (D2: from
0.92 to 0.59) and heterogeneity (w: from 0.23 to 1.49) increase with
increasing the minimum magnitude from 2.2 to 4. So, by removing
the smaller aftershocks, the heterogeneity increases (Figure 6-a).
The results based on the fla)spectrum in all magnitudes (Figure
6-b) also is similar, which indicates an increase in the degree of
heterogeneity (Aa: from 0.29 to 1.99) with the increase of the
minimum magnitude (Table 2).The results of the long-range with
different minimum magnitudes also show an increasing degree
of heterogeneity (w from 0.81 to 2.87) with the increase of the

minimum magnitude (Fig. 7 and Table 3).

4. Conclusion

According to the Omori law, the rate of aftershocks decreases
with time from the main shock by a power relation (p-value). But
the histogram of the monthly rate of aftershocks of the Ezgeleh
earthquake shows a decrease in the rate of aftershocks only
in the first few months of the sequence (about 8 months). After
that, the rate of aftershocks changed heterogeneously (Fig. 3-b).
The increase in the rate of aftershocks in mid-2018 is related to

more significant aftershocks such as Tazeh-Abad. Therefore, to
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investigate the time pattern of this sequence, it is necessary to
use more complex methods, such as multifractal methods. The
multifractal analysis of the Ezgeleh earthquake’s aftershocks shows
the temporal distribution pattern of the aftershocks, regardless of
the minimum magnitude, has two short and longer scaling ranges.
The short scaling range corresponds to the distribution pattern
of aftershocks within smaller clusters, and the long-range to the
pattern of clusters in the entire aftershock sequence. In all minimum
magnitudes, the analysis results of both D, and f(a) spectra show
that the temporal distribution pattern of aftershocks in the longer
range is more heterogeneous than the shorter range. On the other
hand, with the increase of the minimum magnitude of aftershocks
(by removing smaller aftershocks), the multifractal heterogeneity
of the time distribution pattern of aftershocks increases. Therefore,
according to the preliminary investigation and the results of the
multifractal analysis, it can be concluded that that the occurrence
of several more significant aftershocks with a magnitude of more
than 5 has caused an increase in the heterogeneity of the temporal
pattern of the aftershock sequence. The results also show that the
degree of inhomogeneity of the occurrence time of aftershocks is

related to the spatial distribution pattern of aftershocks
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aftershocks are shown. The Ezgeleh earthquake with a magnitude of 7.3 is marked with a red star

and aftershocks with white dots (the focal mechanisms and epicenters of the main earthquake and

aftershocks with a minimum magnitude of 2.5 are adopted from IRSC (2022)).
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Figure 3- a) The frequency- magnitude graph of the aftershocks of the 2017 Ezgeleh earthquake, Circles show non-

cumulative distribution and squares show cumulative distribution. b) Histogram of the monthly rate of aftershocks

with M,>2.2.
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Figure 4. Magnitude-time graphs are drawn for different M from 2.2 to 4. Aftershocks are

marked with a blue circle and some more significant aftershocks and aftershock clusters with a

black arrow.
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Figure 5-a) Diagram of neighbourhood size functions for aftershocks with M,>2.2 for T, (-6-24).b) 7, (scaling of

exponents), against q. ¢ and d) Multifractal spectra D, and f(a) calculated for earthquake aftershocks of Ezgeleh

M>2.2.
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Table 1. Multifractal parameters is calculated for the aftershocks of Ezgeleh Sarpol Zahab, Kermanshah

Do | pt (D2 |D_|D, |90, |o,|fd,.| @ | A |DD, | D-D | WD-D) | Aa
Shortrange | 1.01 | 0.99 | 0.92 | 1.05 | 0.82 | 1.09 | 0.80 | 1.01 [ 1.02 | 031 | 0.19 0.04 0.23 0.29
Longrange | 1.09 | 0.83 | 0.65| 1.35 | 0.54 | 142 | 053 | 1.09 | 117 | 04 | 055 0.26 0.81 0.8
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Figure 6. Multifractal spectra of D, and f{a) calculated for different M (from 2.2 to 4) for the short range.
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Table 2. Multifractal parameters calculated for aftershocks with different M (2.2 to 4) for the short-range scaling.

\7 - D1 D2 D D, (U o f(o) max a, A WD_-D ) | A«
2.2 0.99 0.92 1.05 0.82 1.09 0.80 1.01 1.02 | 0.31 0.23 0.29
2.5 096 | 0.88 0.99 0.78 1.01 0.74 1.00 098 | 0.14 0.21 0.28
3.0 0.78 0.66 1.48 0.66 1.55 0.63 1.12 1.30 | 0.36 0.82 0.92
BES 0.72 0.64 1.53 0.59 1.58 0.62 1.05 1.44 | 0.17 0.94 0.96
4.0 0.71 0.59 2.03 0.55 2.54 0.55 1.18 1.99 | 0.38 1.49 1.99
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Figure 7. Multifractal spectra of D, and f{a) is calculated for different M (from 2.2 to 4) for the long- range.
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Table 3. Multifractal parameters calculated for aftershocks with different M, (2.2 to 4) for the long- range

M, | DL [ D2| D | D, | o o | floymax a, A | WD_-D) | Aa
22 | 083 |065| 135 | 054 | 142 0.53 1.09 117 | 0.40 0.81 0.88
25 | 079 | 058 | 149 | 044 | 156 0.40 1.16 123 | 04 1.05 1.16
30 | 058 [044| 231 | 025 | 237 0.28 1.03 1.89 | 0.30 2.05 2.10
35 | 056 [043| 311 | 024 | 347 0.28 0.96 157 | 1.46 2.87 3.19
40 | 065 | 049 | 300 | 030 | 332 0.29 1.14 197 | 0.80 2.70 3.03
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