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Abstract: Here, we employ natural time analysis of seismicity together with non-extensive statistical
mechanics aiming at shortening the occurrence time window of the Kahramanmaraş-Gazientep
M7.8 earthquake. The results obtained are in the positive direction pointing to the fact that after
3 February 2023 at 11:05:58 UTC, a strong earthquake was imminent. Natural time analysis also
reveals a minimum fluctuation of the order parameter of seismicity almost three and a half months
before the M7.8 earthquake, pointing to the initiation of seismic electrical activity. Moreover, before
this earthquake occurrence, the detrended fluctuation analysis of the earthquake magnitude time-
series reveals random behavior. Finally, when applying earthquake nowcasting, we find average
earthquake potential score values which are compatible with those previously observed before strong
(M ≥ 7.1) earthquakes. The results obtained may improve our understanding of the physics of crustal
phenomena that lead to strong earthquakes.

Keywords: earthquakes; natural time; time-series; entropy; criticality; complex systems

1. Introduction

The Kahramanmaraş-Gaziantep Mw7.8 Pazarcik earthquake (EQ) [1] took place on 6
February 2023 at 01:17:35 UTC and was followed within 9 h by the Mw7.5 Elbistan EQ [2] at
10:24:48 UTC, giving rise to the 2023 Kahramanmaraş, Turkey, EQ doublet [3]; see Figure 1.
According to the International Blue Crescent Relief and Development Foundation [4] situ-
ation report, the Turkish Ministry of Interior had announced that the fatal casualties in
the Kahramanmaraş EQs doublet totaled more than 50,399 lives. Moreover, 8476 people
lost their lives in Syria, which was also affected by these EQs. It was one of the deadliest
disasters in Turkey and Syria during the last millennium [3]. In total, 16 percent of Turkey’s
population, that is 14 million people, were affected by these catastrophic events [4].

Almost two weeks before the Kahramanmaraş EQ doublet, i.e., on 25 January 2023, a
paper was submitted [5] in which a novel procedure for estimating the time of occurrence of
an impending strong EQ was presented. This new procedure was based on the combination
of the results obtained from natural time analysis (NTA), see below, and non-extensive
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statistical mechanics (NESM) pioneered by Tsallis [6]. Tsallis [6] introduced a new functional
form for the entropy, which is now generally called Tsallis entropy [7–16]

Sq = kB

(
1 − ∑i pq

i

)
(q − 1)

, (1)

where q ∈ R is the entropic index, {pi} are the probabilities for each microstate i and kB is
the Boltzmann constant. In the case q → 1, Equation (1) recovers the Boltzmann entropy

SB = −kB ∑
i

pi ln pi. (2)

Using a fragment–asperity model [17], Posadas and Sotolongo-Costa [18] have recently
estimated the Tsallis entropy Sq for the case of EQs; for further details, see Section 2.4. It is
the combination of the latter quantity with the entropy change ∆S under time reversal in
NTA that allows the estimation of the occurrence time of the impending EQ [5].
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Figure 1. The epicenters (red stars) of all EQs reported by AFAD with magnitude M ≥ 2.0 during the
period 1 January 2020 to 31 December 2022 (see Section 2.1). The yellow stars depict the epicenters of
the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ [1] and the Mw7.5 Elbistan EQ [2] that occurred
on 6 February 2023 at 01:17:34 UTC and 10:24:48 UTC, respectively. The black thick lines depict the
tectonic plate boundaries [19].

NTA, which is based on a new concept of time termed natural time, was introduced
in 2001 [20] and has found useful applications that range from EQ preparatory processes
to heart dynamics [21–32] and from atmospheric sciences [33–36] to finance [37]; for a
recent review, see [38]. It was originally focused on the discrimination of the low-frequency
( f ≤ 1 Hz) electric signals that are observed before EQs, which are called Seismic Electric
Signals (SES) [23,39–53], from similar-looking signals of man-made origin [54]. The physi-
cal properties of SES [23,42] provide information on the magnitude M of the impending
EQ, on the probable epicentral area, and an estimation of its occurrence time. In the first
publications by Varotsos et al. [20,54], it was shown that NTA may reveal that SES exhibited
critical dynamics, while it has been also used for the identification of criticality in the seis-
micity inside the probable epicentral area. As will be further elaborated in Section 2.3, NTA
there may provide a first estimate of the occurrence time of the impending EQ [20,44,55,56]
(see also Chapter 7 of [23] and Chapters 5 and 9 of [38]). Additionally, NTA provides
means to identify temporal correlations between EQ magnitudes (see Section 6.3 of [23] and
references therein), which is a very hot topic, see, e.g., the recent meta-analysis by Petrillo
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and Zhuang [57]. Within the NTA framework, an entropy S has been introduced [20,54];
see Section 2.3 for its detailed properties. Most importantly, S has found useful applications
in seismicity as well as in a variety of other physical systems, see, e.g., Chapters 7, 8, 9, and
13 of [38]. Earthquake nowcasting [58–66], which enables seismic hazard estimation, is also
based on natural time; see Section 2.6. As Rundle et al. [58] state, natural time when applied
to EQ seismicity has the advantage that it is not necessary to decluster the aftershocks.

It is important to note, however, that the study of the time-occurrence series of EQs may
provide additional information to that obtained by NTA. The fractal and multifractal charac-
ter of such time-series has been studied by Telesca et al. [67] and Telesca and Lapenna [68],
revealing new properties of seismicity. Recently, the fractal characteristics of seismicity
identified by the interevent times have found useful applications to cases of induced
seismicity [69], see also [70], as well as in the case of the Anatolian region with implications
for seismic hazards before and during the 2023 Kahramanmaraş seismic sequence [71].
Additionally, in forecasting fractal studies, see, e.g., [72,73], declustered catalogs are used.
To date, NTA has not been applied to such catalogs. Such an application, however, may
lead to interesting results and is within the future plans of our group.

So far, the new procedure introduced by Varotsos et al. [5] has been applied to the
case of the super-giant 2011 M9 Tohoku EQ in Japan as well as in three strong EQs in the
western part of northern America [74], which included the 2017 M8.2 Chiapas Mexico EQ,
the deadly 19 September 2017 M7.1 Mexican flatslab EQ, and the 2019 Ridgecrest M7.1 EQ
in California. It is the purpose of the present paper to examine whether this procedure
could have been applied before the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ in order
to provide an improved estimate of the EQ occurrence compared to that previously found
solely by means of NTA [20,51,75–77]. The paper is organized as follows. In Section 2, the
EQ catalog and the methods used are presented, the results are shown and discussed in
Section 3, and our conclusions are summarized in Section 4.

2. Materials and Methods
2.1. The Seismic Data Used

The seismic data used come from the Turkish Disaster and Emergency Management
Authority (AFAD) and are publicly available at the site https://deprem.afad.gov.tr/event-
catalog (last accessed on 7 May 2023). We considered all EQs within the region N46

33E48
20 (see

the yellow rectangle in Figure 1).
The frequency–magnitude distribution (FMD) for the EQs during the period 1 January

2002 to 31 December 2022 is shown in Figure 2a, the reported magnitude in 93% of these
cases is the local magnitude ML; otherwise, moment magnitude Mw was reported; see
https://deprem.afad.gov.tr/event-catalog (last accessed on 7 May 2023). For AFAD, it
is reported that ML and Mw scales are almost equivalent for a wide range of magnitude
values (see [78] and references therein); thus, this catalog could be considered homogeneous
with respect to magnitude (cf. a unified EQ catalog is necessary for this kind of analysis,
see, e.g., [79]). There, beyond the cumulative FMD depicted by open squares, the non-
cumulative FMD [80] is also shown with open triangles. According to the Gutenberg–
Richter (GR) law [81] for EQs, the number of EQs N(M > m) of magnitude (M) greater
than m follows an exponential decay

N(M > m) = 10a−bm, (3)

where a reflects the total rate of sesmicity in the region and the b-value (which is usually
close to unity, see, e.g., [23]) is related to the level of seismicity in the region (c.f. for a possi-
ble correlation between these two parameters see [82]). As shown in Figure 2a (obtained
by the standard code ZMAP [83] using maximum likelihood estimation, see, e.g., [84]), the
GR law of Equation (3) is valid for M ≥ Mc, where the magnitude of completeness Mc
equals 3.5. We also examined that setting Mc to the latter value, m = 3.5, secures temporal
completeness since 1 January 2002; see Section 3 below. For the readers’ better information,
we note that new methods for the estimation of the magnitude distribution parameters

https://deprem.afad.gov.tr/event-catalog
https://deprem.afad.gov.tr/event-catalog
https://deprem.afad.gov.tr/event-catalog
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have been recently proposed in the literature [85,86]. Moreover, further details on the
seismicity of Turkey and its monitoring can be found in [71] and references therein. Since
it will be needed later for the analyses presented in Section 3, we also investigated in
Figure 2b the completeness of the catalog obtained from AFAD during the period from 1
January 2020 to 1 January 2023 within a 3°× 3° area centered at the actual epicenter of the
Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ.
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Figure 2. Cumulative (squares) and non-cumulative (triangles) FMD for the EQs (a) within the region
N46

33E48
20 during the period 1 January 2002 to 31 December 2022 and (b) within a 3°×3° area centered at

the actual epicenter of the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ during the period from 1
January 2020 to 1 January 2023, as estimated by ZMAP [83]. The b-value and Mc have been calculated
by applying the maximum curvature method (see, e.g., [87] and references therein) in the automatic
selection of ZMAP. The red lines represent the GR relation.

2.2. Seismotectonic Background

The epicenter of the Mw 7.8 EQ is located at the East Anatolian Fault (EAF) zone; see
Figure 3. The EAF structure is considered to be a left-lateral strike–slip fault, of ∼700 km
length [88], bounding the northeast Arabian plate movement with respect to the Anatolian
plate. For the fault segments at the eastern end of the fault zone, this movement occurs at
∼10 mm/yr [88]. At the northeastern part, the left-lateral EAF intersects with the right-
lateral North Anatolian Fault (NAF), which are considered to be the main structures in the
tectonics of the eastern Mediterranean [89]. The Anatolian microplate is located between
EAF and NAF and moves westward under the influence of internal deformation due to the
collision of the Arabian and African plates with the Eurasian plate [90]. It is still debated,
however, up to what point the EAF is extended to the west [88]. According to Medvedeva
et al. [89], the southwestern end of the EAF zone transfers into the Cyprus Island Arc and
the Dead Sea Fault zone. The focal mechanism solution for the Mw 7.8 EQ indicates a
left-lateral strike–slip with a length of the ruptured fault zone ∼300 km (see Ref. [89] and
references therein).
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Figure 3. The tectonic settings of the Anatolian region along with the epicenters (yellow stars) and the
focal mechanisms of the two catastrophic EQs of Mw = 7.8 at 01:17:34 UTC and Mw = 7.5 at 10:24:48
UTC on 6 February 2023. The red arrows indicate the movement of the tectonic plates, and the black
arrows indicate the direction of movement along the major fault zones; see [89] and references therein
(cf. for a review of the historical seismicity in the region, see [91]).

2.3. Natural Time Analysis: Background

In a series comprising N EQ events (which can be considered as a temporal point
pattern [5,92]), natural time χk corresponding to the k-th EQ of magnitude Mk is defined [20]
as χk = k/N. Thus, we abandon the notion of conventional time but maintain the EQ energy
Qk (∝ 101.5Mk , see, e.g., [93] and Chapter 6 of [23]) together with the order of occurrence k.
In NTA, the pair (χk, pk), where pk = Qk/ ∑N

n=1 Qn is the normalized energy, is attributed
to each event k, and we consider the normalized power spectrum Π(ω) ≡ |Φ(ω)|2, where
Φ(ω) = ∑N

k=1 pk exp(iωχk). The quantities pk can be considered (see, e.g., Appendix A.3
of [38] and references therein) as probabilities, and hence Φ(ω) with ω ∈ R corresponds
to the characteristic function [94] for pk. This characteristic function provides information
for the distribution: for example, the moments ⟨χm⟩ = ∑N

k=1 χm
k pk that are equal to the

derivatives dmΦ(ω)/dωm (m > 0) at ω → 0. In a similar sense, when considering Π(ω) in
the region of ω close to 0, a quantity κ1 was obtained from the Maclaurin series

Π(ω) = 1 − κ1ω2 + κ2ω4 + . . . , (4)

where

κ1 = ⟨χ2⟩ − ⟨χ⟩2 =
N

∑
k=1

pk(χk)
2 −

(
N

∑
k=1

pkχk

)2

. (5)

For the case of SES activities, mentioned in the Introduction, that exhibit critical
dynamics [54], it has been shown [20,23] that the corresponding Π(ω) takes the form:

Πcrit(ω) =
18

5ω2 − 6 cos ω

5ω2 − 12 sin ω

5ω3 . (6)
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Moreover, it has been shown that

κ1 ≈ 0.070 (7)

at criticality for various dynamical systems [20,23,38,95] that include SES activities; see,
e.g., Table 8.1 on page 343 of [23]. In general, κ1 is suitable for identifying the approach
to a critical point. Especially, in NTA of EQs, κ1 can be thought of [23,38] as an order
parameter (OP) for seismicity because its value diminishes abruptly when a strong EQ
takes place, while the statistics of its fluctuations share properties observed in well-known
critical systems [96].

One of the advantages of NTA is that it allows for monitoring the fluctuations of the
OP of seismicity within an EQ catalog. For this purpose, we consider an excerpt of this
catalog consisting of W successive events. We then deduce the totality of κ1 values resulting
from subexcerpts of the successive 6 to W EQs. For this set of κ1 values, we calculate the
mean value µ(κ1) and the standard deviation σ(κ1), leading to the variability of κ1:

βW =
σ(κ1)

µ(κ1)
(8)

that quantifies the κ1 fluctuations within this EQ catalog excerpt. The quantity βW of
Equation (8) is interrelated with the square root of the Ginzburg criterion (cf. Equation (6.25)
of [97]) whose usefulness in the physics of EQs has been explained by Holliday et al. [98].
Finally, how βW varies in conventional time can be pursued by sliding event by event
the window of W consecutive EQs in the EQ catalog; the occurrence time of the EQ that
followed the last one of the window studied is attributed to each βW obtained. It has
been experimentally observed that appropriately selected minima of βW labeled βW,min in
regional EQ catalogs [51,99] coincide with the initiation of the emission of SES activities
signaling that a strong EQ is going to occur within a maximum lead time of 5 1

2 months [23].
The entropy S in natural time [20,54] is given by

S = ⟨χ ln χ⟩ − ⟨χ⟩ ln⟨χ⟩ =
N

∑
k=1

pk
k
N

ln
(

k
N

)
−
(

N

∑
k=1

pk
k
N

)
ln

(
N

∑
k=1

pk
k
N

)
. (9)

In the case of a “uniform” distribution [54], Qk are considered independent and
identically distributed (IID) positive random variables and S becomes Su ≡ ln 2

2 − 1
4 ≈

0.0966. The application [23,38] of time-reversal T̂, i.e., T̂pk = pN−k+1, in Equation (9)
leads to

S− =
N

∑
k=1

pN−k+1
k
N

ln
(

k
N

)
−
(

N

∑
k=1

pN−k+1
k
N

)
ln

(
N

∑
k=1

pN−k+1
k
N

)
. (10)

The quantity S− differs from S, leading to an entropy change

∆S ≡ S − S− (11)

upon time reversal. Thus, S is time-reversal asymmetric [23]. Moreover, S is a dynamic
entropy, different from static ones, e.g., Shannon entropy, that is positive, concave, and
experimentally (Lesche) stable [100,101] (see Chapter 3 of [23]).

The entropy change ∆S under time reversal is also crucial for the identification of the
approach of the system to a dynamic phase transition [5,38,74]. For this purpose, S and S−
are calculated for a natural time window of length i (=number of consecutive events) sliding
event by event through the whole time-series. Equation (11) is then used for estimating ∆S,
thus resulting in a time-series of consecutive ∆Si values.

NTA can provide an estimate of the occurrence time of the impending EQ when
analyzing seismicity in the area candidate to suffer the strong EQ after the initiation of an
SES activity or after the observation of βW,min. Such examples for Greece can be found in



Appl. Sci. 2024, 14, 1215 7 of 19

Chapter 7 of [23] while for Japan, Mexico, and California, they can be found in Chapter 5
of [38]. Usually [20,22,44,55,56], the strong EQ occurs a few days up to one week or so after
a true coincidence of Π(ω) of the evolving seismicity to that of the critical state, Πcrit(ω)
of Equation (6). The following criteria have been used (see, e.g., [23,38]) to assure such a
coincidence:

1. The “average” distance ⟨D⟩ between the curves of Π(ω) and Πcrit(ω) for ω ≤ π

should be ⟨D⟩ < 10−2. Details on this calculation can be found in [20,23].
2. The final approach of the evolving Π(ω) to Πcrit(ω) must be from below, see, e.g.,

Figure 5 of [77], which alternatively means that κ1 gradually decreases with time
before reaching the critical value 0.070 of Equation (7).

3. At the coincidence, both entropies S and S− in natural time must be smaller than Su.
4. Since this process (critical dynamics) is considered to be self-similar, the occurrence

time of the true coincidence should not markedly vary upon changing the magnitude
threshold Mthres which is used for NTA of seismicity.

5. The final approach described by the second criterion starts to be obeyed after an
EQ for which ∆S of seismicity in the candidate epicentral area under time reversal
exhibits a local minimum. In simple words, after S− exceeds S by a large amount, κ1
starts decreasing to finally approach 0.070.

2.4. Non-Extensive Statistical Mechanics Model for EQs

Sotolongo-Costa and Posadas [17] introduced a fragment–asperity model for EQs
which is based on NESM. They considered two rough surfaces, the movement of which
is hindered by fragments. The latter are generated during EQ occurrence by breakage of
the plates simulating the fault. The magnitude of an EQ is related to distribution of the
fragment sizes which effectively determine the value of the stress needed to overcome
asperities and allow motion of the plates. Hence, the EQ energy is related to the size of
the fragments, the distribution of which is determined by maximizing the Tsallis entropy
of Equation (1). The model was later revisited by Silva et al. [10] by employing a more
realistic relation between EQ energy and the size of the fragments. Most interestingly, the
NESM model of EQs provided a generalization of the GR law for the distribution of EQ
magnitudes, which relates [12,14] the aforementioned (see Section 2.1) b-value with the
non-extensitivity parameter q according to the formula

b = 2
(2 − q)
(q − 1)

. (12)

Posadas and Sotolongo-Costa [18] extended this study significantly by directly esti-
mating the Tsallis entropy Sq of the fragments. Thus, the GR distribution for EQs by means
of Equation (12) is now related to a well-defined value

Sq =

[
1 − (2 − q)

1
(2−q)

]
(q − 1)

, (13)

where the Boltzmann constant kB in Equation (1) was set to unity.

2.5. Detrended Fluctuation Analysis of EQ Magnitudes

Detrendred fluctuation analysis (DFA) was firstly introduced by Peng et al. [102] as
a method for the quantification of long-range correlations in non-stationary time-series.
A comparison of DFA with power spectral methods and wavelet-based estimators of
scaling behavior can be found in [103,104], respectively. DFA has found useful applications
in a wide variety of fields ranging from the study of DNA [102,105,106] and biological
signals [107–111] to EQs [112], meteorology [113,114] and atmospheric physics [115]. DFA
has been generalized into a multifractal method by Kantelhardt et al. [116] which has also
found widespread applications, see, e.g., [117–119], including seismicity.
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In the case of DFA of EQ magnitudes, we first sum the time-series of consecutive EQ
magnitudes {Mk}k=1,2,...,W to obtain the profile ym = ∑m

k=1(Mk − ⟨M⟩) after removing the
average value ⟨M⟩ = ∑W

k=1 Mk/W. Then, we divide the W values of the profile into l equal
non-overlapping segments and find the polynomial of order n trend yn(m) in each segment.
The root mean square fluctuation is defined as the DFA measure

FDFA(s) =

√√√√ W

∑
m=1

[ym − yn(m)]2

W
(14)

at scale s = W/l. We repeat this procedure for various values of l and examine the
validity of the scaling relation FDFA(s) ∝ sa, where the exponent a is called the DFA
exponent. This exponent characterizes the correlation properties of the EQ magnitude
time-series: when a < 0.5, {Mk}k=1,2,...,W is anti-correlated, if a ≈ 0.5, the time-series is not
correlated (white noise), while a > 0.5 indicates the presence of long-range correlations.
In the present application, we used a window of W = 300 consecutive EQ magnitudes
moving by one EQ each time along the AFAD EQ magnitude time-series to obtain a
new time-series of a300. For the calculation of the DFA exponents a300, we employed
the DFA [102,120] computer program dfa.c of Physionet [121] (it is freely available at
https://www.physionet.org/content/dfa/1.0.0/dfa.c, last accessed on 19 May 2023).

2.6. Earthquake Nowcasting

Using the concept of natural time, Rundle et al. [58] introduced EQ nowcasting to
estimate seismic hazards [29,32,59,65,66,122–130]. Many applications of EQ nowcasting
have been published in various fields of Earth Sciences including induced seismicity [60,62],
the temporal clustering of EQs [61], and theoretical EQ models [131], while recently the
method has been applied [132] for nowcasting volcanic eruptions.

Our group in a series of publications [124,125,129] has employed EQ nowcasting to
obtain epicentral information for a future EQ. To this end, the EQ potential score (EPS)
of EQ nowcasting is calculated [58] using the cumulative distribution function F(ns) for
the number ns of ‘small’ EQs (of magnitude M ≥ Mσ) that take place in the time interval
between two ’large’ EQs (of magnitude M ≥ Mλ) within a large region, e.g., N52

23E50
5 for

the eastern Mediterranean [124]. Using a self-consistency radius R, Varotsos et al. [124]
introduced average EPS maps by calculating ns within a circle of radius R centered at
a point (xij, yij) of a square lattice—denoted by (ns)ij— and averaged the resulting EPS
values F[(ns)ij] within the same radius R to obtain at a point (xi0 j0 , yi0 j0) the value

⟨EPS⟩ ≡ 1
N

d(xi0 j0 ,yi0 j0 ;xij ,yij)≤R

∑
i,j

F[(ns)ij], (15)

where the summation is restricted to the lattice points whose distance d(xi0 j0 , yi0 j0 ; xij, yij)
from the observation point (xi0 j0 , yi0 j0) is smaller than or equal to R, and N stands for
the number of these points. The study of the eastern Mediterranean which is relevant to
our case of the Kahramanmaraş, Turkey, EQ doublet [3] resulted in an optimum value of
R = 250 km when using Mσ = 4.0, Mλ = 6.0 leading to

F(ns) = 1 − exp
[
−
( ns

134.9

)0.973
]

, (16)

when using the United States National Earthquake Information Center Preliminary Deter-
mination of Epicenter (US-NEIC PDE) catalog available from the United States Geological
Survey https://earthquake.usgs.gov/earthquakes/search/ (last accessed on 19 May 2023);
for more details, see [124].

https://www.physionet.org/content/dfa/1.0.0/dfa.c
https://earthquake.usgs.gov/earthquakes/search/
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3. Results and Discussion

The results shown in Figure 2a, together with the fact that the variability βW of the
OP of seismicity when using local EQ catalogs in various regions of the world [74,77,133]
has been made for M ≥ Mthres with Mthres = 3.5, led us to select for such an analysis in
natural time only the EQs with M ≥ 3.5. Upon this selection, we have that the average
rate of EQs (of M ≥ 3.5) within N46

33E48
20 is around 50 EQs per month. By employing the

method of analysis presented in Section 2.3, we found for βW with W = 300, 250, 200, 150,
and 100, which correspond to time periods of six to two months practically covering the
aforementioned lead time of SES activities, the results shown in Figure 4.

In this figure, we present βW during the almost 20-year period 1 January 2002 to the
time of occurrence of the Kahramanmaraş, Turkey, EQ doublet on 6 February 2023. In
Figure 4e, we present in an expanded time scale the results during the final period from 1
January 2022 to 6 February 2023. Although βW for different values of W exhibit different
dynamics, we observe that all βW values studied exhibit local minima during the period
from 14 August 2022 to 18 October 2022 whose values lie between β300,min = 0.319 and
β200,min = 0.297. The ratio β300,min/β200,min ≈ 1.07 falls within the limits found [133] in
Japan for the variability minima that preceded all EQs of magnitude M ≥ 7.6 since 1984 (cf.
this criterion was also found valid; see, e.g., Section 1.5.1 of [38], for the case of the 2015
Mw7.9 Ogasawara EQ, which is the single M ≥ 7.6 EQ in Japan after the M9 Tohoku EQ
studied in [133]).

As stated in the Appendix of [134], for a variability minimum to be of precursory
nature, the EQs that lead to the minima β200,min and β300,min should belong to the same
critical process before the strong EQ. This fact was secured [134] by inspecting whether
90% of the EQs that led to β200,min are included in the EQs that led to β300,min. Turning
now to the present case, we examine whether such a critical process is also observed in
the present case. For this reason, we inspect from the EQ catalog whether the EQs that
lead to a minimum, e.g., β100,min, are included in the EQs leading to β150,min or β200,min or
β250,min or β300,min. We found that in all combinations W ′ < W, the EQs that lead to βW ′ ,min
of Figure 4e are included in the EQs that lead to βW,min with percentages that exceed 98%.
Hence, according to [134], the variability minima of Figure 4e belong to the same critical
process that preceded by almost three and a half months (when considering the time lag
∆t300 since β300,min) the Kahramanmaraş, Turkey, EQ doublet.

An inspection of Figure 4 reveals that such a critical process leading to simultaneous
(within almost two months, i.e., 14 August to 18 October 2022) minima of βW within the
aforementioned limits [0.297, 0.319] is unique during the almost 20-year period of our
study that consists of 241 months. Hence, the probability of observing by chance such
a phenomenon could be approximated by 2/241 ≈ 1.2%, which points to the statistical
significance of the critical process identified in Figure 4e.

Here, we note that NTA focuses on the identification of precursory behavior before
strong EQs. An inspection of Figure 4 reveals that during the study period from 1 January
2002 to the time of occurrence of the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ, the
only EQ with M > 7.0 that occured in the region is the Mw7.3 Halabaya EQ on 12 November
2017 [135]; see Figure 4d. This EQ has been shown to result in a variability minimum
when studying the seismicity in a wider area, i.e., that of the eastern Mediterranean [136],
in conjunction with EQ networks based on similar activity patterns [137]. The exact details
of the corresponding variability minimum can be found in Table 3 and Figure 4b of [136].
The statistical significance and the predictive ability of the precursory βW minima have
been discussed in detail in Sections 1.5.2, 12.13.1 and 12.13.2 of [38] by employing receiver
operating characteristics [138] as well as event coincidence analysis [139,140]. For EQs of
magnitude M < 7.0, NTA has to be combined with the preseismic information carried by
SES, see, e.g., [23,44,55,56], in order to provide an improved estimation of the occurrence
time of the impending EQ.

The fact that this critical process is of a truly precursory nature is also strengthened
because the behavior of the DFA exponent a300 is compatible with that previously found in
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Japan [134] (see their Figures 3–8), Mexico [75] (see their Figure 3), and California [76] (see
their Figure 3). In Figure 4e, we observe that during the period when the minimum was
observed, values of a300 well above 0.5 appear, pointing to long-range correlations (cf. on
15 September 2022 a300 = 0.62), while later and just before the Kahramanmaraş, Turkey, EQ
doublet, a300 fluctuates around 0.5, indicating a breakdown of the correlations to a random
behavior (cf. on 19 January 2022 a300 = 0.46).
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Figure 4. The variabilities βW (left scale) for W = 300 (blue), 250 (cyan), 200 (green), 150 (orange),
and 100 (red), versus the conventional time since 1 January 2002 until the Kahramanmaraş, Turkey,
EQ doublet. Panels (a–e) correspond to consecutive time periods. The brown plus symbols depict the
values of the DFA exponent a300 (left scale) estimated within a moving window of 300 consecutive
EQs; see Section 2.5. The brown horizontal line corresponds to a300 = 0.5. The blue and green
horizontal lines correspond to β300,min and β200,min, respectively, that border the βW,min for W = 300,
250, 200, 150, and 100 observed during the period 14 August 2022 to 18 October 2022 before the
Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ; see panel (e). The EQs reported by AFAD are shown
with the black candlesticks ending at circles, the magnitude M of which can be read using the
right scale.
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The observation of a precursory variability minimum is expected [48,51,75,76,99] to
be accompanied by the initiation of an SES activity. The occurrence time of the impending
EQ can be estimated by analyzing the seismicity in the area probable to suffering from
strong EQs in order to identify the fulfillment of the five criteria mentioned in Section 2.3.
In the present case of the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ, however, no
SES data were available, since a Varotsos–Alexopoulos–Nomicos (VAN) telemetric net-
work [23,40–43] does not operate in Turkey [53]. Thus, such an estimation of the area to
suffer from strong EQs by means of SES is missing. To overcome this difficulty and in
order to examine whether seismicity has reached criticality in the epicentral region, we
decided—in this a posteriori study—to investigate the seismicity after 18 October 2022
within a 3° × 3° area centered at the actual epicenter of the Kahramanmaraş-Gaziantep
Mw7.8 Pazarcik EQ. An NTA of seismicity was made for various magnitude thresholds
Mthres = 2.0, 2.1, . . . 3.2 and the five criteria of Section 2.3 were found to be obeyed in all
the 13 cases examined, while for eight of them, the date of true coincidence was observed
from 17 to 21 January 2023, i.e., almost two weeks before the Kahramanmaraş, Turkey, EQ
doublet. Indicative results of such a study are shown in Figure 5. This two-week time lag
would have been the estimation of the occurrence time of the Kahramanmaraş-Gaziantep
Mw7.8 Pazarcik EQ by means of NTA if we did not proceed to the combination of NTA
with NESM in [5,74].
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Figure 5. The values of κ1, S, S−, and ⟨D⟩ (left scale) as they evolve event after event for the seismicity
inside the 3°× 3° area around the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ epicenter. The EQs
reported by AFAD are shown with the black candlesticks ending at circles, the magnitude M of which
can be read in the right scale. Panels (a–d) correspond to Mthres = 2.0, 2.2, 3.0, and 3.2, respectively.

Varotsos et al. [5,74] suggested that in order to improve the estimate of the occurrence
time of an impending EQ, one should also study the time-series of Sq and ∆Si of seismicity
within the area to suffer the strong EQ, at comparable scales of i consecutive events, in order
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to identify similar transient changes. The necessity of such a similarity has been discussed
in detail in Section 5 of [74] and mainly stems from the fact that as we approach the strong
EQ, fluctuations increase, making their presence evident in both NTA and NESM. The
time-series of the Tsallis entropy Sq together with the entropy change ∆Si in natural time
under time reversal are shown in Figure 6 for the time period after the true coincidence (17
to 21 January 2023) until the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ. An inspection
of Figure 6 reveals a similar transient behavior indicated by the red arrows that lasts from
29 January to 3 February 2023, i.e., almost three days before the Kahramanmaraş-Gaziantep
Mw7.8 Pazarcik EQ.

We observe that the combination of NTA with NESM may provide an improved es-
timate of the occurrence time of the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ by a
significant factor, i.e., from almost two weeks to almost three days. This, i.e., the improve-
ment of the estimate of the occurrence time of an impending strong EQ, is compatible with
the results found for the 2011 M9 Tohoku, Japan, EQ [5], the 2017 M8.2 Chiapas, Mexico,
EQ [74], and the 2019 M7.1 Ridgecrest EQ [74]. In our view, it is this point that stresses the
importance of fluctuations before strong EQs, which should be also studied in the future
for other catastrophic EQs.
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Figure 6. The quantities (upper panel) ∆Si in NTA and (lower panel) Tsallis entropy Sq of NESM
versus the conventional time (UTC) inside the 3°× 3° area around the Kahramanmaraş-Gaziantep
Mw7.8 Pazarcik EQ epicenter. The red arrows indicate the simultaneous transient changes of ∆Si and
Sq after the validity of the criticality condition κ1 = 0.070. They start and end upon the occurrence
of two EQs of magnitudes 4.4 and 4.6, respectively. These two EQs occurred on 29 January 2023
at 16:12:39 UTC and on 3 February 2023 at 11:05:08 UTC with epicenters at 35.88° N 35.78° E and
37.21° N 36.40° E, respectively. The EQs reported by AFAD are shown with the black candlesticks
ending at circles, the magnitude M of which can be read in the right scale.

As already mentioned, there were no SES data before the Kahramanmaraş, Turkey, EQ
doublet. In such cases, NTA may provide an estimate of the epicentral area of the impending
EQ by means of a spatiotemporal study, see, e.g., Chapter 3 of [38] and references therein.
However, such an analysis is possible when the local EQ catalog used fully covers the study
area, which is rarely possible when national boundaries exist in this area. In these cases,
our group has suggested [124,125,129] that the average EPS maps based on Equation (15)
may provide an estimate of the epicentral location of the impending EQ. The calculation of
the ⟨EPS⟩ map should be made on the date of the variability minimum βW,min identified
before the strong EQ. Following Varotsos et al. [124] and Section 2.6, we depict in Figure 7a
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the ⟨EPS⟩ map calculated on 18 October 2022. The value of ⟨EPS⟩ at the grid point closer to
the epicenter of the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ is 54%. In Figure 7b,
we depict the ⟨EPS⟩ map estimated after the last EQ just (12 min) before the Mw7.5 Elbistan
EQ. Although the Mw7.8 took place only 9 h before, EQ nowacasting methodology leads to
an ⟨EPS⟩ at the grid point closer to the new epicenter of 49%. Interestingly, the two values
54% and 49% compare favorably with the ⟨EPS⟩ of 50% that was observed at the grid point
closest to the epicenter 38.72° N 43.51° E of the 2011 Mw7.1 Van, Turkey, EQ [141] on the
date of the corresponding variability minimum; see Table 1 and Section 4 of [124]. The two
new ⟨EPS⟩ values confirm the original observation [124] that M ≥ 7.1 EQs usually occur
in regions where ⟨EPS⟩ is mediocre; see also Figure 6a of [125].
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Figure 7. Average EPS maps, depicted by the color scale, according to Equation (15) (see Section 2.6
and [124]) estimated (a) on 18 October 2022 for the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ
and (b) on 6 February 2023 at 10:12:17 UTC, i.e., approximately 12 min, before the Mw7.5 Elbistan EQ
occurrence. The EQ epicenters are shown by the open squares, and the blue thick lines depict the
tectonic plate boundaries [19].

4. Summary and Conclusions

We performed NTA of the seismicity preceding the Kahramanmaraş, Turkey, EQ
doublet. The following results have been obtained:

1. The study of the fluctuations βW of the OP of seismicity κ1 during an almost 20-year
period has revealed a unique minimum βW,min that ended at 18 October 2022, i.e.,
almost three and a half months before the Kahramanmaraş-Gaziantep Mw7.8 Pazarcik
EQ occurrence.
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2. The simultaneous study of the DFA exponent a300 has also shown a breakdown of
the long-range correlations between EQ magnitudes before the Mw7.8 EQ in a way
compatible with previous observations in Japan, Mexico, and California.

3. When studying the seismicity after βW,min inside a 3°× 3° area around the Mw7.8 EQ
epicenter, we found that the power spectrum coincidence of the evolving seismicity
to that corresponding to critical behavior Πcrit(ω) occurs around 19 January 2023, i.e.,
almost two weeks before the Mw7.8 EQ occurrence.

4. The above estimation of the occurrence time of the impending strong EQ can be
improved when employing NTA and NESM through the comparison of the time-
series of the Tsallis entropy Sq and the entropy change ∆Si under time reversal. Such
an analysis reveals that after 3 February 2023 at 11:05:58 UTC, the Mw7.8 EQ was
imminent. This result is compatible with those found in Japan, Mexico, and California.

5. By employing the modern method of earthquake nowcasting, we showed how
⟨EPS⟩ may provide precursory information on the epicenter location of both the
Kahramanmaraş-Gaziantep Mw7.8 Pazarcik EQ and the Mw7.5 Elbistan EQ. The ⟨EPS⟩
values were 54% and 49%, respectively, being compatible with previous
observations [124,125] that strong EQs occur at locations where ⟨EPS⟩ is mediocre.

Interestingly, the first four results are similar to those observed before strong EQs in
Japan, Mexico and California, which were mainly subduction or strike–slip EQs. Although
every EQ is a different case history, we hope that the present a posteriori results trigger a
better understanding of the crustal phenomena as well as shed light in a unified manner
on the EQ preparatory processes before strong EQs. Such an approach may become also
useful for improving EQ prediction efforts based on NTA and NESM in the future.
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