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Abstract. A comprehensive evaluation of region-time-magnitude behaviours of aftershocks following the
24 January 2020 (Mw = 6.8) Elaz1g-Sivrice (Tiirkiye) earthquake was achieved by using the characteristic
parameters such as b-value, p-value, Dc-value and Ma__value of aftershock occurrences. The b-value was
calculated as 0.82 £ 0.02 by considering the magnitude of the completeness value as Mcomp = 1.9, and it is
relatively small compared to typical b =~ 1 for the magnitude-frequency relationship of aftershocks. This low
b-value may also be caused by the abundance of aftershocks with M, > 4.0. The p-value was computed as 0.80
+ 0.02 with c-value = 0.279 £ 0.098 and is smaller than the global value of p = 1. This low p-value may be
due to a relatively slow decay rate of aftershock activity, and the modified Omori model seems appropriate for
the estimation of decay parameters. The Dc-value was estimated as 1.87 + 0.07. This large value shows that
aftershocks are homogeneously distributed and more clustered at larger scales/in smaller areas. The temporal
variation of b-value indicates that decreases in b-value may result from the gradual increase in the effective
stress following the larger aftershocks. The lowest b-values and Ma__values greater than 5.0 were observed in
the north, south and southwest parts of the mainshock including Piitiirge and Erkenek segments. These results
show that there is an apparent relation between the smallest b-values and the largest Ma__ values. The largest
p-values were estimated in and around the main shock including Piitlirge segment. The regions with the small-
est b-value and the largest p-value have high stress and coseismic deformation, respectively. Stress variations
and coseismic deformation are extremely effective on the changes of b- and p-values. As a remarkable result,
aftershock hazard following the mainshock may be considered extremely related to aftershock parameters, and
detailed analyses of the region-time-magnitude characteristics of aftershocks are recommended for a prelimi-
nary evaluation following the mainshock.

Keywords: aftershock hazard, Ma, value; b-value; p-value; Dc-value

M Serkan Oztiirk (serkanozturk@gumushane.edu.tr), http://orcid.org/ 0000-0003-1322-5164
Giimiighane University, Department of Geophysics, TR-29100, Giimiishane, Tiirkiye

INTRODUCTION a short time and they are located in and around the

mainshock in a small region and in a short time. Af-

Analysis of regional and temporal behaviours of
aftershock occurrences can be considered one of the
significant tools for the understanding of earthquake
mechanisms, because aftershock sequences supply
potential information about the nucleation of earth-
quakes and physical characteristics of materials in the
earthquake fault zone (Frohlich, Willemann 1987).
Numerous aftershocks occur in a small region and in

tershock occurrences provide a detailed source of in-
formation on the Earth’s crust, fault geometry, stress
distribution and earthquake source properties follow-
ing the mainshock as well as the aftershock hazard
in comparison with mainshock hazard (Enescu, Ito
2002). Thus, aftershock sequences continue to exist
as the key features of earthquake activity, and hence
in recent years an increasing attention has been given
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to the evaluation of aftershock sequences. Many sta-
tistical and physical models have been suggested to
define the region-time-magnitude characteristics of
aftershock occurrences, and a large number of analy-
ses of the mainshock-aftershock pattern for different
aftershock occurrences were achieved by different re-
searchers (e.g., Utsu 1969; Wiemer, Katsumata 1999;
Ogata 2001; Polat et al. 2002; Bayrak, Oztiirk 2004;
Helmstetter, Shaw 2006; Oztiirk et al. 2008; Kayal
et al. 2012; Hainzl et al. 2014; Adhikari et al. 2015;
Wang et al. 2016; Ozer, Polat 2017a, b; Wei-Jin,
Jian 2017; Luginbuhl et al. 2018; Oztiirk, Sahin 2019;
Nanjo 2020; Sedghizadeh, Shcherbakov 2022).
Tiirkiye is one of the most seismo-tectonically
active regions in the world. The movements in and
around Tiirkiye result from the relative activities be-
tween different plate boundaries such as the African,
Arabian, Aegean, Anatolian, Black Sea and Eurasian
plates. Tiirkiye is located in the Mediterranean part
of Alpine-Himalayan orogenic system, and the most
significant tectonic structures can be given as the
West Anatolian Extensional Zone (WAEZ), North
Anatolian Fault Zone (NAFZ), East Anatolian Fault
Zone (EAFZ), Central Anatolian Fault Zone (CAFZ),
Bitlis Zagros Thrust Zone (BZTZ), East Anatolian
Compressional Zone (EACZ), North East Anatolian
Fault Zone (NEAFZ), Dead Sea Fault Zone (DSFZ),
and Caucasus (Fig. 1a). The EAFZ in the south-east-
ern Tiirkiye, one of the main tectonic units, forms an
active plate boundary between Arabia and Anatolia.
The EAFZ is a 550 km long, approximately northeast
trending sinistral strike-slip fault zone which includes
a series of faults arranged parallel, subparallel or ob-
liquely to the general trend. It shows a transform fault
characteristic shaping from the boundaries between
the Arabian and African plates and between the Ana-
tolian and Eurasian plates (Westeway 1994). A con-
jugate structure to the NAFZ, the EAFZ extends from
Karliova in the northeast to Kahramanmaras area in
the southwest. It meets triple junctions with the NAFZ
and forms the DSFZ (Bozkurt 2001). The EAFZ ex-
perienced many destructive earthquakes over histori-
cal times and these earthquakes caused damages and
losses. Duman and Emre (2013) defined seven prin-
ciple segments such as Erkenek (ErS), Piitiirge (PtS),
and Palu (PaS) along the strand of the EAFZ, and the
largest one is the Piitiirge segment, approximately
100 km long. A detailed active fault database includ-
ing the EAFZ was provided from different sources
such as Bozkurt (2001), Ulusay et al. (2004) and Emre
et al. (2018). A great earthquake (with an intensity of
Io = IX), which struck the Piitiirge segment in Elazi1g,
with moment magnitude Mw = 6.8 (local magnitude
M, = 6.6) at a depth of 4.8 km which has left a lateral
strike slip faulting mechanism, occurred on 24 Janu-
ary 2020 between the southern Elazig and Malatya
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provinces at local time 20:55:11.0 (17:55:11.0 UTC).
According to the KOERI (Bogazici University, Kan-
dilli Observatory and Earthquake Research Insti-
tute) records, the mainshock epicenter was given as
38.3775°N and 39.1042°E, located 0.81 km away
from Cevrimtas village in Elazig-Sivrice. This earth-
quake provided some useful information to many re-
searchers for the evaluation of earthquake potential
in and around the EAFZ. This earthquake was one of
the largest earthquakes that affected the EAFZ since
1971 (M6.8 Bingdl earthquake) and affected four cit-
ies in and around the mainshock region. The main-
shock directly caused heavy damages and resulted in
41 causalities with hundreds of injured people. After
the earthquake, 1540 buildings were damaged mod-
erately, whereas 8519 buildings were collapsed or
heavily damaged (Sayin et al. 2021).

The main purpose of this paper is to make an
evaluation of the aftershock sequence following the
24 January 2020 M = 6.8 Elazig-Sivrice earthquake.
For this purpose, a comprehensive analysis in space,
time and magnitude, including characteristic after-
shock parameters such as the b-value in the Guten-
berg-Richter formula, p-value in the modified Omori
law, Dc-value in the fractal dimension, and Ma__
(possible maximum magnitude) value of aftershock
occurrences, was achieved by using 4458 aftershocks
described in one year from the mainshock. The ZMAP
software package (Wiemer 2001) was used for all cal-
culations of aftershock parameters. Since aftershock
hazard after a mainshock are highly related to b-val-
ue, p-value and Ma_  value, the region-time-mag-
nitude distribution of aftershock parameters may be
important for the aftershock hazard evaluation. These
types of characteristics of aftershocks can also supply
preliminary information to appraise the hazard in the
aftershock region.

DESCRIPTION OF THE CHARACTERISTIC
AFTERSHOCK PARAMETERS

The region-time-magnitude distribution of af-
tershock sequences may supply quite effective pre-
liminary and useful results on the variations of some
parameters such as stress variations and coseismic de-
formation in the crust, fault structure, earthquake mi-
gration and distribution of cracks after the mainshock.
Therefore, some characteristic aftershock parameters
have been defined in magnitude (Gutenberg-Richter
relation) (Gutenberg, Richter 1944), time (modified
Omori model) (Utsu et al. 1995) and space (fractal
dimension) (Grassberger, Procaccia 1983). These
scaling laws are well known and the spatio-temporal
distributions of aftershock sequences in different re-
gions of the world were analyzed by many research-
ers mentioned above.



Gutenberg-Richter scaling law (b-value of
magnitude-frequency relation)

The size-scaling relation defining the magnitude-
frequency distribution of aftershock occurrences was
given by Gutenberg, Richter (1944). This basic form
is well known in earthquake statistics, and an empiri-
cal equation of this scaling law can be given as fol-
lows:

log, , N(M) = a - bM (N

where N (M) is the cumulative number of aftershocks
with magnitudes larger than or equal to M, a-value
and b-value are positive constants. Variations in a-
value depend on the observation period, size and seis-
micity of study region, and it exhibits important vari-
ations for different regions. The b-value defines the
magnitude-frequency relation of aftershocks, and the
tectonic structure of the study area affects the region-
time changes in b-value. The b-value changes rough-
ly between 0.6 and 1.4 (Wiemer, Katsumata 1999).
Depending on the study area, Utsu (1971) also sug-
gested that b-value changes mostly between 0.3 and
2.0. However, the average was described as close to
1.0 by Frohlich, Davis (1993). There exists a nega-
tive correlation between b-value and stress distribu-
tion, and the b-value shows the ratio between the rela-
tive numbers of small and large earthquakes (Scholz
2015). However, the physical meaning of the h-value
is not clear and is still discussed.

Modified Omori law (p-value of aftershock decay
rate)

The temporal aftershock decay rate can be de-
scribed by a power law named as the modified Omori
law or Omori-Utsu law (e.g., Utsu et al. 1995). Ac-
cording to the modified Omori law, the description
of the aftershock decay rate with time following the
mainshock can be provided by a scaling law as:

() =—>

(t+c)?
where n (2) is the number of aftershocks (aftershock
decay rate per day) per unit of time ¢ (days) follow-
ing the mainshock. p, ¢, and K values are positive
constants. c-value and K-value depend on the activity
rate in the earliest part of the sequence and the total
number of aftershocks in the sequence, respectively.
Stated as aftershock productivity, the K-value is con-
trolled by the total number of aftershocks in the se-
quence. This normalizing parameter depends on the
total aftershocks number and the threshold magnitude
(Kisslinger, Jones 1991). The c-value is dependent on
the aftershock activity rate in the earliest part of the
sequences, and the missing detection of small events
in the early stage of the sequence affects the estima-
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tion of c-value (Kisslinger, Jones 1991). The p-value
is the most important among these parameters and de-
fines the aftershock decay rate with time on frequency
(Nanjo et al. 1998). A fast decay rate of aftershocks
has a large p-value, but a slow decay of aftershock se-
quences has a small p-value. Many authors stated that
p-value generally varies from 0.5 to 1.8 for differ-
ent aftershock occurrences in the world (e.g., Olsson
1999; Wiemer, Katsumata 1999; Enescu, Ito 2002;
Bayrak, Oztiirk 2004; Oztiirk, Sahin 2019). Varia-
tions in p-value may be associated with stress, fault
heterogeneity, slip distribution and crustal heat flow
but it is not clear which one is the most effective in
p-value changes.

Fractal Dimension (Dc-value of earthquake
distributions)

The fractal statement has been used for a long time
to explain the complex fault systems. The fractal dis-
tribution of the earthquakes indicates that the number
of events larger than a certain magnitude depends
on the size as a power law. The concept of fractal
geometry was introduced by Mandelbrot (1982) and
extended by Turcotte (1992). Fault systems have a
statistical self-similar structure in a wide range of size
scales and are characterized by a power law named as
fractal dimension, Dc-value. Thus, fractal dimension
is widely preferred in seismology in order to analyze
the regional distribution of epicentres. The correlation
integral method is the most frequently preferred tech-
nique for the estimation of fractal dimension, and in
the case of aftershock occurrences, this method meas-
ures the distance between two aftershock epicentres.
Fractal dimension for the regional variation of after-
shock distributions can be determined by using two-
point correlation dimension, D¢, and correlation sum
C(r) given by Grassberger, Procaccia (1983):

De=lim[log C(r)/logr] ®)
C(r)=2N,_ /| N(N-1) 4)

where C (r) is the correlation function, 7 is the dis-
tance between two aftershock epicentres, and N is the
number of aftershock pairs separated by a distance
R <r. The following formula is applied if the epicen-
tre distribution has a fractal feature:

C(r) ~rP¢ )

where Dc is the fractal dimension, more definitely,
the correlation dimension. The distance 7 (in degrees)
between two aftershocks is calculated from the fol-
lowing equation:

r=cos’! (cosﬂicosﬂj + sin6isin6j + cos(¢, - ¢j)) (6)
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where (0, ¢,) and (9 (p) are the latitudes and longi-
tudes of the /" and ;' aftershocks respectively (Hirata
1989). The fractal dimension is computed by fitting
a straight line by plotting C(r) against » on a double
logarithmic coordinate, and it is practically calculated
from the slop of the straight line.

Earthquake distributions are accepted to be fractal,
and fractal analysis based on the correlation integral
can be used to analyze the regional distribution of the
aftershock occurrences. Fractal dimension is related
to the seismically and tectonically active regions and
changes between 0 and 2 (Tosi 1998). If Dc-value is
close to 0, it is considered that all aftershocks clus-
tered into one point. If Dc-value is close to 1, it shows
the dominance of line sources. If Dc-value is close to
2, it is suggested that the earthquake epicentres are
homogeneously distributed over a two-dimensional
fault plane (Hirata 1989; Oncel, Wilson 2002). Also,
it is suggested that there is a negative correlation
between Dc-value and b-value. A higher Dc-value
associated with a lower b-value may be a dominant
structural property in the regions of increased com-
plexity in the active fault system. Therefore, it can be
an evidence of stress variations in the region (Oncel
et al. 1996; Oncel, Wilson 2002).

Aftershock sequence of the 24 January 2020
M, = 6.8 Elang-Sivrice earthquake and
organizing of the aftershock data

In this paper, a comprehensive assessment on the
region-time-magnitude behaviours of the aftershock
sequence of the 24 January 2020 Elazig-Sivrice
(Tiirkiye) earthquake (with a seismic moment of
Mo = 1.387 x 10" Nm, from U.S. Geological Survey)
was carried out. The aftershock region was limited
by taking into account the different studies as well
the reports, and thus the area between the coordi-
nates 38.3°E-39.7°E and 38.0°N-38.7°N was select-
ed (Fig. 1a). Aftershock data was supplied from the
Bogazici University, Kandilli Observatory and Earth-
quake Research Institute (KOERI). The mainshock
was generated by the rupture of the PtS of the EAFZ,
and the most earthquake-affected areas were Elazig
and Malatya provinces (Fig. 1b). The aftershocks of
the 2020 Elazig-Sivrice earthquake are distributed in
an elliptical region and located between ErS and PaS
in the NE-SW direction as seen in Fig. 1b. A dense af-
tershock activity in about one-year time interval from
January 2020 to 31 December 2020 was observed af-
ter the mainshock. The main tectonic structures of the
aftershock region and epicentre distributions of after-
shocks with the mainshock are shown in Figs. 1b and
Ic, respectively. The aftershock catalogue is homog-
enous for local magnitude, M|, and consists of 4458
events with magnitudes 0.6 <M, <5.7. For a detailed
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time-magnitude evaluation, the magnitude histogram
and changes of aftershock magnitudes with time are
plotted in Fig. 2. The magnitude histogram is given in
Fig. 2a, and as seen in Fig. 2a, aftershock occurrences
of the Elaz1g-Sivrice earthquake are completed within
the interval of M, = 1.0-3.5. However, clear fluctua-
tions can be seen in the number of aftershocks whose

magnitudes change between 2.5 and 4.5 (Fig. 2b).
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Fig. 1 (a) Simplified tectonic structure modified from Boz-
kurt (2001), Ulusay et al. (2004) and Emre et al. (2018).
The red straight lines show the aftershock region. Ab-
breviations: NAFZ: North Anatolian Fault Zone, WAEZ:
West Anatolian Extensional Zone, CAFZ: Central Anato-
lian Fault Zone, EAFZ: East Anatolian Fault Zone, BZTZ:
Bitlis Zagros Thrust Zone, NEAFZ: North East Anatolian
Fault Zone, EACZ: East Anatolian Compressional Zone,
Ka: Karliova, Bg: Bingdl, Km: Kahramanmaras. (b) Tec-
tonics of the aftershock region. Some residential centres
were also shown on the Figure (ErS: Erkenek Segment,
PtS: Piitiirge Segment, PaS: Palu Segment, CgS: Clinglis
Segment, GrS: Gerger Segment, HL: Hazar Lake). (c) Af-
tershock epicentres of Elazig-Sivrice earthquake. Main-
shock is plotted with a star, and aftershocks are shown with
different symbols
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There are 4165 events with magnitude M, < 3.0, 246
events with 3.0 <M <4.0, 41 events with 4.0 <M, <
5.0, 6 events with M, > 5.0, and the aftershock with
M, = 5.7 is the biggest of all. The highest density of
aftershocks (all size of events in general) was record-
ed in the whole parts of the aftershock region, while
the larger aftershocks (M, > 4.0) including the big-
gest event were especially recorded in and around the
mainshock, in the northeast part of the mainshock and
southwest end of the aftershock region (Fig. 1c¢).

In the aftershock-based analyses, the usage of a
complete catalogue including all magnitude sizes is
very important for the reliable results of characteris-
tic aftershock parameters, especially in the calcula-
tion of b-value and p-value. Therefore, the maximum
number of aftershocks is recommended to be used,
and the first important stage must be considered to be
the organizing of the minimum magnitude of com-
pleteness, Mcomp. This magnitude level can be sim-
ply defined as the lowest magnitude in the catalogue,
and estimation of Mcomp is based on the assumption
of G-R scaling law distribution of magnitudes. The
Mcomp level includes 90% of the earthquakes that
can be sampled with a scaling law (Wiemer, Wyss
2000) and shows spatio-temporal changes according
to different networks and catalogues. The Mcomp
value can be larger in the earliest part of the activ-
ity since the small events may not be recorded due
to the first largest activity, and this a large Mcomp
value causes the wrong evaluations of the charac-
teristic aftershock parameters (Wiemer, Katsumata
1999). The changes in Mcomp value with time can
be realized by using a moving time window approach
with the maximum likelihood method (see Wiemer,
Wyss 2000 for details). For the aftershock sequence
of the Elazig-Sivrice earthquake, starting at the main-
shock time, a moving time window approach (given
in ZMAP) was used. A sample time window length
covering 40 aftershocks was considered to drawn
the temporal changes of Mcomp, and fluctuations
in Mcomp value with time are given in Fig. 3a. The
largest Mcomp value was observed at the begin-

3.5

F a
3.0 ( )
3
o 25
E 2.0+ 345 P R . "
~
S . 11 f Ak i ML S g
1.0 :
0.5 T T
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350
Time from mainshock (days)
38.7 .
(b) :
38.6-
g 38.5 o
5‘) .
2384 .
<
£383 -
z )
2382 .
-
38.1 -
’—w‘/ o.
38.0 = 1.0

383 38.5 38.7 39.3 39.5 39.7

389 39.1
Longitude (Degrees)
Fig. 3 (a) Changes in magnitude of completeness, Mcomp,
as a function of time. Mcomp value was estimated with
the moving time window technique, including 40 after-
shocks. (b) Regional changes of Mcomp value. Star shows
the mainshock

ning of the sequence (for the first ten hours), and it
changes between 2.5 and 3.4. Then it decreases to a
value between 1.5 and 2.5 after two days following
the mainshock. The Mcomp value shows a variation
from 1.0 and 2.0, average Mcomp = 1.5, after 25 days
following the mainshock. Thus, it can be stated that
the Mcomp value in the aftershock sequence is not
constant in the time period of one year. In addition
to Mcomp variations with time, the regional changes
of Mcomp value are also drawn in Fig. 3b. For the
regional Mcomp map, the spatial grid cell spacing of
0.02° in longitude and latitude was used. As shown
in Fig. 3b, the Mcomp value regionally varies from
1.0 to 2.1. The Mcomp value is mostly between 1.7
and 1.8 in the north-eastern and south-western parts
of the aftershock area including ErS, PtS, GrS and
PaS (north of Hazar Lake) whereas it changes from
1.0 to 1.5 between the mainshock epicentre and CgS
(south of Hazar Lake). Considering Mcomp distribu-
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tion, it can be concluded that aftershock activity can
be defined with a Mcomp value around 1.9 in many
parts of the study area. Thus, the Mcomp value was
considered to be 1.9 in the estimation of both h-value
and p-value.

In the calculation of characteristic aftershock pa-
rameters, two fundamental inputs must be organized to
ensure the completeness: (i) the minimum magnitude
threshold, Mmin, and (ii) the minimum time threshold,
Tstart, i.e. excluding the first hours to days from the
mainshock. As a simple way, Mmin can be considered
for the shortest Tstart, and thus this approach uses the
biggest Mcomp value, described for the earliest part
of the sequence (Wiemer, Katsumata 1999). However,
the amount of available data is reduced with this ap-
plication. For the aftershock sequence of the Elazig-
Sivrice earthquake, Mmin = 1.9 and Tstart=0.01 were
used to calculate the aftershock decay parameters. The
c-value is measured in a time unit — days, for exam-
ple. After some big earthquakes, some delay (usually
small) can be seen in the aftershock sequences. It can
be observed in the aftershock decay curve with time.
In many cases, however, a large incompleteness can
be seen in the catalogue at the earliest part of the af-
tershock sequence, and therefore an artificial large c-
value can be computed. In fact, there is no upper limit
of c-value. However, this value is generally suggested
as small or very small: for example, around 0.01. In
this study, by considering Mmin = 1.9 and Tstart =
0.01, it is aimed to remove these types of uncertain-
ties on the estimations. With this approach, the earli-
est part of the sequence is included in the analyses,
and completeness was provided although the number
of aftershocks strongly decreased. Thus, in order to
estimate the decay parameters of the modified Omori
law, 2235 aftershocks with M, > 1.9 were used.

In order to estimate the characteristic aftershock
parameters, the ZMAP software package (Wiemer,
2001) was used. The b-value of the Gutenberg-Rich-
ter scaling law was estimated by the maximum likeli-
hood method since it yields a more robust estimate
than the least-square regression method (Aki 1965).
The characteristic aftershock parameters of the modi-
fied Omori law were also estimated by the maximum
likelihood method. The Dc-value of fractal dimen-
sion was computed in 95% confidence limits by the
least squares method (Nanjo et al. 1998). The grid-
ding technique was used for the regional demonstra-
tions of b-value and p-value, and the nearest epicen-
tres, Ne, were considered for each node of the grid
(Wiemer, Wyss 1997; Wiemer, Katsumata 1999).
This technique (Wiemer, Wyss 2000) determines the
minimum threshold magnitude for which the good-
ness of fit is equal to and larger than 95%. If there
is no such magnitude for the given confidence level,
a 90% goodness of fit is assigned instead. However,
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the magnitude where the frequency-magnitude dis-
tribution has its maximum curvature is determined if
the goodness of fit is less than 90% for any threshold
magnitude. One of these magnitudes is assigned as
the Mcomp value for that grid point. If the number of
events with M, > Mcomp is larger than or equal to the
minimum number of the nearest epicenters, Nemin, b-
value and p-value are estimated for that node by using
only the aftershocks with M, > Mcomp. Finally, the
regional imagines of h-value and p-value are mapped
by the ZMAP software with the maximum likelihood
approach.

Analyses of the characteristic aftershock
parameters

A comprehensive evaluation of the characteristic
aftershock parameters following the 24 January 2020
Elazig-Sivrice earthquake was performed. In this con-
text, region-time-magnitude analyses related to after-
shock hazard assessment were achieved. Figure 4a
shows the cumulative number of aftershocks in one
year after the Elazig-Sivrice mainshock. Considering
the slope of the curve of the cumulative number of
aftershocks, two subregions may be defined (Fig. 4a).
The first two months can be considered as the first part,
and the rest ten months as the second region. 2537 af-
tershocks were recorded in the first two months from
the mainshock, and a total of 1921 aftershocks in the
remaining time period. Aftershock activity after the
first two months is relatively constant and it indicates
a slower decrease compared to the activity of the first
two months. The time histogram of aftershock se-
quence in one year is presented in Fig. 4b. As shown
in the variations of the number of aftershocks, after-
shock activity in the first two months shows a denser
occurrence, whereas a more constant activity was
recorded after the first 60 days following the main-
shock. Although there are some fluctuations in the
activity in different times, it can be clearly seen from
Fig. 4b that aftershock activity comes to an end after
one year. As stated in Tajima and Kanamori (1985),
the duration of aftershocks for large mainshocks may
extend one year. Tsapanos et al. (1994) suggested
that an event may be considered an aftershock if it oc-
curs between 100 and 150 days from the mainshock.
For different aftershock occurrences, many research-
ers considered different time periods; for example,
one month by Oztiirk ez al. (2008), four months by
Enescu, Ito (2002), five months by Bayrak, Oztiirk
(2004), and six months by Nuannin et al. (2012) and
by Oztiirk, Sahin (2019). Considering these studies
and the temporal distribution of aftershocks showed
in Figs 4a and 4b, the aftershock activity for the 24
January 2020 Elazig-Sivrice earthquake was cut in a
one-year time period.
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The Gutenberg-Richter relation showing the mag-
nitude-frequency distribution of aftershock sequence
is given in Fig. 5a. The Mcomp value was taken as
1.9 by considering regional and temporal changes
presented in Fig. 3, and the b-value was estimated as
0.82 + 0.02 by using the maximum likelihood solu-
tion. This b-value is relatively smaller than the av-
erage b-value of 1.0 which is observed worldwide.
However, as seen in Fig. 5a, the magnitude-frequency
distribution of the Elazig-Sivrice aftershock sequence
is well represented by the Gutenberg-Richter scaling
law with an average b-value close to 1.0. Frochlich,
Davis (1993) suggested that some factors such as a
higher stress concentration, high strain in the region,
or low heterogeneity degree of medium can cause de-
creases in b-value. Bender (1983) provided a detailed
study on the dependence of the h-value on the data
fitting techniques, relative number of small and large
earthquakes, maximum magnitude in the catalogue,
interval size, and sample size. A low b-value is re-
lated to a great number of large earthquakes, whereas
a high b-value indicates that there are many small
earthquakes rather than great earthquakes in the cata-
logue. As given above in a section on aftershock data,
there are 246 aftershocks with 3.0 <M, < 4.0 and 47
aftershocks with M, > 4.0. Thus, this low b-value may
be related to a relatively large number of aftershocks

with M, > 4.0. Variations in b-value within one year
after the mainshock of the Elazig-Sivrice earthquake
are also given in Fig. 5b. As in the calculation of the
Mcomp value, the moving time window approach and
the maximum likelihood estimation were used for the
estimation of temporal h-value changes, and a sample
size of 150 aftershocks was considered. As shown in
Fig. 5b, the b-value varies in a large band between 0.6
and 1.2. Following the mainshock, there are remark-
able decreases and increases in b-value as a function
of time. The times of the occurrences and their mag-
nitudes for the largest aftershocks are given with the
arrows on Fig. 5b. It can be clearly seen from Fig. 5b
that rapid decreases in b-value are related to the oc-
currence times of the largest aftershocks, while the
sudden increases were found after the occurrences of
the largest aftershocks. The b-value variations, how-
ever, have an average value of 0.8. As stated above,
several factors can cause perturbations of the normal
b-value. It can be interpreted that temporal decreases
in b-value before the larger aftershocks may have re-
sulted from a stepwise increase in the effective stress.
Also, a rapid increase in the temporal b-value may be
due to the reduced stress in these times following the
larger aftershocks. Hence, the assessment of temporal
changes in b-value may be accepted as a significant
tool for aftershock hazard.
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The modified Omori law fit to the cumulative
numbers of aftershock sequence was observed from
the mainshock time of the 24 January 2020 Elazig-
Sivrice earthquake, and the estimated aftershock de-
cay parameters for different starting times with the
magnitudes Mcomp > Mmin are plotted in Fig. 6. All
aftershock parameters including p, ¢ and K-values in
the modified Omori formula, their standard devia-
tions, minimum magnitude, starting time for the data,
and the number of aftershocks are also given. For the
calculation of p, ¢ and K-values, the maximum likeli-
hood approach was used, and the aftershock sequence
was modelled by the modified Omori model, closely
following the modified Omori law with a clear expo-
nential decay. The p-value was calculated as 0.72 +
0.01 with c-value = 0.727 + 0.146 assuming Mmin
= 0.6 (including all 4458 aftershocks) starting from
the mainshock time (Fig. 6a). The p-value was com-
puted as 0.80 £ 0.02 for the sequence by using Mmin
= 1.9 and Tstart = 0.01 with c-value = 0.279 + 0.068
(Fig. 6b). Also, the p-value was estimated as 0.80 £
0.02 with c-value = 0.277 £ 0.066 by considering
Mmin= 1.9 beginning at the mainshock time (Fig. 6¢).
Mogi (1962) suggested a relation among the p-value,
structural heterogeneity, stress, and temperature in the
crust (p-value increases with increasing temperature).
According to Dieterich (1994), if the main shock is
modelled as a dislocation, the aftershock rate within a
finite time interval and region decays with the p-value
about 0.8, due to a non-uniform stress change around
the mainshock. Helmstetter et al. (2005) found that
the p-value is close to 0.9 for times between less than
a minute and one year for the stacked aftershock se-
quences in Southern California. Also, Helmstetter
and Shaw (2006) stated that a heterogeneous stress
distribution produces a power law decay with a
p-value smaller than 1.0 (the more heterogeneous the
stress is, the larger the p-value is (closer to 1). Peng
et al. (2007) observed p-value = 0.92 + 0.04 for long-
term aftershocks and stated that this value is close to
the aftershock decay rate of p ~ 0.8 for a finite region
surrounding a shear crack (Dieterich 1994). Accord-
ing to these results, there is a low stress heterogeneity
in the Elazig-Sivrice aftershock sequence. A smaller
p-value for an aftershock occurrence also indicates a
slow decay rate, and thus the aftershocks sequence
of the Elaz1g-Sivrice earthquake has a relatively slow
decay rate (as seen in Figs. 4a and 4b). It is stated that
the superposed sequences contain usually small after-
shocks and a portion of these events may not be real
aftershocks; they may only relate to the background
seismicity (Utsu et al. 1995). As stated above in a
section on aftershock data, there are 4165 aftershocks
with M, < 3.0 in the sequence of the Elazig-Sivrice
earthquake. Also, the catalogue including the first two
months has 2537 aftershocks. The effects of different
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Mmin and Tstart values were tested for the confidence
of p- and c-values. All results are presented in Tab-
le 1. The p-value is independent of Mmin (Utsu et al.
1995), but the c-value depends strongly on the Mmin
value. Some tests were provided for the decay param-
eters using different Mmin (ranging from 1.9 to 2.6)
and Tstart (ranging from 0.006 to 0.1) values. The
p-value changes between 0.78 and 0.86 for different
Mmin and Tstart values, and the c-value varies from
0.0 to 0.294. Thus, the c-value is related to the mini-
mum magnitude in comparison with the p-value.

In order to analyse the aftershock behaviours as a
scaling law after the first definition by Omori (1984),
several models have been suggested to measure, map
and evaluate the decay rate of aftershock activity.
Different techniques such as Epidemic Type After-
shock Sequence (ETAS) model (Ogata 1983), Mar-
cellini (1997) approach, stretched exponential relaxa-
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Table 1 Results of detailed tests for the estimation of characteristic aftershock parameters with different input param-

eters
Minimum | Minimum mag- L
No | time threshold | nitude threshoflgd LT Nl o p-value c-value K-value
(B, ) Mimin (¢, days) aftershocks

1 0.01 1.9 0.011806 <7< 341.6583 2235 0.80 +0.02 | 0.279 +0.068 | 184.48 +12.26
2 0.01 2.0 0.011806 < ¢<341.6583 1859 0.81 +£0.02 | 0.204 +£0.055 | 152.54+10.28
3 0.01 2.1 0.011806 < ¢<341.6583 1531 0.82+0.02 | 0.154 +0.046 127.97 + 8.84
4 0.01 2.2 0.011806 <¢<341.4514 1231 0.83+0.02 | 0.109 + 0.036 103.57 +7.36
5 0.01 23 0.011806 < £<341.1847 1000 0.83+0.02 | 0.082+0.031 84.9+6.29

6 0.05 1.9 0.051389 <¢<341.6583 2215 0.80+0.02 | 0.294+0.080 | 185.84+12.97
7 0.05 2.0 0.051389<<¢<341.6583 1839 0.81+0.02 | 0.212 +0.067 153.23 £10.91
8 0.05 2.1 0.051389 <¢<341.6583 1511 0.82+0.02 | 0.156 +0.057 128.2+9.41
9 0.05 22 0.051389 <¢<341.4514 1211 0.83+0.02 | 0.105 +0.047 103.3 +7.86
10 0.05 2.3 0.051389 <¢<341.1847 980 0.83+0.02 | 0.078 +0.043 84.68 + 6.81
11 0.1 1.9 0.10486 < ¢ <341.6583 2196 0.80+0.02 | 0.262+0.086 | 183.23 +13.09
12 0.1 2.0 0.10486< <1< 341.6583 1820 0.80+0.02 | 0.179+0.073 150.6 + 11.01
13 0.1 2.1 0.10486 < ¢ <341.6583 1492 0.81+0.02 | 0.120 + 0.063 125.36 £9.48
14 0.1 22 0.10486 <r<341.4514 1192 0.82+0.02 | 0.069 +0.054 100.61 +7.95
15 0.1 2.3 0.10486 < ¢<341.1847 962 0.83 £0.02 | 0.038 +0.049 81.81 +6.84
16 0.5 1.9 0.50486 <t <341.6583 2082 0.78+0.02 | 0.057+0.14 169.35 + 14.15
17 0.5 2.0 0.50486 <t <341.6583 1714 0.79+0.02 | 0.0+0.137 141.21 £12.56
18 0.5 2.1 0.50833 <¢<341.6583 1391 0.81+0.02 | 0.0+0.147 120.95 + 11.87
19 0.5 22 0.50833 <¢r<341.4514 1101 0.82+0.03 | 0.0+0.159 100.77 £ 11.03
20 0.5 2.3 0.50833 <1<341.1847 878 0.83+0.03 | 0.0+0.175 82.34 +10.06
21 - 1.9 0.00625 <7< 341.6583 2238 0.80 £ 0.02 | 0.277 £ 0.066 | 184.26 +12.16
22 - 2.0 0.00625 <1 <341.6583 1862 0.81 +£0.02 | 0.204 +0.053 152.46 £ 10.19
23 - 2.1 0.00625 < ¢ <341.6583 1534 0.82+0.02 | 0.155+0.044 127.98 £ 8.77
24 — 2.2 0.00625 <¢<341.4514 1234 0.83+0.02 | 0.111 £0.035 103.72 +7.31
25 - 2.3 0.00625 <tr<41.1847 1003 0.84+0.02 | 0.084+0.03 85.08 £ 6.24
26 - 2.4 0.00625 < ¢<341.1847 823 0.86+0.02 | 0.076 + 0.028 73.44 +5.71
27 — 2.5 0.00625 < ¢<341.1847 678 0.86+0.02 | 0.051 +0.022 59.2+4.71
28 - 2.6 0.00625 <t <341.1847 569 0.86 +0.02 | 0.037+0.018 48.82 +4.01

tion (Mignan 2015), modified Omori law including a
background rate term (Oztiirk et al. 2008), etc., have
been proposed to analyze the aftershock decay rate.
However, these applications have limited results rela-
tive to the modified Omori law. Therefore, the modi-
fied Omori model is one of the most applicable meth-
ods, and time series analyzes of aftershocks in the
present study fit well with the modified Omori law.
Considering the detailed tests given in Table 1, the
modified Omori model appears suitable for the esti-
mation of aftershock decay parameters of the Elazig-
Sivrice aftershock sequence.

If the smaller aftershocks are frequently hidden by
larger events because of the overlapping, aftershock
numbers may not be counted fully at the early stage
of the sequence and hence relatively great c-values
may be obtained. If all aftershocks may be counted,
the c-value may be zero (Utsu 1971). Two approach-
es may be given in relation to the c-value: one is that
c-value is actually 0, and all the estimated positive
c-values are related to incompleteness at the begin-
ning of an aftershock sequence. The second opinion
is that a positive c-value can be estimated (Enescu,

Ito 2002). If c-value equals 0, n (¢) in Equation (2)
diverges at the mainshock time (¢ = 0). If the expan-
sion of the aftershock area occurs in an early stage, a
relatively high c-value may be estimated (Utsu et al.
1995). Also, for the aftershock occurrences following
relatively small mainshocks, c-values are generally
estimated as smaller than < 0.01 days. Considering
the detailed literature studies given above, it can be
concluded that the use of Mmin = 1.9 and Tstart =
0.01 (for the cases No: 1 in Table 1, also Fig. 6b) for
the estimation of aftershock decay parameters appears
better to fit the Elazig-Sivrice aftershock sequence,
and the results are compatible with other literature
studies. In addition, obtained results suggest that
there is no heterogeneous background seismicity pat-
tern in the aftershock activity. As a remarkable fact,
the simple modified Omori law seems very suitable in
the description of the aftershock decay parameters in
the Elaz1g-Sivrice sequence.

The Dc-value of aftershock epicentre distributions
for the Elazig-Sivrice earthquake is plotted in Fig. 7.
As shown in Fig. 7, a straight line fitted the curve
of the mean correlation integral against the distance
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of events, R (km). Considering the 95% confidence
interval by the least square approach, Dc-value was
estimated as 1.87 + 0.07 for epicentre distributions
of 4458 aftershocks. This log-log relation has a clear
linear range and scale invariance in the self-similarity
statistics between 4.84 and 21.76 km (indicated in
Fig. 7 as “Range”). This range changes mostly be-
tween 5 and 10 km in space and time for the epicen-
tres of Tiirkiye earthquakes. Thus, the minimum range
value (Rmin = 4.84 km) considered for the calculation
of the Dc-value in this work is in compliance with
literature. The fractal dimension, as stated above, can
be used as a quantitative measure of heterogeneity de-
grees in fault geometry and stress (Oncel et al. 1996;
Oncel, Wilson 2002). If an active fault system has an
increasing complexity with a larger Dc-value and a
lower b-value, the stress release occurs on fault planes
of a smaller surface area (Oncel, Wilson 2002). In ad-
dition, a higher Dc-value is sensitive to heterogeneity
in magnitude variations. The Dc-value estimated as
1.87 + 0.07 for the aftershocks distribution implies
that aftershocks are more clustered at larger scales
or in smaller areas. It can be considered that Elazig-
Sivrice aftershocks have a homogeneous distribution
on a two dimensional fault plane since the Dc-value
is close to 2.0. In addition, the heterogeneity degree
of earthquake activity can be measured quantitatively
considering the fractal dimension, and the heteroge-
neity of stress field dominates the region (Oncel et al.
1996). Therefore, it can be interpreted as a non-heter-
ogeneous stress distribution in Elazig-Sivrice region.
Thus, we can statistically describe and characterize
the spatial distributions of aftershock epicentres and
their fracture systems with fractal dimension. Consid-
ering the negative correlation between Dc-value and
b-value, a larger Dc-value (1.87 = 0.07) associated
with a smaller b-value (0.82 + 0.02) can be consid-
ered a dominant structural property for the aftershock
area with the increasing complexity in the active fault
system. Hence, it can be considered to be evidence
of stress changes in the aftershock area (Oncel et al.
1996; Oncel, Wilson 2002).

Correlation Integral C(R)

10° 10° 10" 10°
Distance R (km)

Fig. 7 Fractal dimension of epicentre distributions, Dc-
value, for Elazig-Sivrice aftershock sequence
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Regional variations of b-value, p-value and Ma_
value

ax

The procedure that is explained above in a sec-
tion on aftershock data was applied to obtain regional
changes of b-value and p-value. The aftershock area
was divided into rectangular cells separated by 0.02°
in latitude and longitude. The nearest epicentres
(number of events, Ne) were taken as 350 aftershocks
for each cell, and the minimum nearest epicentres
(Nemin, minimum number of events > Mcomp) were
taken as 100 events. Then, the regional changes of
b-value and p-value were mapped considering the
number of aftershocks between 100 and 350. Next, as
an important input data, c-value was taken as 0.279
days and Tstart = 0.01 days since these input param-
eters are more satisfying (the first calculation in Tab-
le 1 and Fig. 6b) for the regional imaging of p-value.
Considering the region-time variation in Mcomp val-
ue (Figs 3a and 3b), it was accepted as around 1.9 for
most of the cells. Then, this value was used by ZMAP
as Mcomp for all grid cells. If the number of after-
shocks with M, > Mcomp is larger than or equal to
Nemin in each cell, b-value and p-value are calculated
for each cell by using only the aftershocks with M, >
Mcomp. As a result, the regional changes of b-value
and p-value were mapped by using Ne = 350 with
Ne = 100 aftershocks for the Elazig-Sivrice after-
shock sequence.

The regional distributions of h-value and p-value
for the Elaz1g-Sivrice aftershock sequence are shown
in Figs 8 and 9, respectively. The b-value shows a
regional variation between 0.5 and 1.2, and regional
changes in p-value vary from 0.5 to 1.1. These change
intervals in b-value and p-value are compatible with
the literature studies mentioned above, such as Utsu
(1971), Wiemer, Katsumata (1999), Enescu, Ito
(2002), Oztiirk, Sahin (2019), etc. The aftershock ac-
tivity of the Elazig-Sivrice earthquake (including all
sizes of aftershocks with M, < 5.0) densely occurred
in and around the mainshock, in the north-eastern
and south-western parts of the mainshock (Fig. 1c).
Also, the largest aftershocks with M, > 5.0 show a
high density around the mainshock epicentre and in
the south-western end of the sequence. The h-value
changes can be thought to form three groups: (i) the
smallest h-values (< 0.8) in the north and south di-
rection from the mainshock epicentre (including Giil-
mahmut, Akgakiraz, Sivrice, Ulutas, Cevrimtas, and
Kavakkdy) and in the south-western end of the re-
gion (including Erkenek segment, Piitiirge, Uzuntas,
Basmezra, and Pelitli), (ii) intermediate b-values
(between 0.9 and 1.1) in the northwest and south-
east direction from in Piitiigre segment (including
Harabekayis, Akusagi, Aladikme, Yanginkonak,



and the north and south parts of Hazar Lake), and
(7ii) the highest b-values (>1.1) in the northeast end
of the region (including Degirmendnii, Durmustepe,
and Cayirkdy). The smaller b-values were generally
computed in the larger aftershock (M, > 4.0) regions,
while the highest b-values are related to the regions
in which aftershocks with M| < 3.0 are generally
observed. The regional variations of p-value for the
Elazig-Sivrice aftershock sequence have both low and
high values in the whole aftershock area. The largest
p-values (> 1.0) were found in the north and south
parts of the mainshock epicentre (in and around the
mainshock including Ulutas, Cevrimtas, Kavakkdy,
and Aladikme), and there is a faster decay of after-
shock activity in these areas. On the contrary, lower
p-values (< 0.7) were obtained in the south parts of
the Hazar Lake, northwest part of Piitiirge segment,
and southwest end of the aftershock region (including
Durmustepe, Cakirkdy, Yanginkonak, Erkenek seg-
ment, Bagsmezra, Pelitli, and Erenli). These small p-
values means that the aftershock decay rate is slower
in these parts rather than in other parts of the region.
Thus, aftershock activity decays faster in and around
the mainshock epicentre (p ~ 1.1) than along other
parts.

One of the most important estimations in these
types of studies is to define the occurrence of the
aftershock with the maximum magnitude (Ma__ ).
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Fig. 8 Regional changes of b-value. b-value is plotted by
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Fig. 9 Regional changes of p-value. p-value is plotted by
using the same grid and number of aftershocks with cells
spaced as in the case of b-value map. Star shows the main-
shock

Therefore, a possible Ma__ value after the Elazig-
Sivrice mainshock was regionally tried to be estimat-
ed. On a global scale, the average difference between
mainshock magnitude and the largest aftershock
magnitude is suggested as constant and equal to 1.2
(Béth 1965). However, for Tiirkiye earthquakes, this
difference was suggested as 0.9 by using the Guten-
berg-Richter relationship (Oztiirk 2009). The re-
gional changes of Ma__ value for the Elazig-Sivrice
aftershock sequence are given in Fig. 10. The Ma__
value changes between 3.3 and 5.7. Larger Ma__ val-
ues (> 4.8) were found in and around the mainshock,
southeast end of the region, northwest of Piitiirge seg-
ment, and in the northwest direction from Hazar Lake
(including Cevrimtas, Ulutas, Akusagi, Piitiirge,
Uzuntas, Bagmezra, Erkenek segment, Pelitli, Erenli,
Akgakiraz, and Sivrice), whereas smaller Ma__ val-
ues (< 4.0) were calculated between Hazar Lake and
Ciinglis segment (including Durmustepe, Cayirkdy,
and Yanginkonak). As seen from Figs 8 and 10, there
exists a clear relation between the smallest h-values
and largest Ma__ values. In addition, considering
the difference between the mainshock and the larg-
est aftershock magnitudes as 0.9 according to Oztiirk
(2009), a possible largest Ma___value can be consid-
ered to be 5.7. Thus, as seen in Fig. 10, this result is
very compatible with the Ma__ value in the present
study. A study including estimation of the maximum
magnitudes in aftershock sequences was conducted
by Chan and Wu (2013). They proposed that, once a
database for the regional changes of b-values is esti-
mated, the possible maximum aftershock magnitude
can be calculated immediately following the main-
shock. They also suggested that this type of evalu-
ations can supply preliminary results for the estima-
tion of seismic hazard. Also, Oztiirk, Sahin (2019)
made a statistical region-time-magnitude evaluation
on the aftershocks occurrence of the 21 July 2017,
Mw = 6.5, Bodrum-Kos, Tiirkiye, earthquake. They
suggested a clear correlation between a low b-value
and a high Ma__ value. This type of calculations may
be applied to determine the possible location of the
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Fig. 10 Regional changes of the maximum aftershock mag-
nitude, Ma_, . Ma__value is plotted by using the same grid
and number of aftershocks with cells spaced as in the case
of b-value and p-value maps. Star shows the mainshock
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next strong aftershocks, since a fast evaluation of a
short-term aftershock hazard shortly after a strong/
large earthquake may give clues on the destruction
assessments or urgent intervention. Therefore, a spe-
cial interest must be given to the regions where the
largest Ma__ values were calculated.

Some comments on the regional changes of
b-value and p-value

Large or destructive earthquakes always gener-
ate many aftershocks, and after the main rupture is
completed, interaction of faults and stresses have
a significant impact on the aftershock occurrence.
From the previous studies given above, there exists
a clear relation between the characteristic aftershock
parameters and structural properties of the aftershock
region, since the region-time-magnitude variations of
aftershock sequences include some useful informa-
tion about the earthquake nucleation, fault geometry,
the physical properties of the materials in the fault
zone, distributions of slip, stress and temperature
(Kisslinger, Jones 1991). There are many studies on
the regional and temporal evaluation of aftershock
sequences of mainshocks from Turkey and differ-
ent parts of the world (e.g., Kisslinger, Jones 1991;
Wiemer, Katsumata 1999; Enescu, Ito 2002; Bayrak,
Oztiirk 2004; Oztiirk et al. 2008; Wang et al. 2016;
Oztiirk, Sahin 2019; Nanjo 2020; Oztiirk 2021) and
these researchers suggested that regional changes in
b-value and p-value are controlled by rupture mech-
anisms during the mainshock, and the variations in
these parameters are related to the material proper-
ties of the aftershock area. According to their results,
the areas with a smaller h-value are related to the
regions with a lower stress after the mainshock, and
the regions with a higher p-value are related to the
areas that the experienced higher coseismic slip dis-
tribution after the mainshock. Oztiirk, Sahin (2019)
summarized the general results of these studies as
follows: (1) regional and temporal changes in these
parameters show a good relation to the tectonic prop-
erties and/or some variables of the earthquake occur-
rences, (2) the most characteristic element controlling
the regional changes on these parameters is probably
the fault slip, (3) the region-time variations of these
parameters supply statistically significant informa-
tion for practical forecast, (4) aftershock effects can
be used to determine the nonlinear seismic response
and accumulated damage of concrete gravity dams,
(5) the regional variations of the aftershock parame-
ters correspond quite well to the causative fault planes
of earthquakes, (6) estimation of characteristic after-
shock parameters may serve for a rapid evaluation
of a short-term earthquake hazard immediately after
the large/devastating earthquakes, and (7) the region-
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time-magnitude analysis of aftershock sequences may
provide rapid evaluation of mainshock-induced stress
fields and may forecast the aftershock with maximum
magnitude triggered by the mainshock.

Following the 24 January 2020 Elazig-Sivrice
(Tiirkiye) earthquake, several studies including geo-
technical evaluations were made. For this purpose,
different parameters such as coseismic slip distri-
bution and displacement, postseismic deformation,
mainshock faulting, rupture kinematics, dynamic
modelling and stress distribution were analyzed
and discussed (e.g., Cheloni, Akinci 2020; Chen et
al. 2020; Pousse-Beltran ef al. 2020; Sayin et al.
2021; Lin et al. 2021; Bayrak, Ozer 2021; Alkan et
al. 2021). The 24 January 2020 Elazig-Sivrice earth-
quake caused loss of life and important seismic dam-
age to buildings in the epicentral region. The effects
of the mainshock on the structures was quite serious
although the mainshock was moderate. After the end
of the seismic quiescence period that started in 1971,
this earthquake struck the PtS in Elaz1g and supplied
valuable insights to the researchers in order to reinter-
pret the earthquake potential along the EAFZ and its
surroundings. Therefore, interrelationships between
characteristic aftershock parameters and other geo-
physical parameters analyzed by given authors may
contribute to the assessment of aftershock hazard af-
ter the Elaz1g-Sivrice mainshock.

Cheloni, Akinci (2020) made an analysis to mod-
el the main features of the rupture process and the
strong ground motion during the Elazig earthquake.
They used Interferometric Synthetic Aperture Radar
(InSAR) interferograms to restrict the fault geometry
and the coseismic slip distribution of the causative
fault segment (see their Figs 2, 3 and 4). They also
used this information to analyze the ground motion
characteristics of the mainshock in terms of peak
ground acceleration (PGA), peak ground velocity
(PGV) and spectral accelerations (see their Fig. 7).
Their results show that the 2020 Elaz1g earthquake
ruptured two main slip patches (for a total length of
about 40 km) located along PtS. Their another cal-
culation including Coulomb stress distribution pro-
vides that the Elazig mainshock increased the stress
level of the westernmost part of Piitiirge fault and of
the following PaS (see their Fig. 12). As discussed
in Section 5 of their article, these areas are related
to the lower b-values, higher p-values and the largest
Ma__ values. Thus, these results are consistent with
the findings of other researchers mentioned above.

Chen et al. (2020) investigated the rupture kin-
ematics of the 24 January 2020 Elazig earthquake
from joint inversion of InNSAR interferograms, strong
motion, and broadband teleseismic P waveforms
(see their Fig. 2). They performed dynamic rupture
simulations to provide a physically reasonable rup-



ture process based on the stress drop inferred from
the kinematic model (see their Fig. 3). In addition,
they calculated Coulomb stress failure, and their dy-
namic model shows an initial heterogeneous stress
distribution with variations up to 30 MPa, which was
probably built up during the interseismic period. Ac-
cording to their Coulomb stress analysis induced by
the 24 January 2020 Elazig earthquake, a stress load
around 1.0 bar was in the north and south parts of
the mainshock, in the south-western and north-east-
ern ends of the aftershock area. (see their Fig. 4). As
shown in Fig. 8 in the present study, the smallest b-
values indicating high positive stress changes and the
largest Ma__values were generally observed in the
same regions including PtS, ErS and their surround-
ings. Also, the highest b-values are generally related
to the other parts of the aftershock area, which have
low stress distributions.

Pousse-Beltran et al. (2020) aimed to characterize
the Elaz1g mainshock faulting, its early aftershock ac-
tivity and postseismic deformation. For this purpose,
they used InSAR and optical satellite imagery, tel-
eseismic backprojections, regional moment tensors,
and calibrated hypocentral relocations. According
to their results, coseismic InSAR modeling provides
that only ~20% of the peak slip at depth reaches the
surficial model fault patches, suggesting a shallow
slip deficit of ~80% and these characteristics proba-
bly reflect the low-to-moderate structural maturity of
the central EAFZ. Hence, they suggested that the 24
January 2020 earthquake was not characteristic and
larger ruptures may be possible. Sayin et al. (2021)
made a study revealing brief and mechanism-focused
technical data of the 24 January 2020 Elazig-Sivrice
earthquake. They also summarized the past and
present earthquake characteristics of the region. Be-
side the geotechnical observations, the general prop-
erties of the mainshock and aftershocks and the struc-
tural damage due to the earthquake were observed.
Moreover, due to liquefaction, soil deformations and
lateral spreads were observed. As a result of these de-
formations, rock falls were seen after the mainshock
and aftershocks. For this reason, the regions with the
lowest b-values, the highest p-values and the largest
Ma_  values may be important in terms of the next
earthquake potential in the aftershock area.

Lin et al. (2021) investigated the rupture process
of the 24 January 2020 Elaz1g earthquake by using the
teleseismic broadband body-wave and surface-wave
records. Also, based on the slip model, they calcu-
lated the Coulomb stress changes on the surrounding
faults caused by the mainshock. Their results show
that the rupture spreads mainly to the south and the
mainshock caused stress accumulation to the north-
ern and southern ends of the Elazig-Matalya segment

(see their Fig. 9). Thus, this may reactivate the locked
fault segment and cause a high seismic hazard in these
regions. As seen in Fig. 8 in this paper, the lowest b-
values indicating high stress changes were observed
in the northern and southern parts of the mainshock.
Therefore, these regions need a special interest for the
future earthquake potential in the study area.

Bayrak, Ozer (2021) made a statistical evaluation
on the aftershock properties of the 24 January 2020
Sivrice (Elazi1g) earthquake by using the b-value of
the Gutenberg-Richter law, the p-value of the modi-
fied Omori law and Coulomb stress changes. They
calculated the b-value as 0.77 and p-value as 0.9. Their
regional analyses show that h-value varies from 0.5 to
1.2, and p-value changes between 0.6 and 1.3. They
stated that a smaller b-value, p-value and positive
Coulomb values indicate that there is still large stress
accumulation in the northeast and southwest parts of
the fault. Thus, the findings in the present study are
very similar to those of Bayrak, Ozer (2021). Hence,
these values are correlated with each other and can be
used in seismic hazard analysis together.

Alkan et al. (2021) carried out a study to investi-
gate the Coulomb stress changes before and after the
24 January 2020 Sivrice (Elazig) mainshock. Their
results show that the stress continued in the northeast
and southwest directions from the mainshock and
caused a positive Coulomb stress change. They stated
that the stress in the study area is at a critical level
and these regions can be defined as the earthquake
hazard potential area. Therefore, special interest must
be given to these anomaly regions such as the north
and south directions from the mainshock epicentre
(including Giuilmahmut, Akgakiraz, Sivrice, Ulutas,
Cevrimtas, Kavakkdy, and Aladikme) and in the
south-western end of the region (including Erkenek
segment, Piitlirge, Uzuntag, Bagsmezra, and Pelitli).
Consequently, the results of the present study are sup-
ported by the findings of Alkan et al. (2021).

As discussed in the studies related to the 24 Janu-
ary 2020 Elazig-Sivrice earthquake, the results ob-
tained in this paper regarding b-value, p-value, Ma__
value, stress distribution and coseismic deformation
are supported by the general results provided by Wie-
mer, Katsumata (1999), Enescu, Ito (2002), Bayrak,
Oztiirk (2004), Oztiirk et al. (2008) and Oztiirk, Sahin
(2019). Also, considering the literature studies on the
24 January 2020 Elaz1g-Sivrice earthquake, all results
are compatible with each other and this work. There-
fore, a comprehensive region-time-magnitude analy-
sis of characteristic aftershock parameters is highly
related to aftershock hazard following the mainshock,
and these types of evaluations are strongly recom-
mended for a preliminary evaluation after the main-
shock.
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CONCLUSIONS

A statistical assessment of the characteristic after-
shock parameters following the 24 January 2020 M,
= 6.8 Elaz1g-Sivrice (Tiirkiye) earthquake was per-
formed by considering the b-value of the Gutenberg-
Richter relation, the p-value of the modified Omori
model, the Dc-value of the fractal dimension, and the
expected Ma__ value for the aftershock occurrence.
A small b-value (0.82 + 0.02) for the aftershock se-
quence may be due to the abundance of aftershocks
with M, >4.0. A small p-value (0.80 £ 0.02) indicates
a slow decay rate of aftershock activity. A large Dc-
value (1.87 = 0.07) means that aftershocks are homo-
geneously distributed and more clustered in smaller
areas. The b-value changes with time may indicate
an increasing trend in the effective stress before the
occurrence of larger aftershocks. There exists a clear
relation between the regions with the smallest b-val-
ues and the largest Ma__ values. Also, the lowest b-
value areas are related to high stress regions as well
as coseismic deformation regions. The highest p-val-
ues were observed in the regions associated with the
coseismic deformations areas. These results suggest
that the variations in b-value and p-value are highly
affected by stress distributions and coseismic defor-
mation following the mainshock. Hence, considering
the aftershock hazard following the mainshock, eval-
uation of the characteristic region-time-magnitude
parameters of the aftershock sequences may supply
preliminary, reliable and useful results for the fast
evaluations of real-time aftershock hazard.
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