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Abstract

:

On 27 September 2021, a shallow earthquake with focal depth of 10 km and moment magnitude Mw6.0 occurred onshore in central Crete (Greece). The evolution of possible preseismic patterns in the area of central Crete before the Mw6.0 event was investigated by applying the method of multiresolution wavelet analysis (MRWA), along with that of natural time (NT). The monitoring of preseismic patterns by critical parameters defined by NT analysis, integrated with the results of MRWA as the initiation point for the NT analysis, forms a promising framework that may lead to new universal principles that describe the evolution patterns before strong earthquakes. Initially, we apply MRWA to the interevent time series of the successive regional earthquakes in order to investigate the approach of the regional seismicity towards critical stages and to define the starting point of the natural time domain. Then, using the results of MRWA, we apply the NT analysis, showing that the regional seismicity approached criticality for a prolonged period of ~40 days before the occurrence of the Mw6.0 earthquake, when the κ1 natural time parameter reached the critical value of κ1 = 0.070, as suggested by the NT method.
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1. Introduction


On 27 September 2021, a strong Mw6.0 earthquake occurred onshore in central Crete (Greece), in close proximity to the city of Heraklion (Figure 1). The mainshock occurred in the vicinity of the Arkalochori town and was widely felt in Crete and the surrounding islands. The earthquake caused one casualty, several injuries and extensive structural damage to the surrounding villages. The strongest aftershock in the sequence, with local magnitude 5.2, occurred within the first 24 h, while there were eleven aftershocks with magnitude greater than ML4.0.



Crete is located at the front of the Hellenic Island arc (Figure 1) and is an area of important tectonic deformation and high seismic activity, as a result of the collision between the Eurasian and African plates [1,2]. The Mediterranean seafloor subducts northwards beneath Crete at a rate of 35 mm/y, which greatly exceeds the convergence between Africa and Eurasia (5–10 mm/y) due to the rapid SW motion of the southern Aegean itself, relative to Eurasia [1,3]. The dominant horizontal and vertical movements construct a complex fault tectonic structure driven by the presence of both extensional and compressional stress regimes in the area [4,5]. A study on shallow normal fault earthquakes shows that there are two extensional stress regimes trending NE–SW and NW–SE in the Hellenic Arc [4,6]. In [7], focal mechanisms and GPS velocities showed that Nubia–Aegean convergence was accommodated by shallowly dipping thrust faulting along the subduction interface, as well as by steeper splay faults in the overriding material.



In the onshore central Crete region, there are two large tectonic features, the northern Heraklion and the southwest Messara tectonic grabens, shaped by fault zones with an average NE-SW direction [1,2,5]. The Heraklion graben is bounded by the Ida Mountain in the west and the Dictea mountain to the east, along the Malevizi and Kasteli fault zones, respectively. The fault zones in central Crete can be divided into four distinguished groups. The first group has faults cutting the basement rocks, or bound basement rocks and Miocene sediments with an E-W direction, while the second one comprises with large and moderated scale faults cutting the previous mentioned formations with N-S angles. The third and fourth groups are focused on faults with a NE-SW and NW-SE strike, respectively, which appear to be the youngest faults occurring on Crete Island [2,5,8,9]. Recent results suggest that the fault length distribution in the area of central Crete presents a hierarchical pattern that follows a q-exponential distribution following the principles of non-extensive statistical physics [10].



The 27 September 2021 Mw6.0 ruptured zone has a NNE-SSW direction [11]. In the activated zone, the dominant features are NNE-SSW normal faults such as the well-known Kastelli Fault [12], with code GRCS743 in the Greek Database of Seismogenic Sources [13] (http://gredass.unife.it/, accessed on 1 October 2021). The moment tensor solutions for the main event, obtained from several reporting agencies (see https://www.seismicportal.eu/mtws/, accessed on 1 October 2021), suggest that the activated fault was a normal fault with a NW median dip direction of about 54°, in agreement with [11,12,13]. The neotectonic Kastelli fault bounds to the northwest of the Dikti massif that consists of carbonate sediments and metamorphic terranes [9]. It is characterized by a 300-m-high major escarpment. Following [9], its strike progressively varies southwestwards from N80° E to N25° E, while dips 70–75° northwestwards with well-exposed dip-slip slicken lines with pitches of 85–115°, showing a 13 km long recent reactivation at the base of the mountain front, which corresponds to a maximum possible earthquake magnitude of M6.7 (see details in Table 1 of [9]). The maximum measured throw value affecting the Upper Pleistocene slope deposits is about 6 m. In the hanging wall, alluvial–colluvial deposits composed of unconsolidated conglomerates are present.



Strong arguments suggest that the earthquake generation process can be considered as a critical point phenomenon that culminates with a large event, which is the critical point [14,15,16,17,18,19,20,21,22,23,24]. New findings regarding the complex dynamics that characterize various geodynamic phenomena illustrate stimulating features in the framework of new concepts, such as that of non-extensive statistical physics [17,18,19,20,21,22,23,24], multiresolution wavelets analysis [25,26,27] and of the novel time domain, termed as natural time [22,23,28,29,30,31,32,33,34,35,36,37,38,39].



The concept of natural time (NT) has been introduced recently to analyze possible preseismic signals [28,29,34]. The analysis of various complex systems in the NT domain enables the optimal extraction of signal information by reducing the uncertainties related to the conventional time, as well as the identification of long-range correlations in the evolution of the system, even in the presence of “heavy tails” [29]. The usefulness of NT analysis has been discussed in a number of applications to known critical phenomena, such as fracturing, earthquakes, the 2-D Ising model and 3-D turbulent flow [35], and references therein, and it has been tested experimentally in fracturing experiments in the laboratory by analyzing acoustic emissions time series [22,40].



Furthermore, wavelet-based methods have been introduced to characterize fractal signals [41,42,43] and to overcome effects associated with non-stationarities [44,45], a very frequent effect in the time dynamics of an earthquake sequence.



The occurrence of a strong earthquake onshore in central Crete is rare in recent and historical earthquake catalogs, and this makes its study attractive. We note that, according to [9], the mean recurrence interval of Kastelli fault, for the last 13 ka, is estimated to about 812 years. The goal of the present work is to test and evaluate the seismicity patterns in terms of MRWA and NT analyses, as applied in the evolution of seismicity prior to the recent Mw6.0 central Crete strong event, recognizing the critical stages in earthquake preparation processes. More specifically, the initial application of MRWA in a broader time period reveals time segments where the NT analysis is then used to investigate for indicators suggesting the entrance to the critical stage prior to the Mw = 6.0 central Crete earthquake, integrated with the results of MRWA applied to the interevent time series of the successive events, in order to define, with an objective technique, the starting point for the analysis in the NT domain. We note that the first application of NT analysis on seismicity was based on the recognition of a Seismic Electrical Signal (SES) [34] that was used as the initial point for the application of NT analysis [34,36]. The description of seismicity evolution with the NT parameters, integrated with the results of MRWA, represents a novel framework is independent of the possible observation of an SES [34,36], since it is based only on a detailed recording of seismicity in the investigated region. The integration of these two methods may thus lead to a better understanding of the evolution of earthquake generation processes and to the recognition of the period where an activated fault zone is in the critical state.




2. Principles of Methodology Applied and Data Selection and Analysis


2.1. Data Selection


The upgrading of the regional seismological networks [46,47,48,49,50,51] provides complete spatial coverage in the broader area of Greece and an accurate catalog of microseismicity, with a magnitude of completeness (Mc) down to 2.0, in the studied area (see Figure 3 in [51]), enabling the application of such methodologies. The earthquake catalogs used herein are from the revised solutions reported by the Hellenic Unified Seismological Network [52]. Figure 1 presents the seismic activity observed in the region of central Crete for a period starting from 15 September 2017, approximately 1473 days before the 27 September 2021 mainshock. In the present work, MRWA and MT methods are applied to the seismicity data located within circled areas, with the mainshock’s epicenter as the center and for radii of 25 and 50 km and magnitude thresholds of 2.0, 2.5 and 3.0, respectively. In Figure 2, the time–magnitude plot for a radius of 25 and 50 km around the epicenter and magnitude thresholds, Mth = 2.0, Mth = 2.5 and Mth = 3.0, are presented. From the aforementioned catalog, six subcatalogs (SCx) according to selected magnitude threshold and epicentral radius were produced and presented in Table 1.




2.2. Multiresolution Wavelets Analysis to the Seismicity of Central Crete


The temporal evolution of seismicity and the time-scaling properties are of crucial importance [53,54,55] for understanding the correlation properties of seismicity [56]. The analysis of time intervals between successive seismic events can be grouped in exponential or power laws revealing similar behaviors over different scales [57]. A detailed presentation is given in [27,58].



Following [27,58], the discrete wavelet transform (DWT) applied transforms a data vector of length M into a different vector of the same length. For a point process such as that of the interevent times sequence, the wavelet coefficients can be derived from


   W  m , n   w   a v   =  2  − m / 2     ∑   i = 1  L   t i  ψ (  2  − m   i − n )  



(1)




where the scale variable m and the translation variable n are integers, L represents the total number of interevent times ti analyzed and ψ is the wavelet function. We note that, as already pointed out in [27,58], smaller scales correspond to more rapid variations and, therefore, to higher frequencies.



Furthermore, as demonstrated in [27,58], the standard deviation of wavelet coefficients as a function of scale, as described from


   σ  w a v    ( m )  =    1  N − 1     ∑   n = 1  N     (   W  m , n   w a v   −  〈   W  m , n   w a v    〉   )   2         



(2)




analyzed, where N is the number of wavelet coefficients at a given scale m and the brackets indicate the average among the coefficients at a scale m.



For each one of the SCs presented in Table 1, we produce a corresponding dataset with interevent times between two successive events versus the occurrence time of the second event until the major seismic event. The number of produced datasets is 6 and the time period that was covered for MRWA of interevent times spanned from 15 September 2017 to 27 September 2021, when the main event of Mw6.0 occurred. The produced point-process datasets are presented in Figure 3 (datasets from SC1, SC2), Figure 4 (datasets from SC3, SC4) and Figure 5 (datasets from SC5, SC6).



The initial challenge in wavelet analysis is the selection of the wavelet basis function as well as the decomposition level of the signal. Since there is no standard procedure for basis selection, several approaches have been proposed: from general quantitative approaches (maximum cross correlation, distribution error, maximum information criterion extraction, maximizing Shannon entropy, variance correlation, energy preservation [59]) to dedicated ones [60]. All these proposals just re-validate that wavelet basis selection remains mainly an ad hoc problem. In the current study, the choice of wavelet basis is dictated by the requirement to identify a rather sharp change in a possible cyclic sequence. As a general rule, if we want to identify closely spaced features, wavelets with smaller support are more appropriate. The support of the wavelet should be small enough to separate the features of interest, since wavelet bases with larger support tend to fail to identify closely spaced features. Following the same pre-processing approach as in [26,27,58], we tested several small support wavelets (i.e., haar, db2, db3, sym2, sym3, coif2) at small scales up to m = 4 and received quite similar results. Thus, in the current work, we present results from the analysis using the db3 wavelet. Another reason for selecting small support wavelets is the limited number of available data. In agreement with results presented in [26,27], we investigated how interesting features in seismic catalogs regarding MRWA can be derived with a minimum set of 16 events in each moving window, along with at least 16 shifts of 2 events of this moving window. This led to a minimum required dataset of 48 events. We investigated how a dataset with fewer events cannot provide us a reliable indication of absolute minimum of σwav. Those values led to the selection of the magnitude thresholds that we are going to use, along with the epicenter area that we are interested in. In our study, the smaller dataset that we used is 70 events (Table 1).



Herein, the time evolution of the σwav(m) is investigated using fixed event number windows of 16 events shifting through the entire series, where the shift between successive windows was fixed in 4 events (3 in the case of Mth = 3.0 and R = 25 km due to limited number of events). Consistently, with the length of the time window, we analyzed the time variation of the σwav(m) for lower scales (m = 1 to 4) since the number of available events is limited. Each calculated value is associated with the time of the last event in the window. Figure 6, Figure 7 and Figure 8 shows a representative set of results for the time evolution of the σwav(m) using the db3 wavelet with four scales for MRWA, for the seismicity observed around the epicenter of the mainshock and within a radius of 25 and 50 km, respectively.



An initial comment from Figure 6 is the significant temporal variability in the strength of the multiscale properties of the interevent times. As observed in previous studies [26,27,58], before the major event of the seismic sequence, a significant decrease in the temporal evolution of the σwav, m(t) appeared, especially at lower scales. Plots in Figure 6, Figure 7 and Figure 8 dictate the search for a time marker beginning several weeks before the major event for all the scales analyzed. The sharp decrease, which is observed before the major event, can be qualified as such a time marker, since the decrease is evident for several days and is clearly identifiable. From Figure 6, which corresponds to Mth = 2.0, the candidate time marker is 24-July-2021, while for Mth = 2.5 (Figure 7) and Mth = 3.0 (Figure 8) the same time marker is the dominating one.



Translating the results from lower scales in an alternative way, we propose the use of the observed time marker of 24-July-2021, which appears several weeks before the major event, as the initiation point for the natural time analysis that follows. This lead time is consistent with the fact that, in natural time analysis of the magnitude time series, clear changes in the temporal correlations are observed a few months before major earthquakes in California and Japan by means of detrended fluctuation analysis [61,62,63].




2.3. Natural Time Analysis of Seismicity before the Central Crete Mw6.0 Earthquake


Here, we summarize the principles of Natural Time analysis (NT), as applied in the case of central Crete Mw6.0 preseismic pattern. The analysis of a complex system in the NT domain has been introduced in [28,34]. In the case of seismicity, the natural time χ, defined as    χ k  = k / N  , serves as an index for the occurrence of the kth event out of N total events. The seismic moment released during the kth event is then considered, forming the pair (χk, Mk) for further analysis (see [30]). The evolution of (χk, Mk) is further described by the continuous function F(ω), defined as:


  F  ( ω )  =   ∑   k = 1  N   M k  e x p  (  i ω  k N   )   



(3)




where   ω = 2 π ϕ   and  ϕ  stands for the natural frequency.



F(ω) is normalized by division with F(0)


  Φ  ( ω )  =     ∑   k = 1  N   M k  e x p  (  i ω  k N   )      ∑   n = 1  N   M n    =   ∑   k = 1  N   p k  e x p  (  i ω  k N   )   



(4)




where    p k  =  M k  /   ∑   n = 1  N   M n   . The quantity pk describes the probability to observe an earthquake event at natural time χk. The normalized power spectrum can then be obtained from (4), as   Π  ( ω )  = | Φ  ( ω )   | 2   . In the context of probability theory, and for natural frequencies of  ϕ  less than 0.5, Π(ω) reduces to a characteristic function for the probability distribution pk. It has been shown that the following relation holds [22,27,30,31,32,33,34,35,36,37,38,62,63]


  Π  ( ω )  =   18   5  ω 2    −   6 cos ω   5  ω 2    −   12 sin ω   5  ω 3     



(5)







As presented in [28,34], for ω → 0, (4) leads to


  Π  ( ω )  ≈ 1 −  κ 1   ω 2   



(6)




where κ1 is the variance in natural time, given as


   κ 1  = 〈  χ 2  〉 − 〈  χ 2  〉 =   ∑   k = 1  N   p k   χ k 2  −    (    ∑   k = 1  N   p k   χ k   )   2   



(7)







It has been shown that the properties of Π(ω) at ω → 0, i.e., the values of κ1 = 0.07, can signify the approach of a complex system toward some critical point [34], such as that of an impending large earthquake (see [31,37] and references therein). Theoretically, it has been shown that κ1 approaches 0.070 as N → ∞, when there are no long-ranged correlations in the system [34].



As a new event occurs, the pair (χk, pk) is rescaled and κ1 varies. It has been verified that when the parameter κ1 converges to the value 0.070, the system enters a critical state [34,35].



Furthermore, the entropy in the NT domain, Snt, is defined as [34]


   S  n t   =  〈  χ l n χ  〉  −  〈 χ 〉  l n  〈 χ 〉  =   ∑   k = 1  N   p k   χ k  l n  χ κ  − (   ∑   κ = 1  Ν   p k   χ k  )   l n (   ∑   κ = 1  Ν   p k   χ k  )  



(8)




where    〈  f  ( χ )   〉  =   ∑   κ = 1  Ν   p k  f (  χ k  )  .



The entropy, Snt, is a dynamic quantity that depends on the sequential order of events. Moreover, upon the time reversal T, i.e., Tpm = pN−m+1, the entropy, Snt−, is further defined. When the analyzed seismicity approaches a “true” critical state, the following conditions should be fulfilled [27,34,63]:




	(i).

	
The “average” distance D, defined by the normalized power spectra Π(ω) of the evolving seismicity and by the theoretical estimation of Π(ω) for κ1 = 0.070, should be less than 10−2.




	(ii).

	
The parameter κ1 should approach the critical value of κ1 = 0.070 by “descending from above”.




	(iii).

	
Both natural time entropies, Snt and Snt−, should be lower than the entropy of uniform noise Su = (ln2/2) − 1/4 when κ1 approaches 0.070.




	(iv).

	
Since the dynamic evolution of the system is expected to be self-similar in the critical state, the time of the true coincidence should not vary upon changing (within reasonable limits) either the magnitude threshold, Mth, or the area used in the calculation.









The authors of [27,58] proposed the use of the time marker indicated by MRWA in the seismicity evolution before the major event as the initiation point for the NT analysis. In the frame of this approach, the two independent methods (MRWA and NT analysis) were integrated to identify the approach to the critical stage in the earthquake preparation process. In particular, the initial application of MRWA in a broader time period of the regional seismicity before the major event reveals time segments where the NT analysis is going to investigate for indicators suggesting the entrance to the critical stage.



In Figure 9, the computed parameters D, κ1, Snt and Snt−, as evolved event by event, are plotted in the natural time and conventional time domains as they approach the critical stage in the regional seismicity of central Crete, for threshold magnitudes of Mth = 2.0, 2.5 and 3.0 and for areas of radius R = 25 and R = 50 km, respectively, around the epicenter of the Mw6.0 main event. This analysis clearly demonstrates that, from about August 17, 2021 (i.e., about 41 days before the Mw6.0 earthquake of 27 September 2021), the estimated parameters suggest that a critical stage has been approached. In all cases, for Mth = 2.0, 2.5 and 3.0, and R = 25 and R = 50 km, the NT analysis starts at approximately two months before the main event, i.e., 24 July, 2021, around the corresponding time marker indicated by MRWA (see Figure 6, Figure 7 and Figure 8). It may, thus, be considered that the critical point for the regional seismicity was approached around that time. In Figure 9, we observe that all the requirements (i–iv) are fulfilled a few days before the mainshock for all the cases that we study. The results, thus, indicate that the regional seismicity presented criticality characteristics before the main event.





3. Concluding Remarks


In the present work, the evolution of the regional patterns of seismicity in the area of the central Crete (Mw6.0) strong earthquake on 27 September 2021 was investigated using MRWA and NT analysis. The applied methods have suggested that it is possible to define when the fault system is in a critical stage during the preparation process of a major earthquake. The analysis was performed in the natural time domain, with an approximate starting point indicated by MRWA. The latter showed a decrease in the standard deviation of the wavelet coefficients σwav(m) at much lower scales, similar to the observations in [27,58], prior to the occurrence of major events. Within this joint approach, the initial application of MRWA in regional seismicity around the epicenter, and for a wide time period before the mainshock, indicated a time segment where the NT analysis was applied in order to explore possible indicators that suggested the entrance to a critical stage. We note that the epicenter could have been also determined in advance by following the procedure described in [63].



The results demonstrated that regional seismicity approached criticality for a prolonged period of approximately 40 days before the Mw6.0 earthquake that occurred on 27 September 2021 onshore in central Crete, in agreement with the results in [58]. In other words, the NT analysis parameters κ1, D, Snt and Snt−, that characterize the evolution of the regional seismicity, approach the theoretical values of critical point phenomena for a prolonged period of 40 days before the Mw6.0 mainshock, in a similar way to that of non-equilibrium critical systems. Hence, the analysis of the regional seismicity in the natural time domain, initiated at approximately the time marks indicated by the results of MRWA, pointed to an approximate date of the impending large Mw6.0 earthquake of central Crete within a narrow time window in the order of a few days. These results lay further support to the methodology introduced in [27,58] regarding the combination of MRWA and NT analyses for the identification of critical stages of regional seismicity prior to strong earthquakes, providing a novel and promising framework for better understanding the evolution of earthquake generation processes.
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Figure 1. The observed seismicity in the central Crete region between 15 September 2017 and 27 September 2021. The mainshock is denoted with a red star, while earthquakes with threshold magnitude Mth = 2.0 are represented with circles in different color and size. The two circles with radius 25 and 50 km are noted with red and black dashed lines, respectively. The focal mechanism of the mainshock as estimated by GFZ is presented (see text for details). 
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Figure 2. Time–magnitude plot (from 15 September 2017 to 27 September 2021) for a radius of space 25 (top) and 50 km (bottom) around the epicenter. Horizontal lines delineate the three magnitude thresholds (Mth) used for the production of corresponding datasets: Mth = 2.0 (red solid line), Mth = 2.5 (red dashed line), Mth = 3.0 (red dotted line). 
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Figure 3. Dataset with interevent times between two successive events versus occurrence time of each event for SC1 (top) and SC2 (bottom) subcatalogs (as defined in Table 1). Low amplitude interevent times before September 2021 dictate increased seismic activity. 
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Figure 4. Dataset with interevent times between two successive events versus occurrence time of each event for SC3 (top) and SC4 (bottom) subcatalogs (as defined in Table 1). Low amplitude interevent times before September 2021 dictate increased seismic activity. 
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Figure 5. Dataset with interevent times between two successive events versus occurrence time of each event for SC3 (top) and SC4 (bottom) subcatalogs (as defined in Table 1). For better depiction of the whole time series, we are starting from 2nd event of the catalog since the 1st interevent time between 1st and 2nd event produce two orders of magnitude higher value and thus suppresses the presentation of the last event of the catalog where smaller values exist. 
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Figure 6. Time variation of σwav(m) with scale m ranging from 1 up to 4, for moving windows with length of 16 events and a shift of 4 events within a magnitude threshold, Mth = 2.0 and radius R = 25 km (interevent times from SC1 subcatalog—top four plots) and 50 km (interevent times from SC2 subcatalog—bottom four plots) around the epicenter. Red vertical line indicates the day of minimum in variance, observed at each scale. 
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Figure 7. Time variation of σwav(m) with scale m ranging from 1 up to 4, for moving windows with length of 16 events and a shift of 4 events within a magnitude threshold, Mth = 2.5 and radius R = 25 km (interevent times from SC3 subcatalog—top four plots) and 50 km (interevent times from SC4 subcatalog—bottom four plots) around the epicenter. Red vertical line indicates the day of minimum in variance, observed at each scale. 
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Figure 8. Time variation of σwav(m) with scale m ranging from 1 up to 4, for moving windows with length of 16 events and a shift of 3 events within a magnitude threshold, Mth = 3.0 and radius R = 25 km (interevent times from SC5 subcatalog—top four plots) and 50 km (interevent times from SC6 subcatalog—bottom four plots) around the epicenter. Red vertical line indicates the day of minimum in variance, observed at each scale. 
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Figure 9. Time evolution of the NT analysis parameters κ1, D, Snt and Snt− as they evolve event by event prior to the central Crete Mw6.0 mainshock in natural time (left column) and conventional time (days; right column), considering a radius R = 25 km (top 3 rows) and 50 km (bottom 3 rows) around the Mw = 6.0 epicenter and a magnitude threshold, Mth = 2.0, 2.5 and 3.0. The dashed horizontal lines indicate the entropy limit of Su = 0.0966 and the value κ1= 0.070. The shaded rectangle marks the time when the critical stage of κ1 = 0.070 is approached. 
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Table 1. Characteristics of time–magnitude subcatalogs generated from seismic event catalog covering the period from 15 September 2017 to 27 September 2021.
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	Subcatalog
	Epicentral Radius (km)
	Magnitude Threshold
	Number of Events





	SC1
	25
	2.0
	224



	SC2
	50
	2.0
	675



	SC3
	25
	2.5
	165



	SC4
	50
	2.5
	376



	SC5
	25
	3.0
	70



	SC6
	50
	3.0
	162
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