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Abstract

Earthquakes are one of the most destructive natural disasters that occur as a result of the energy resulting from the movements of the
earth's crust spreading and shaking the earth's surface. Since it is not possible to predict when and where earthquakes will occur, it
has become possible to make various inferences and take necessary precautions by analyzing previous earthquakes. Spatial and
temporal analysis of natural disasters such as earthquakes with geographic information systems provides useful information to local
and global decision-makers in measures to be taken and mitigation studies. The objective of this study is to demonstrate that the general
orientation of stress accumulation on fault lines can be monitored by weighted average centre points with the use of Geographic
Information Systems (GIS). Spatio-temporal analyses of two earthquakes with a magnitude of 7.7 Mw and 7.6 Mw in Kahramanmarag
and aftershocks were performed. Ten-week spatial distributions of the aftershocks were examined with the weighted average center
method and it was determined that the earthquake intensity and average centers shifted towards the north. When the spatial distribution
of the earthquake centers is examined with the help of standard deviation ellipses weekly, it has been determined that they show
orientation along the Eastern Anatolian Fault System.
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6 Subat 2023 Kahramanmaras Depremlerinin Konumsal ve Zamansal Analizi

Ozet

Depremler, yerkabugunun hareketleri sonucu ortaya ¢ikan enerjinin yeryiiziine yayimast ve yeryiiziinii sarsmasi sonucu meydana
gelen en yikict dogal afetlerden biridir. Depremlerin ne zaman ve nerede meydana gelecegini onceden kestirmek miimkiin
olmadigindan, daha énce meydana gelmis depremleri analiz ederek ¢esitli ¢ikarimlar yapmak ve gerekli onlemleri almak miimkiin
olabilmektedir. Deprem gibi dogal afetlerin cografi bilgi sistemleri ile konumsal ve zamansal analizi, alinacak dnlemlerde ve zarar
azaltma g¢alismalarinda yerel ve kiiresel karar vericilere faydalr bilgiler saglamaktadwr. Bu ¢alismada, Cografi Bilgi Sistemleri
yardimiyla fay hatlart iizerindeki stres birikiminin genel yoneliminin agirlikli ortalama merkez noktalari ile izlenebilecegi gosterilmeye
calisilmistir. Kahramanmaras'ta meydana gelen 7.7 ve 7.6 Mw biiyiikliigiindeki iki depremin ve art¢i soklarin konumsal-zamansal
analizleri yapilmistir. Arvt¢i depremlerin on haftalik konumsal dagilimlar: agirlikli ortalama merkez yontemi ile incelenmis ve gegen
stireyle birlikte deprem yogunlugu ile ortalama merkezlerinin kuzeye dogru kaydigi belirlenmistir. Deprem merkezlerinin konumsal
dagilimlart haftalik standart sapma elipsleri yardimiyla incelendiginde Dogu Anadolu Fay Sistemi boyunca yonelim gésterdikleri tespit
edilmistir.

Anahtar Sozciikler
Deprem, CBS, Konumsal-Zamansal Analiz, Standart Sapma Elipsi, Agirlikli Ortalama Merkez

1. Introduction

Two earthquakes, with magnitudes of 7.7 and 7.6 My, occurred on the Amanos and Pazarcik segments and the Siirgii -
Cardak fault of the Eastern Anatolian Fault System (EAFS), respectively, at 01:17:32 (UTC) and 10:24:47 (UTC) on 6
February 2023, with epicenters in the Pazarcik and Elbistan districts of Kahramanmaras. The magnitude of the first
earthquake was measured as Mw = 7.8 by the USGS. The earthquake, which affected an area of 108,812 km? covering
11 provinces in the Eastern and Southeastern Anatolia Regions, caused severe damage or destruction to 33,143 buildings
and over 50,000 deaths, more than 100,000 people were injured (AFAD 2023a, 2023b; Alkan et al., 2024). According to
a report published by the Strategy and Budget Directorate of the Presidency of the Republic of Tiirkiye, the total cost of
earthquakes to the Turkish economy is estimated at 103.6 billion USD (Strategy and Budget Directorate, 2023).
Earthquakes are one of the most destructive and deadly natural disasters on earth. Earthquake is defined as the sudden
release of energy due to fractures in the earth's crust, spreading in waves and shaking the earth. Although it is impossible
to predict where and when earthquakes will occur, recent research has shown that trends in earthquake risk in a particular
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region can be analyzed by examining the spatiotemporal processes of earthquake events. The results of the studies provide
useful information for disaster prevention and mitigation. To reduce the destructive effects of earthquakes, precautions to
be taken beforehand are of critical importance. For this reason, spatial and temporal analysis methods of Geographic
Information Systems (GIS), which have been frequently preferred in recent years, are important methods that provide
information for the measures to be taken. The results obtained as a result of spatial and temporal analysis using GIS
provide valuable information to decision-makers at global and local scales. Earthquake events can be considered as data
with geographical attributes. Traditional statistical analysis techniques are unable to characterize the constraint
relationships between spatial data because of the spatial limitations imposed by varying directions and distances between
these data. By merging the statistics of spatial data with contemporary graphical computing technology and applying
heuristic approaches, spatial statistics may display the spatial distribution, spatial pattern, and spatial relationships in
spatial data (Shan et al., 2021).

In the literature, there are studies conducted in many different areas by using spatial and temporal analysis methods
of GIS. Wang et al., (2012) examined China's food production spatially and temporally using the weighted average center
method. They determined the directions in which the production of various food groups has shifted over time within the
study region. Al-Kindi et al., (2017) analyzed Dubas insect infestation data in northern Oman over ten years with spatial
and temporal methods of GIS. During the study period, they determined the movement directions of insect infestation by
performing analysis according to the years with the weighted average center method. Xu et al., (2018) investigated
impervious surface variations in Guangzhou, China, with the help of weighted average center and standard deviation
ellipses. In the period between 1988 and 2015, the principle orientation, direction, spatiotemporal expansion trends, and
distribution differences of impermeable surfaces were revealed on the maps they created. Colak & Sunar, (2020) spatially
and temporally analyzed the forest fires occurring in the Mugla-Marmaris and Izmir-Menderes regions of Tiirkiye using
data from the NASA FIRMS database. They concluded that the fire risk of the Marmaris region is higher than the
Menderes region. Cheng et al., (2022) performed a spatial and temporal analysis of economic resilience in Chinese cities
during the COVID-19 pandemic. As a result of their analysis, they found that the spatial distribution of economic
resilience showed a tendency towards clustering and trended from SE to NW, and the weighted average centers shifted
from NW to SE. Zhang et al., (2022) investigated the destructive effects of the earthquake that occurred in Longtoushan,
China in 2014 on buildings and people with spatial analysis. The studies carried out after various natural disasters can be
shown as proof of how effective the GIS methods produce information. Ocafia et al., (2008) performed spatial and
temporal analyses of the earthquake and its aftershocks that occurred in the town of La Paca in southeastern Spain. After
their analysis, they determined that the distribution of aftershocks developed trends in three different directions. VVeitch
& Nettles, (2012) conducted spatial and temporal analysis of earthquakes occurring in the Greenland polar region. They
analyzed the spatial and temporal trends of earthquakes occurring in 18 years. Santos et al., (2014) analyzed flood and
landslide events in the north of Portugal with the help of spatial analysis of GIS. They determined that natural disaster
events increased by 0.17 per decade with the help of trend analysis. Yang et al., (2017) examined the spatial and temporal
analysis of landslide events occurring around the earthquake center after large earthquakes using geographic information
systems and remote sensing techniques. Dias et al., (2019) examined the effect of considering partial sets of data on the
spatiotemporal probability distributions of earthquakes using earthquake data on the California San Andreas fault. Huang
et al., (2020) spatially and temporally analyzed the precursor earthquakes that occurred before the magnitude 6.4 and 7.1
M earthquakes that occurred in Ridgecrest, California in 2019. They obtained information about the orientations of the
foreshocks. Shan et al., (2021) analyzed the temporal and spatial analysis of earthquakes occurring on the San Andreas
fault for forty years. They analyzed the earthquakes, which they divided into certain periods, according to the weighted
average center method. They also examined the clustering of earthquakes with the help of spatial autocorrelation analysis.
Ferreira et al., (2022) investigated the correlation between earthquakes by performing a spatiotemporal analysis of real
and synthetic earthquake data. Sarfraz et al., (2023) analyzed the spatiotemporal distribution of landslides in a region in
northern Pakistan using various satellite images and GIS.

If local governments have a solid understanding of the temporal and spatial development rules of seismic events in a
particular region with frequent earthquakes, they can make informed decisions on disaster prevention and mitigation for
that region. Thus, they can take necessary precautions and make decisions to ensure the life safety of the people living in
and around the region. This is why, the accurate information is the most important data source in such cases. For this
reason, this study aims to determine the weekly orientation of aftershocks occurring after two major earthquakes in
Kahramanmaras in order to produce information for disaster prevention and mitigation. Therefore, the weekly trend of
earthquake intensity was followed by spatially and temporally analyzing the aftershocks occurring for ten weeks after
two large earthquakes occurring a few hours apart using the weighted average center method. With this method, it has
been determined in which directions the aftershocks may cause stress accumulation on the fault lines where they occur.
In addition, the weekly standard deviation ellipses of the earthquakes were analyzed and the trend orientations of the
aftershocks were analyzed.
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2. Materials and Methods
2.1. Study area

The study area is Kahramanmarag and its neighboring provinces in Tiirkiye, located on the EAFS, where earthquakes
with magnitudes of 7.7 and 7.6 Mw occurred a few hours apart on 06.02.2023 (Figure 1). EAFS forms an NE-SW left-
lateral strike-slip boundary between the northward-moving Arabian Plate and the westward-moving Anatolian Block. The
EAFS and the North Anatolian Fault System (NAFS), which are among the most active and active fault systems in
Tiirkiye, form the boundary between the Anatolian and Arabian Plates, causing the Anatolian block to move westward.
Current GPS data gives a present-day slip rate in the range of 11+2 mm/year (Aksoy et al., 2007; Arpat & Saroglu, 1972;
Jackson & McKenzie, 1984; Lyberis et al., 1992; Nalbant et al., 2002; Saroglu et al., 1992; Sengor et al., 1985; Westaway,
2003). The EAFS extends as a single segment from Karliova (Kargapazari) in the northeast to the west of Celikhan. The
southern segment of the fault, which is split into two parts, continues from north of the Golbagi Basin and Pazarcik to
southwest of the Tiirkoglu. The fault leaps to the right south of Tiirkoglu and continues by bounding Saglik, Kocagdl, and
Amik plains from the west and ends by scattering south of Kirikhan. In this region of the EAFS, the depression basin that
includes the Saglik and Narli plains is bounded from the east by the Sak¢ag6z and Narli segments of the Dead Sea Fault
Zone. The Narli section extends N-NE for 30-40 km from north of the Pazarcik to the EAFS. The northern segment,
which diverges west of Celikhan, forms a northward convex line by the morphology of the southeastern Toros Mountain
Belt. This segment consists of Siirgli and Cardak faults and Savrun, Cokak and Toprakkale faults turning to SW from
Goksun (AFAD, 2023a).

After the two main earthquakes, 27925 aftershocks of various magnitudes occurred in the region during the ten-week
study period. Statistical information about the earthquakes is shown in Table 1, while earthquake locations and fault lines
are shown in Figure 1.

Table 1: Statistics on the frequency of earthquake events over different weeks (AFAD, 2023c)

Weeks Number of Magnitude Magnitude Magnitude Magnitude Magnitude
(2023) Earthquakes 0.2-2.0 (Mu) 2.0-3.0 (My) 30-40(My)  40-50(Mw) 50-7.7 (Mu)
(oeﬁrzs/toz) 3907 20 1760 1705 370 52
(1536-53?32) 3647 163 2795 649 36 4
(on- gigl%z) 3742 318 2939 450 33 2
(27/%%?/03) 3213 426 2527 238 21 1
(oefilfg/]og) 2734 37 2139 212 12 _
(135-2)3?03) 2529 466 1897 155 11 _
(zsoe\;%%g) 2309 419 1737 141 11 1
(27/????;/04) 2200 357 1700 134 9 _
(oel.\fg)rg/TM) 1860 368 1389 99 4 -
(1(181?/%4) 1784 348 1342 89 5 -
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Figure 1: 6 February Kahramanmaras Pazarcik and Elbistan major earthquakes and aftershocks and Eastern Anatolian
Fault System where the earthquakes occurred

2.2. Methods

In the study, firstly, the transformation process was carried out to ensure the integrity of the earthquake data. All
magnitude units in the earthquake catalog data received from the Ministry of Interior Disaster and Emergency
Management Presidency (AFAD), the data provider institution, were converted to Mw. Afterward, weekly average center
points were calculated with earthquake magnitudes as weight values. Finally, standard deviation ellipses were created
with the weekly earthquakes, and the weekly orientations of the aftershocks were monitored.

2.2.1. ML — My conversion

Firstly, earthquake magnitude unit conversion was performed to ensure the integrity of the study within the dataset. All
earthquake magnitudes in the M. unit in the data set were converted to the My unit with the formulas taken from the
studies given below. For small earthquakes 0 <M < 3.8 (Munafo et al., 2016) mentioned the following formula;

M, =(2/3)*M, +1.15 1)
and (Kadirioglu & Kartal, 2016) mentioned their study for the earthquake ranges 3.3 <M < 6.6 following the formula;

M, =0.8095*M,+1.3003 2
was used for the conversion from M to M.

2.2.2. Weighted average center

The mean center, used in spatial analysis, is the average geographic coordinates of all features in the dataset. It is a useful
tool for tracking changes in the distribution of features within the dataset. The mean center method is also significantly
affected by outliers in the dataset and when a feature is found more than once in the same location. On the other hand, the
weighted mean center method used in spatial analysis is defined as the geographic center of a set of points arranged
according to the influence of a value associated with each dataset feature. The weighted mean center method is used to
reflect the importance of each feature in a data set and its influence on the overall distributional trend of the data set.
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The method requires that a feature in the data set is assigned a weight value. The assigned weight value indicates the
importance of the feature in the data set. The weighted mean value of the data set is then calculated by multiplying each
feature by its weight value, summing it up, and dividing this sum by the sum of all weights. The weighted mean center
extends to the following;

G Lhiwix
X=0
i=1 Wi

Y= ik Wiy (3)

zin:] Wi

where x; and y; are the latitude and longitude coordinates of the earthquake event i, respectively; n is the total number
of earthquake events in different weeks; and wi; is the magnitude of earthquake event i (Delmelle, 2009; Mitchell, 2005).

2.2.3. Standard deviational ellipse

Standard deviation ellipses are used to describe the spatial distribution and orientation of geographic features in a given
study area. The Standard Deviation Ellipse is used to determine the direction of distribution of data in the study area (Shan
et al., 2021). In a standard deviation ellipse, which is commonly used to measure the trend of features of a dataset, the
distance is calculated separately in the x and y geographic coordinate direction. The distance value calculated in these
two directions defines the axes of an ellipse covering the feature distribution. The method works by calculating the
standard deviation of the x and y coordinates from the mean center to define the axes of the ellipse. The ellipse allows us
to observe the length of the distribution of the dataset and therefore whether there is a specific orientation. The axis
directions of the ellipse provide information about the direction of the spatial distribution of geographic elements
(earthquake centers). The difference between the major axis and the minor axis carries information about the directionality
of geographic elements. If the length of the major axis is equal to the length of the minor axis, there is no directional
change in the distribution of geographic elements. The standard deviational ellipse is given as:

12

2 2
(Zin:l KT ?iz)iJ(Z?:1 %30 ?12) +(ZL, 59;)
2n

(4)

G12=

where x and y are the coordinates for earthquake event i, {X, ¥} represent the mean center for the earthquake events
and n is equal to the total number of earthquake events (Delmelle, 2009; Mitchell, 2005; Wang et al., 2015).

3. Results

In this study, it was aimed to monitor the weekly distributions and trends of aftershocks that occurred after two consecutive
major earthquakes (My > 7.0). To achieve this aim, the weekly movements of the aftershocks that occurred during the
study period were monitored with the weighted average center method. Figure 2 shows the weekly weighted average
center points. Accordingly, the weighted average center points were geographically located in the middle region of the
two main earthquakes. When the weekly locations of the weighted average center points are examined, it is seen that a
northward movement has occurred. Table 2 shows the weekly movement directions and distances of the weighted average
center points. During the ten-week study period, the weighted average center of the earthquakes shifted 16.80 km to the
north at an angle of 7°. When Figure 2 is analyzed, it is seen that only the third-week moves towards the south-east. This
is due to the 6.4 M,, earthquake that occurred in Hatay province (southeast of the study area) in the third week of the study
and the high number of aftershocks that occurred afterward.
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Figure 2: The weighted average center’s temporal and spatial evolution process for earthquake events

Table 2 shows that the weighted average center points moved a total of 69.34 km and each segment moved in a northerly

direction, except for the third week.

Table 2: Movement directions and distances of the weighted average centers according to different weeks

Weeks Segment (km) Directions
First —

Second 2.60 N
Third 16.80 SW
Fourth 16.23 NE

Fifth 5.01 NW
Sixth 11.85 NE

Seventh 6.17 NW
Eighth 5.89 NW
Ninth 0.27 NW
Tenth 452 E
Total 69.34 N - NE

One of the most remarkable and important risk mitigation information that the study provides to decision-makers is
that the orientation of the stress generated by an earthquake on a fault can be tracked by weighted average center points.
According to Toda et al. (2023), the most likely scenario is that aftershocks will remain clustered in the stress-triggering
lobes, and while their number will decrease according to Omori's law, their magnitude will not necessarily decrease.
When Figure 2 is examined, the fact that the weighted average center point of the second week shifted to the north supports
this situation. The reason for the shift of the weighted average center point of the third week by 16.8 km to the south-east
can be attributed to the 6.4 My, Hatay earthquake, which is likely to have occurred due to stress accumulation at the

southern end of the EAFS, and the aftershocks that followed.
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The continuous northward movement of the weighted average center points in the following weeks can be interpreted as
a sign of increased stress accumulation in the northern branch of the EAFS and stress accumulation in this region, which
has produced large earthquakes in previous years. February 6 earthquakes may have transferred energy to two fault
systems in particular. These fault lines are the Eastern Anatolian Fault System, which radiates down towards the Adana
basin, and the Malatya Fault System, which extends west of Malatya in the direction of Dogansehir-Kepez-Baskavak-
Kemaliye. The Malatya Fault system mentioned here is located north of the study area of this study. The situation
mentioned here is in parallel with the results obtained in this study.

In standard deviation ellipses, the deviation along the major axis represents the direction of maximum spread of points
and the deviation along the minor axis represents the direction of minimum spread of points. Figure 3 shows the weekly
standard deviation ellipses of aftershocks. The statistical parameter analysis results of the SDE in weeks are listed in
Table 3. The azimuth angle of the SDE provides information about the main trend direction of the distribution of
earthquake points. The weekly SDE rotation angles shown in Table 3 are distributed between 50° and 65°. This indicates
that the dominant distribution direction of the earthquake centers is NE-SW, i.e. parallel to the EAFS direction. When
Figure 3 and Table 3 are analyzed, it is seen that the SDEs of the weeks other than the third and fifth weeks have similar
values. The reason why the main axis of the ellipse belonging to the third week is longer than the others can be shown as
the high number of aftershocks after the earthquake in Hatay. It is observed that earthquakes occurring in this region
increase the area and major axis value of the SDE. What is noteworthy is the SDE of the fifth week, which has the highest
area and small axis value. The reason for this situation is the high number and magnitudes of earthquakes that occurred
as a result of the stresses accumulated on the Savrun fault located southwest of the Cardak fault, the fault where the second
main earthquake occurred.

6th week Tth week 8th week 9th week 10th week

Figure 3: The SDEs of seismic occurrences evolve both spatially and temporally

Table 3: Results of the SDE’s statistical parameter analysis of the earthquake events during the different weeks

Weeks Area (km?®)  XSD (km) YSD (km) Rotation (°)

First 20590.81 117.694 55.692 56.11
Second 21798.43 122.372 56.703 58.55
Third 30894.11 152.509 64.484 50.77
Fourth 26159.70 131.545 63.303 57.68
Fifth 32799.08 135.758 76.906 61.11
Sixth 24421.96 131.079 59.308 62.07
Seventh 23792.67 127.520 59.393 61.68
Eighth 22618.05 123.693 58.207 65.67
Ninth 22632.37 123.755 58.215 65.82
Tenth 24266.82 129.472 59.663 63.61

The difference between this study from similar studies in the literature is that the spatial and temporal analysis of the
aftershocks that occur after large earthquakes with high destructive effects can determine the orientations on the fault
lines and suggest the necessary special measures to be taken in the residential areas that coincide with these regions. In
addition, it is an important source of information for monitoring the direction of stress accumulated on fault lines outward
from the earthquake point as a result of large earthquakes and taking the necessary precautionary steps accordingly.
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4. Discussion

This study offers a different approach to investigating the temporal and spatial evolution trends of earthquakes and
understanding the earthquake risk in a given region. The experimental results of the temporal and spatial evolution trends
in this paper are consistent with the following researches, which demonstrate the validity of using the spatial statistical
method to study the spatial and temporal evolution characteristics of earthquake events.

Toda et al. (2023) reported that the first earthquake of magnitude 7.7 was not the main cause of the second earthquake
of magnitude 7.6, but it supported the occurrence of the second earthquake. In parallel with this, according to the findings
obtained as a result of the analyses performed in this study, the fact that the weighted average center points have shifted
to the north supports that stress accumulation may have increased at the northern end of the EAFS. Kobayashi et al.
(2023), Over et al. (2023), Tikhotsky et al. (2023), He et al. (2023), Utkucu et al. (2023), Rebetsky (2023), Alkan et al.
(2024), Dai et al. (2024) and Li et al. (2024) in their coulomb stress analyses, showed that the stress accumulations after
the main earthquakes were north oriented.

The standard deviation ellipses revealed that the main trend directions of the aftershocks were parallel to the EAFS.
Similarly, Shan et al. (2021) and Huang et al. (2020) found parallels along the fault line in the SDEs they generated with
historical earthquakes on the San Andreas fault.

Earthquake catalogues are important for determining the temporal and spatial evolution characteristics of earthquake
events; the more complete the earthquake catalogue, the more accurate the research results will be. Therefore, maintaining
earthquake catalogues regularly, precisely and above a certain accuracy will play an important role in the accuracy of the
results of this and similar studies.

5. Conclusions

In this study, the spatial and temporal analyses of the earthquakes with magnitudes of 7.7 and 7.6 My, that occurred in
Kahramanmaras on 06.02.2023 were performed. In the analyses performed using weighted mean center and standard
deviation ellipses, the orientation of the aftershocks was examined and the direction of the stress accumulation that may
be caused by fault lines was investigated. When the weighted average center approach was used to analyze the ten-week
spatial distributions of the aftershocks, it was found that both the average centers and the earthquake strength changed
northward. It has been found that the standard deviation ellipses weekly are useful in examining the spatial distribution
of earthquake centers, which exhibit direction along the Eastern Anatolian Fault System.

The unique aspect of this paper is the demonstration that the general orientation of stress accumulation on fault lines
can be tracked by weighted average center points. This and similar information is very important to protect and save the
lives of people living in settlements built on or near fault lines. The priority of such information is of great importance in
producing policies and making decisions to reduce the damages of natural disasters and to overcome them with minimum
loss of life and property. Since the location and time of earthquakes cannot be known or predicted with certainty, the
value of the information produced as a result of spatial and temporal analysis supported by such geographic information
systems becomes even more important. The information produced in this way will play an effective role in the measures
to be taken by local and general decision-makers.
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