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Abstract: Numerous studies have utilized remote sensing techniques to analyze seismic data in ac-
tive areas. Point density techniques, widely used in remote sensing, examine the spatial distribution
of point clouds related to specific variables. Applying these techniques to complex tectonic settings,
such as the East Anatolian Fault Zone, helps identify major active fractures using both surface and
deep information. This study employed kernel density estimation (KDE) to compare two distinct
point-cloud populations from the seismic event along the Tiirkiye-Syria border on 6 February 2023,
providing insights into the main active orientations supporting the Global Tectonics framework.
This study considered two populations of seismic foci point clouds containing over 40,000 events,
recorded by the Turkish Disaster and Emergency Management Authority (AFAD) and Kandilli Ob-
servatory and Earthquake Research Institute (KOERI). These populations were divided into two
datasets: crude and relocated-filtered. Kernel density analysis demonstrated that both datasets
yielded similar geological interpretations. The high-density cores of both datasets perfectly
matched, exhibiting identical structures consistent with geological knowledge. Areas with a mini-
mal concentration of earthquakes at depth were also identified, separating different crustal strength
levels.

Keywords: kernel density estimation; seismic big data; Tiirkiye-Syria earthquakes (2023);
tectonic interpretation

1. Introduction

On 6 February 2023, highly destructive seismic events occurred in southern Tiirkiye
and northern Syria. These earthquakes were associated with the activity of the East Ana-
tolian Fault Zone (EAFZ), a first-order tectonic structure that constitutes the boundary
between the Arabian and Anatolian plates. Interest in the tectonic, seismological, geo-
physical, and structural study of the EAFZ has been growing since its first definition and
description by Allen (1969) [1] and Arpat and Saroglu (1972) [2]. Due to its relative youth
(Late Pliocene, e.g., [3,4]), the EAFZ is considered an immature (e.g., [5,6]), strongly seg-
mented (e.g., [3,7,8]) structure. It is described as a complex strike-slip-type fault, showing
a complex and irregular set of structures, with abundant parallel faults, oversteps, releas-
ing and restraining bending zones, folds, and normal or reverse faults (see, e.g., [8] for a
detailed description).

Today, there is some agreement in considering the EAFZ as weakly and heterogene-
ously coupled, with seismicity concentrating in the most coupled segments (e.g., [9]). The
exhaustive structural (e.g., [8,10-14]) geomorphological (e.g., [15]), geodetic (e.g., [16,17])
and geophysical (e.g., [6,18-21]) analyses carried out on the EAFZ have allowed us to
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achieve a general idea about the close relationship among the velocity and stress fields,
the geometry of their main associated structures, the position of the seismic gaps, and the
thermal and mechanical structure of the lithosphere. By using refined seismic techniques
and GNSS data, rupture models of the 6 February 2023 earthquake doublet have been
presented that show intermittent supershear rupture, failure of rupture barriers, and mul-
tiscale rupture growth in the complex fault network of the EAFZ [22,23].

All this abundant geological, seismological, and geophysical information on the ac-
tivity of the EAFZ, obtained mainly during this century, allows us to conclude that it is a
relatively well-known plate boundary. It is possible, therefore, to advance now in the seis-
motectonic and kinematic study of this important structure. This work focused on the
central and southwestern sector of the EAFZ, the place especially affected by the February
2023 seismic event. The lateral and vertical distribution of the seismicity were analyzed
using a new technique, based on kernel density estimation (KDE), to illustrate the three-
dimensional architecture of the seismicity. This study compared a highly accurate dataset,
obtained after months of processing, with a raw, untreated dataset by applying a new
geological and seismological technique. The objective was to evaluate the feasibility of
obtaining correct analyses and geological interpretations from large datasets, resulting in
an immediate estimation of their parameters. This study sought to demonstrate that when
analyzed using the KDE method, a comprehensive seismic catalog with considerably high
uncertainty (unfiltered, first population) can produce interpretations like those derived
from a relocated catalog (second population), which provides significantly higher accu-
racy and reliability. This approach aims to reduce the time and resources required to
achieve a preliminary approximation quickly.

An additional implication of this work is that it provides ideas on future lines of re-
search that may contribute to improving the zoning of the seismic risk associated with the
EAFZ.

2. Geological Setting

At the eastern end of the Mediterranean Sea and its adjacent regions, three tectonic
plates are recognized: Anatolia, Arabia, and Nubia. Their geodynamic evolution is closely
linked to their relative displacement [24,25], with the development of suture zones imply-
ing the closure of the western Tethys [26]. The majority of the Anatolian Plate is located
within Tiirkiye and Cyprus (Figure 1). The North Anatolian Fault Zone (NAFZ) marks the
northern boundary of this plate. It is an intracontinental transform fault, spanning 1200
km, characterized by right-lateral displacement, with relative velocities of approximately
25 mm/year [27]. To the south of Tiirkiye, in the Mediterranean Sea, the oceanic litho-
sphere of Nubia subducts northward beneath Anatolia, forming the Cyprus Arc. On the
other hand, the EAFZ extends from the region around the Gulf of Iskenderun and the
Hatay area to Karleova. The EAFZ is interpreted as an intracontinental transform fault
with left-lateral displacement [2]. In the easternmost part of the EAFZ, a relative displace-
ment velocity of 10 mm/year has been observed between the Anatolian and Arabian
plates. In the Tiirkoglu area, the displacement ranges from 1 to 4 mm/year [16,28-30]. The
kinematics of the NAFZ and EAFZ help explain the westward lateral escape tectonics of
the Anatolian Plate, which is related to the convergence between the Eurasian, Nubian,
and Arabian plates. Geological data and geodetic displacement rates suggest that the left-
lateral displacements along the EAFZ did not occur until the end of the Pliocene [3,4,31].
The proximity to the Eulerian pole between Anatolia and Arabia justifies the lateral
changes in movement directions and relative displacement rates along the EAFZ [9,32].
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Figure 1. Tectonic map of Anatolia distinguishing the involved tectonic plates and their boundaries,
as well as the location of the study area, indicated by a rectangle.

The series of 1:500,000 geological maps produced by the General Directorate of Min-
eral Research and Exploration of Tiirkiye (MTA) for the EAFZ region reveal the presence
of folds and faults affecting metamorphic, sedimentary, and volcanic rocks spanning dif-
ferent ages, from the Precambrian to the Upper Cretaceous. Overall, the predominant ori-
entation of local tectonic structures tends to be parallel to the EAFZ, and they connect with
the Cyprus Arc through the Gulf of Iskenderun. Active faults with various orientations
are part of transcurrent, transpressional, and transtensional tectonic scenarios, as de-
scribed in different segments of the EAFZ (e.g., [8]). Specifically, the EAFZ can be divided
into two primary branches: the northern strand, consisting of the Stiirgii-Misis Fault Sys-
tem (SMFS, approximately 350 km in length), oriented in an east-west direction; and the
southern branch, which serves as the boundary between Anatolia and Arabia, known as
the Main Strand. This transform fault, oriented approximately NO60°E, extends from
Karleova to Antakya (approximately 580 km in length) and connects with the Cyprus Arc
and the Dead Sea Fault Zone. Near Tiirkoglu (Kahramanmaras province), the tectonic
structures of the Main Strand experience a sudden change in direction, which has im-
portant kinematic implications, as discussed below in this paper.

It is also important to point out the NurdagePazarcek Fault (NPF), also known as the
Narladag or NarloFault, located near the cities of Kahramanmaras and Gaziantep and par-
allel to the Main Strand of the EAFZ. This fault, oriented NNE, is considered a splay fault
of the EAFZ, where the first high-magnitude earthquakes occurred before being trans-
ferred to the EAFZ [23,33].

3. Methodology
3.1. Seismic Data and Catalog

The seismic data used in this study were obtained from the seismic catalog of the
Earthquake Data Center System of Tiirkiye (TEDCS), available through the web portal of
the Authority for the Management of Disasters and Emergencies (AFAD) [34] and subse-
quently relocated by Lomax (2023) [35]. Additionally, data from the Kandilli Observatory
and Earthquake Research Institute [36] were used in this work, also relocated by Lomax
(2023) [35]. The seismic record covers the period from 1 January 2023, to 31 May 2023, due
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to the notable improvement in the precision of location estimates by Lomax (2023) [35]
during this period. The uncertainties in the X, Y, and Z coordinates of the earthquake lo-
cations were reduced to less than 2 km. For this purpose, two datasets were compared:
first, raw data from a catalog of more than 35,000 earthquakes collected by AFAD [34],
and, second, relocated and filtered data from Lomax [35], comprising more than 5500 seis-
mic events.

The study area was delimited to the southeastern part of Tiirkiye, specifically in the
central and southwestern zones of the EAFZ. It included the vicinity of the Siirgii-Misis
Fault System (SMFS) and the Main Strand segments of Erkenek, Pazarcik, and Amanos
(according to the terminology of Duman and Emre, 2013 [8]), until its disappearance off-
shore in the Mediterranean Sea, to the south of the Gulf of Iskenderun. The area of interest
was delimited approximately by the following geographical coordinates: Lat: 35.0-39.0°
N and Long: 35.0-40.0° E (Figure 2).

350 36.0° 70 380

LOMAX (filtered d
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35.0°N___35.0°E. 36.0°F. STCE. 38.0°F. 39.0°F A0.0°F. son]|L 350N 350 36.0°F I7I°E. 38.0°F. 39.0°F. 40.0°F.

Figure 2. Point cloud maps of the central and southwestern parts of the East Anatolian Fault Zone
showing the locations of seismicity of the 2023 earthquake event in Tiirkiye-Syria. Left: Epicenters
of the earthquakes from the AFAD dataset (raw); Right: epicenters from Lomax, 2023 (relocated-
filtered).

3.2. Use of Kernel Density Estimation for the Analysis of Seismicity

Geostatistics is a branch of statistics focused on the analysis and modeling of phe-
nomena exhibiting spatial and/or temporal correlation. It deals with sets of variables
where each value is associated with a specific position in space. In the context of interest,
namely, seismology, the information about an earthquake is closely related to both the
distance or position of its epicenter and the exact moment it occurred. Most geostatistical
studies have focused on estimating expected values to create contour maps that correlate
all variables of interest [37,38]. This approach can facilitate evaluations of resources (as in
mining), the distribution of contaminants (in environmental sciences), or the development
of seismic microzonation and mapping of seismic risk and perceived intensities for a given
area in the event of an earthquake (in seismology). The objective of geostatistics in seis-
mology is, therefore, to predict the possible spatial distribution of a seismological prop-
erty. This process can be conducted manually or with the aid of computational tools, mak-
ing it a powerful resource in various disciplines such as petroleum geology, hydrogeol-
ogy, meteorology, ecology, and epidemiology. Given its widespread application, geosta-
tistical methods have been integrated into geographic information systems, such as QGIS.

In this regard, the techniques specifically noted for their use in seismology are as
follows:
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1.  Geostatistical estimation approach. The most frequently used method is kriging,
which predicts unknown values at unmeasured locations by utilizing the spatial cor-
relation of known data points, based on a variogram model (e.g., [39—41]). Cokriging,
which is an extension of kriging, simultaneously estimates multiple correlated varia-
bles (covariates) at unmeasured locations by incorporating information from second-
ary variables to improve the accuracy of estimates (e.g., [42]). And, based on the in-
terpolation, inverse distance weighting (IDW) estimates unknown values at unmeas-
ured locations by giving greater weight to nearby points based on the inverse of their
distances (e.g., [43,44]).

2. Machine learning methods are integrated with geostatistical methods to analyze and
model spatial data, enhancing the prediction of spatial phenomena and improving
resource estimation by using historical data and complex spatial relationships. A se-
ries of application examples in seismology are reviewed in [45]. The most known
methods are the neural networking (e.g., [46,47]), logic or decision trees and random
forest (e.g., [48-50]), and the support vector machine (SVM) (e.g., [51,52]).

3. Density-based methods (e.g., [53,54]). These include point density analysis, which is
a clustering algorithm that identifies groups (clusters) of closely packed points
(events) based on their local density, enabling the detection of significant areas of
activity while effectively handling noise and outliers. Kernel density estimation
(KDE) methods estimate the probability density function of seismic events by placing
a smooth kernel over each data point and adding them to create a continuous surface,
allowing for the visualization of event concentrations and patterns without making
strict assumptions about the data distribution.

4. Less commonly used methods include stochastic simulation, probabilistic analysis,
and spatial-temporal analysis (e.g., [55,56]).

All these techniques are complementary rather than mutually exclusive. Many of the
cited studies have combined various methods depending on the desired analysis or ap-
plied hybrid methods combining them in phases to produce the maps.

There are numerous techniques applicable in seismology, but they differ significantly
in terms of computational complexity, precision, flexibility, ease of interpretation, and re-
sponse times. Estimation techniques, while offering high precision and ease of interpreta-
tion, tend to have low flexibility and long computation times, requiring large datasets and
considerable processing. In contrast, machine learning methods, despite their high compu-
tational costs and complex results, provide high precision and flexibility. Density-based
methods (e.g., KDE), on the other hand, appear to offer a balanced solution, with moderate
computational costs, good precision, flexibility, and shorter response times, making them
the most stable and convenient alternative. This is, therefore, the option presented in this
paper.

Kernel density estimation (KDE) is a non-parametric method that allows defining a
probability density function of a given random variable (e.g., [57]). In cases with insuffi-
cient information, or where it is impossible to assume the distribution shape (as with the
spatial distribution of seismic events), a non-parametric estimation is commonly used. To
accomplish this, techniques are used to estimate the distribution or relationship between
variables without imposing a specific form (e.g., [58]). Among the techniques used in this
work, kernel smoothing stands out, focused on the proximity and relationship among
data points, such as the spatial location of earthquakes in a specific area. The kernel acts
as a smoothing function placed on each data point, and its shape determines the contri-
bution of that point to its neighborhood. The influence radius of each point, known as the
bandwidth, can be defined according to the interest of the study. Combining all the con-
tributions from each of the given points, an estimate of the probability density of a kernel
is obtained.

The KDE method has been largely unused in seismology, but, nowadays, the increas-
ing quality and density of seismic networks have made it more viable. This rise in the
number of seismic catalogs allows for the application of such techniques in seismology
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due to the vast amount of recorded seismic events [59]. More common is the application
of KDE techniques for generating seismic hazard maps (e.g., [60-63]). In the study area,
this technique was used to generate maps to analyze the distribution of earthquakes with
magnitudes greater than three [64], but there is no example of its application for increasing
geological knowledge.

This paper proposes a new technique for geological and seismological analysis by
applying the KDE method to the spatial distribution of seismic foci in any study area,
previously grouped by different layers, related to seismogenic levels (Figure 3). By ana-
lyzing the relationship between the number of earthquakes and the depth of their hypo-
centers, different seismogenic layers can be identified.
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Figure 3. Descriptive summary of the process to elaborate the maps. Flowchart to explain data pro-
cessing. The initial data are from seismic data sources (including relocation by Lomax, 2023 [35]).
These data are then processed with Microsoft Excel LTSC MSO (v. 16.0.1) to identify different layers
(numbers 1 to 5) or seismogenic levels with depth. Finally, the different point clouds are processed
with QGIS (v. 3.18) to obtain point clouds and kernel density maps for each seismic layer.

Regional seismicity data were analyzed to generate graphs representing the distribu-
tion of earthquakes as a function of depth and the frequency-magnitude distribution (Gu-
tenberg—Richter law [65,66]). Those analyses allowed the identification of layers (repre-
sented by a relatively high frequency of earthquakes) with similar seismic behavior de-
limited by low seismicity zones. It is well known that seismic frequency varies with depth,
and these variations can indicate changes in lithological composition, among other factors,
and may be due to differences in the mechanical behavior of distinct levels of the litho-
sphere (crust and mantle).

Once the depth range of the different layers was delimited, an Excel file was obtained
for each one containing all the relevant information, such as the earthquake coordinates,
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depth, and magnitude. The AFAD dataset [34], in which the focal depth is fixed or prede-
termined (typically around 7 km in this zone), was also included for comparison with the
filtered point cloud (dataset of Lomax, 2023 [35]) and their effects on the interpretations.
Fixed depths are commonly used in seismic catalogs to expedite the calculation processes
for certain parameters but can lead to misinterpretation of geological and seismological
data. Evaluating these effects and whether this new technique helped to minimize them
were also addressed in this work.

The next step was to process the information of each seismic layer through appropri-
ate software that allows kernel analysis, QGIS (v. 3.18) in this case. Once the Excel files
were imported into QGIS, they were converted to a shapefile format for their processing.
Heatmaps or KDE maps can be created using a specific kernel method. In statistical anal-
ysis, as it was mentioned previously, the term kernel refers to a window function that sets
a radius of influence around a given position for the measured parameter. When an ele-
ment falls within that radius, its value is defined by a specific function, while for those
outside this radius, its value is zero. The bandwidth must be specified and expressed in
meters, degrees, or map units in QGIS. In this study, considering the size of the working
area, a bandwidth of 0.05° was used. To achieve higher resolution, a pixel size of 0.001°
was selected.

The choice of a 0.05° bandwidth was determined based on the study area, which cov-
ered approximately 250,000 km?, resulting in a buffering influence area of 34.90 km?, along
with the spatial distribution of more than 5500 recorded seismic events. This value pro-
vided an optimal balance between spatial detail and the smoothing necessary to capture
coherent seismic patterns in such an extensive region. A smaller bandwidth would be
good for smaller study areas or a greater number of seismic events. For the parameters in
this study, a smaller bandwidth would have increased the local resolution but introduced
noise in areas with lower event density. Conversely, a larger bandwidth would have ex-
cessively smoothed the seismic distribution patterns, reducing the ability to identify key
geological structures. Therefore, the 0.05° value enabled capturing both the global trends
and regional details of seismicity in the study area. Figure 4 illustrates the effect of band-
width on the resulting kernel maps.

EFFECT OF BANDWIDTH

0.01° 0.03° 0.05° 0.07°

EFFECT OF KERNEL METHOD

Epanechnikov

Quartic Triangular Triweight Uniform

Figure 4. Evaluation of the impact on seismic density distribution due to changes in bandwidth
(upper part of the figure) and the kernel method employed (lower part of the figure). As shown,
lower bandwidth values generate more detailed results but introduce greater noise, while higher
values emphasize regional patterns at the expense of local details. The kernel method determines
the influence of a value on its surroundings, as illustrated by the functions shown in Figure 5. The
choice of kernel function shows minimal differences (except for the uniform method) compared to
the impact of bandwidth variations.
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Figure 5. Examples of kernel functions. The geometry of the graphs corresponding to various kernel
functions K(x) illustrates the influence of the data on their surroundings (taking values between 0
and 1 on the vertical axis) versus the radius of influence (horizontal axis), expressed in degrees. All
curves are normalized to the same unit area.

Also, a weighting function for the determination of the parameter value should be
chosen. A quartic kernel function, K(x), was employed. This quartic method is based on
the fourth-degree polynomial [67]:

K(x) = 1—2(1 X2y (1)

where x is the bounded support, closely related to the bandwidth, always within a value
between -1 and 1. The function is 0 for values of x outside the support.

In QCIS, several kernel functions are available by default, including quartic, tri-
weight, uniform, Epanechnikov, and triangular functions. All these kernel functions (and
other examples) are illustrated in Figure 5. For this study, the quartic function was selected
due to its ability to provide an optimal balance between smoothing and spatial accuracy.
Unlike the triweight function, which decreases more rapidly towards the edges, the quar-
tic function offers a smoother transition, allowing for better detection of heterogeneously
distributed patterns. The uniform function, by assigning equal weight to all points within
the bandwidth, is not suitable for capturing the gradual variation in data. In contrast, the
Epanechnikov function provides similar smoothing to the quartic function but has a re-
duced ability to detect subtle variations. Finally, the triangular function tends to overly
prioritize nearby points, which could exclude the influence of distant yet relevant seismic
events. Thus, the quartic function ensures an optimal balance in seismic density analysis,
highlighting values closer to the center while maintaining smoother behavior than other
kernel functions, such as the triweight function, which decays more rapidly towards the
edges. However, it is important to note that the differences between kernel functions are
minimal compared to the significant impact that bandwidth variations have on the results
(see Figure 4).

Finally, color delineation based on quartiles is established. The first quartile is repre-
sented in blue (indicating higher data dispersion), the second in yellow, the third in red,
and the fourth in black (indicating the nuclei of high seismic density). Since the range is
continuous, there may be intermediate color combinations resulting from the blending of
these primary colors.
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3.3. Profiles along the EAFZ

Two profiles were made along the studied fault trace (Main Strand of the EAFZ, ap-
proximately oriented NO60°E) showing the depth distribution of the hypocenters of the
recorded earthquakes: one for raw data and one for relocated-filtered data. QGIS was used
to establish influence radii for the points considered in the profiles. Most of the earth-
quakes associated with the main fault system were identified within a distance that never
exceeded 20 km from the trace of the main fault (e.g., [5,68]). Therefore, a buffer with a
radius of 0.2° was selected, considering the data points included within that influence ra-
dius and excluding those outside it. Additionally, the kernel quartic method with a band-
width of 2 (in units of the map, which was equivalent to a bandwidth of around 1 km, an
area of influence of around 3 km?) was used for this specific case, due to the dimension
and scale of the profiles, with a total area of 15,000 km?2. Note that the relationship between
the total surface and the area of influence of the kernel quartic method was of the same
order of magnitude in profiles and maps.

4. Results and Interpretations
4.1. Seismic Distribution by Depth and Delimited Layers

The analysis of the distribution of seismicity with depth allows the identification of the
layers that exhibit differentiated seismic behavior. These layers were defined by the main
trend and delimited, as described previously, by low-seismicity zones represented by min-
ima in the seismic frequency. Figure 6 compares the distribution of the seismicity with depth
for the two datasets (AFAD [34] and Lomax, 2023 [35]). The gray range in both cases repre-
sents the limits of the point cloud, which includes all the data recorded. The seismicity in
the area shows the typical distribution, with most earthquakes concentrated in the shallower
layers and progressively decreasing with depth (see also, e.g., [68-70]). Seismicity is practi-
cally absent in the lower part of the lithosphere; in both cases, there is virtually no seismicity
below 20 km (only a few very isolated hypocenters). Likewise, four minima in earthquake
concentration are recognized, located at depths of 4.9, 8.8, 14.5, and 18.7 km for the AFAD
data (raw data) and at depths of 4.8, 7.9, 14.9, and 18.9 km for the filtered data of Lomax
(2023). These minima indicate the presence of zones of lower seismicity and, therefore, con-
stitute contacts between layers with distinct mechanical behavior. Filtered data processing
estimated a hypocentral error of less than 2 km, but the minima in the raw data are included
within a +1 km range (orange band, Figure 6) from the minima in the filtered data. Thus, the
raw and filtered data minima align very well, indicating that both datasets recognize the
same minima (and maxima) within a relatively small error range.
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Figure 6. Comparison of the depth distribution of seismicity (number of earthquakes vs. depth).
Left: Non-filtered data from the Disaster and Emergency Management Authority (AFAD) dataset.
Right: Relocated and filtered data from Lomax (2023). Layers separated by zones with minimum
earthquake frequency are highlighted in alternating blue and white bands (Layers I-V). For raw
data: Layer I (0.0-4.9 km), Layer II (4.9-8.8 km), Layer III (8.8-14.5 km), Layer IV (14.5-18.7 km), and
Layer V (below 18.7 km). For filtered data: Layer I (0.0-4.8 km), Layer II (4.8-7.9 km), Layer III (7.9-
14.9 km), Layer IV (14.9-18.9 km), and Layer V (below 18.9 km). An orange +1 km range (less than
the uncertainty in the location, +2 km, by Lomax, 2023) is used to illustrate the statistical concord-
ance of the layers observed in both datasets.

Areas with high seismic recurrence indicate zones of interest for studying and recog-
nizing brittle seismogenic structures. The seismicity density within the seismically active
layers does not exactly coincide between the two datasets, with the absolute maximum
occurring at an approximately 7 km depth in the raw data (AFAD) and around an 11 km
depth in the filtered data (Lomax). As described earlier, 7 km is the predetermined depth
for data processing in AFAD [34] and could account for this maximum. However, the fil-
tered data also show a minor peak at an approximately 8 km depth. In this case, the raw
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data display a smaller peak coinciding with the maximum observed in the filtered data.
Although 7 km is a predefined depth for calculations, the observed correlation with the
filtered data suggests the presence of a genuine seismically active layer around this depth.

In this way, five layers were distinguished: In the case of raw data: Layer L, from 0.0
to 4.9 km; Layer II, from 4.9 to 8.8 km; Layer III, from 8.8 to 14.5 km; Layer IV, from 14.5
to 18.7 km; and Layer V, including the deeper data points below 18.7 km. In the case of
filtered data: Layer I, from 0.0 to 4.8 km; Layer II, from 4.8 to 7.9 km; Layer III, from 7.9 to
14.9 km; Layer IV, from 14.9 to 18.9 km; and finally, Layer V, below 18.9 km.

Although the differences between the depths of the boundaries of the layers defined
by raw (AFAD) and filtered (Lomax) data are smaller than the error in determining the
depth of the earthquakes—up to 2 km for the filtered data—there is a significant variation
in the density of earthquakes for each layer in both datasets, as indicated above (Figure 6),
which are analyzed in more detail below.

4.2. Point Clouds by Layer

All registered data points are represented in Figure 2, showing the distribution of
earthquake foci over a digital terrain model. As can be seen, the dispersion of the data is
greater in the case of raw data, as expected, but they show a more continuous trace than
the filtered data. However, the main morphology of the point clouds shows the same ten-
dency for both datasets. In both cases, the point lineations coincide with the traces of the
Main Strand of the EAFZ and the SMFS. The nuclei of historically high frequencies of
earthquakes, where recent events also generate more aftershocks and larger magnitudes,
were recognized in both datasets. These maps show that most of the seismicity is concen-
trated in the northwest of the study area (over the Anatolian plate) and is virtually absent
in the southeast (over the Arabian plate).

Point cloud maps are also represented for each layer (I to V) identified previously. A
comparison of these maps is shown in Figure 7. Although the difference in the number of
data points between the two datasets varies by an order of magnitude, the patterns are
consistent. In both cases, the data points are concentrated in the upper layers, and their
number decreases progressively in the lower layers. Seismicity is very scarce, virtually
absent, at depths greater than 18.9 km for filtered data and 18.7 km for raw data. The
unfiltered data show the non-existent connection between the MSFZ and the Main Strand
of the EAFZ in most layers (maybe except in Layer II), whereas the filtered data suggest
this same interpretation but less clearly. The 3D configuration of the data points may de-
scribe the morphology of the boundary between the Arabian and Anatolian plates. The
analysis of the 3D disposition of the maps in both cases reveals that earthquakes are con-
sistently distributed along the traces of the EAFZ and SMFS, describing structures with
significant verticality from the surface downward.
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Figure 7. Comparison of point cloud maps for the central and southwestern parts of the EAFZ, rep-
resented at different depth ranges (seismological layers) identified by the seismic distribution pro-
file, Layers I to V (Figure 5). Left: AFAD (raw data). Right: Lomax, 2023 (relocated-filtered data).
Each color was selected to facilitate comparison and to represent the increasing depth (shallower in
green and greater depths in black). The figures present scatter plots of seismic points, which display
the raw locations of seismic events without any statistical treatment. A stacked view of the maps is
shown in Appendix A (Figure Al).

4.3. Kernel Density Maps by Layer

Kernel maps were generated for each layer (Figure 8), applying the process described
in the Methodology Section. This statistical approach allowed for analyzing the density of
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the seismic events over the defined area. This method smooths the data, highlighting re-
gions with higher concentrations of seismic activity and providing a more informative
representation of the underlying patterns. The black (or red) nuclei, representing higher-
frequency zones of points, show a very similar tendency in both datasets (note the ‘num-
ber 7’-like form of the density nuclei). As observed in the point cloud maps, the raw data
exhibit a more continuous trace, whereas the filtered data only show discontinuous nuclei
aligned along the Main Strand of the EAFZ and MSFZ. Similarly, the data points appear
to concentrate approximately along the trace of the faults in the outer layers, converging
at deeper layers into narrower high-density nuclei. This pattern is more evident in the raw
data, with surface nuclei being more extensive (e.g., in Layer II) relative to the more con-
centrated nuclei at depth (Layers III to V). The black nuclei in Layer II of the raw data
exhibit similar forms to the kernel density map of Layer II for filtered data, also aligned
with the fault traces recognized at the surface. It can be suggested that the kernel maps
reproduce a similar filtering function as the relocation of data points.

AFAD (raw data) LOMAX (filtered data)
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Figure 8. Comparison of kernel density maps of seismicity density for the central and southwestern
parts of the East Anatolian Fault Zone (EAFZ), represented at different depth ranges (seismological
layers) identified by the seismic distribution profile, Layers I to V (Figure 5). Left: AFAD (raw data).
Right: Lomax, 2023 (relocated-filtered data). It illustrates the same seismic data from Figure 6 but
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Point cloud profile
AFAD (raw data)

SW a

applying KDE, a statistical approach, to highlight the patterns and greater frequency of earthquakes
(in black). The area where the converging nuclei from upper to lower layers are easily identifiable
is highlighted by a rectangle. This is approximately the same area used to create the detailed map
in Figure 9. A stacked view of the maps is shown in Appendix A (Figure A2).
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Figure 9. Seismicity profiles along the Main Strand of the EAFZ oriented approximately N60°E.
Upper image: The location of the profile and the buffer used to select the seismic foci. Center of the
figure: Point cloud of earthquakes at different depths, differentiated by magnitude. Upper: Raw
data (AFAD); Lower: filtered data (Lomax, 2023). At the bottom of the figure: Kernel density pro-
files. Upper: Raw data; Lower: filtered data. Different points are marked with letters both on the
profiles and on the map to accurately locate the black loci.

The main difference between the datasets can be observed in the southwest of the
study area: while the raw data show a relatively high concentration of data at depth (Lay-
ers III to V), probably resulting from the interaction of the EAFZ with the subduction in
the Cyprus arc, the filtered data have no recorded points in this region. The raw data allow
for a more complete delineation of the plate boundaries.

The kernel density maps allow for the clear definition of a disconnection between the
density nuclei belonging to the Main Strand of the EAFZ and those that are part of the
SMES. In this regard, density maps enable the delimitation of different segments within
the fault zone.

By examining the maps in more detail, the area where the first major earthquakes in
Tiirkiye occurred (highlighted with dashed rectangles in Figure 8), both maps (AFAD: raw
data and Lomax, 2023: filtered data) reveal that the density cores in the upper layers cor-
respond to the Main Strand of the EAFZ and the NPF traces. These two cores converge at
depth into a single elongated nucleus parallel to the direction of the EAFZ. This three-
dimensional geometry of the seismicity distribution suggests large, elongated funnels re-
sembling fan or palm-tree structures in two-dimensional sections.

4.4. Seismicity Profiles

The seismicity profiles along the EAFZ are presented in Figure 9. The profiles in the
center of the figure show the magnitude of the earthquakes, while the profiles at the bot-
tom use the kernel density method. As described earlier, seismicity in the southwest of
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the study area is not represented in the filtered data due to the extremely rigorous filtering
process. Four black nuclei are recognized in the raw data, three of which coincide in the
horizontal coordinate with the high-density nuclei shown in the filtered data. Seismicity
is distributed up to a depth of around 20 km along the transect. Particularly in the raw
data, it can be observed that below this depth, the deeper foci are located approximately
above the vertical of the kernel maxima. The greatest-magnitude earthquakes coincide
with the high-density cores in both datasets, despite some of these earthquakes not being
included in the filtered data.

The major limitation observed in the raw data profile is the notable elongated struc-
ture at a depth of 7 km due to the fixed depth of the data. However, this does not prevent
the identification of the true morphology of the nuclei.

5. Discussion
5.1. Seismicity and Geology of the EAFZ

A close correlation between the point clouds from both datasets and the geological
characteristics of the study area is evident (Figure 10). All data points are directly associ-
ated with both the Main Strand and the SMFS of the EAFZ, aligning parallel to specific
geological formations. In the southwestern part of the Main Strand, the epicenter point
clouds are concentrated over Quaternary deposits and ophiolites. This ophiolitic bound-
ary between Anatolia and Arabia is distinctly delineated by the earthquakes that occurred
during the February 2023 event. On the other hand, in the SMFS, point clouds tend to
align predominantly with the boundaries of elongated blocks made up of metamorphic
rocks of various ages, ranging from Precambrian to Cretaceous. It is worth noting that,
despite the proximity to active faults, virtually no seismic activity is recorded in the vol-
canic and sedimentary rock formations of the Paleozoic era, both to the north and south
of the study area, as well as in the plutonic formations located in the northeast.

AFAD (raw data) Lomax (filtered data)

1 2 P 3 i .3

Sedimentary and volcanic rocks and Metamorphic Plutonic
ophyolitic rocks rocks rocks

* Seismic epicenter (Mw>7.5)

Thrust and 2
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1a: Quaternary sedimentary rocks, 1b: Quaternary Basalts, Active
2: Plio-Quaternary, 3: Pliocene, 4: Miocene, 5: Paleocene-Oligocene, fault ~~__ River
6: Mesozoic, 7: Ophyolitic Rocks (Cretaceus), 8: Paleozoic Rocks

Figure 10. Detailed geological map of the surroundings of the major earthquakes, with epicenters
from both datasets: AFAD (raw dataset, black dots) on the left and Lomax (2023) (relocated-filtered,
red dots) on the right.
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It is intriguing to note that despite the historical susceptibility of the city of Malatya
to earthquakes, there was no increase in seismic activity in its vicinity during the February
2023 event. This phenomenon may be attributed to a decoupling effect along the EAFZ to
the northeast and southwest of Malatya (SMFS and Main Strand of the EAFZ, respec-
tively), as also shown by the kernel density maps (Figure 8).

The distribution of seismicity at depth appears to indicate the presence of extensive
highly dipping to subvertical fractures converging at depth along the trace of the EAFZ
(e.g., [69]). While at the surface, the structure spans a relatively broad area, at depths ex-
ceeding 15 km, all epicenters are located along a distinct single fault or core of high seis-
micity (see also, e.g., [69,70]). Giivercin et al. (2022) [6] deduced a dip towards the N for
this high-seismicity core between at least, 7 and 20 km deep. This palm-shaped arrange-
ment (Figure 8) that extends towards the surface distinctly resembles the structures ob-
served in smaller-scale strike-slip faults in various regions around the world (e.g., [71,72]).

5.2. Evaluation of the Method and Comparison of AFAD and Lomax Datasets Maps

This new method allows for the comparison of the seismic distribution graphs of the
two datasets (AFAD [34] and Lomax, 2023 [35]). The depth distribution of seismicity
shows similar behavior, with most earthquakes occurring in shallower layers and decreas-
ing in frequency at greater depths. The seismicity in both cases is scarce and virtually non-
existent below 20 km. This distribution coincides with that observed in other transform
fault contexts, such as the San Andreas Fault, where seismicity is effectively absent below
23 km [73,74]. The upper layers accommodate deformation by activating fault structures
that concentrate all the seismicity, while below 20 km, this deformation might occur by
non-seismogenic creep.

The recognition of minima in earthquake concentration, which indicate lower seis-
micity zones and changes in the mechanical behavior of materials, also allows for the def-
inition of the five layers related to the seismogenic levels that coincide in both data sources
within a +1 km range. Filtered data processing estimated a hypocentral error of less than
2 km, but the minima in the raw data fall within a narrower range. The strong agreement
between the two catalogs—raw and relocated data—in the depth distribution of seismic-
ity, despite this being the variable with the highest uncertainty in the calculations of seis-
mic parameters, fosters optimism regarding the interpretations derived from the maps.

According to the kernel maps generated for the two datasets, both show similar high-
frequency zones with a distinctive ‘number 7’-like shape in plan view. This form aligns
well with the trace of the Main Strand of the EAFZ and SMFS activated during this seis-
mological event. The raw data display a more continuous density pattern, while the fil-
tered data show discontinuous high-density nuclei. However, the KDE maps of the Lomax
(2023) [35] dataset are consistent with the black nuclei observed in the AFAD data. In both
cases, the kernel maps reveal 3D seismically active structures that resemble large, elon-
gated funnels or palm-tree formations. This method enables the characterization of the
three-dimensional architecture of large-scale structures, which are comparable with the
geometry of smaller-scale structures observed in other regions, as described previously.
Additionally, the seismicity profiles along the Main Strand of the EAFZ show significant
agreement between the two datasets, indicating large vertical structures that converge at
the vertical of the black nuclei. These structures are consistent with the interpretations
derived from the kernel maps.

Concerning advantages and disadvantages, unfiltered data allow for quick access
and processing. They facilitate the analysis of a larger volume of data, providing a more
comprehensive view of seismic activity, including smaller earthquakes that might be lost
after filtering. Additionally, the data have lower processing costs and are easier to auto-
mate, enabling the application of statistical analyses and subsequent filtering.

On the other hand, the cons include high uncertainty in both the location and mag-
nitude of events, a higher presence of noise and anomalies due to erroneous data that
require additional cleaning and filtering, and a greater difficulty in identifying patterns,
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critical zones, or trends due to the higher dispersion of the data. However, all these issues
can be minimized through an effective filtering process (as, for example, KDE does).

In contrast, relocated data ensure higher precision and reliability, as well as a signif-
icant reduction in noise due to rigorous cleaning, and allow for the accurate identification
of patterns, even migration, fault activity, and risk zones, with great confidence.

However, the data require a long processing time (ranging from days to months) to
produce a catalog with fewer earthquakes, are more difficult to automate, frequently need
human intervention for calculation, cannot be obtained in real time, and potentially ex-
clude relevant events (such as precursors or aftershocks) either due to filtering or because
their magnitudes fall below the threshold required for precise calculation.

This technique must be applied considering a series of assumptions and limitations:

1. Fundamentals and limitations of the kernel technique: One of the primary limitations
of all KDE methods is that they produce an image-based representation of seismic
data, which requires expert interpretation. Another limitation of this new technique
is the determination of the depth range of the layers based on the seismicity distribu-
tion, which should ideally be performed by an expert.

2. Regarding scale, data volume, type of kernel method, and bandwidth, a large amount
of seismic data is required, and the bandwidth must be selected based on this data
volume and the scale of the study area. Larger areas or lower data volumes necessi-
tate greater bandwidths. Additionally, the kernel method should be chosen accord-
ing to the study’s objectives, but, generally, kernel methods that emphasize values
closer together are preferable.

Despite all of these limitations, this new technique is useful and should be considered
in future studies according to the next contexts:

1. Theoretical frameworks: This method could be applied in numerous contexts, such
as fracture theory, which models the distribution of seismic events concerning geo-
logical faults and fracture structures. It can also be utilized in fault instability theory
to evaluate patterns that may predict future fault behavior and in seismic risk assess-
ment models to identify areas with high densities of seismic occurrences. Addition-
ally, it aids in spatial analysis in geology by examining the distribution of geological
features and their relationship with seismic activity. This technique is beneficial in
fluid dynamics within faults, as it helps visualize how fluid pressure correlates with
seismic events. Moreover, it can be applied in plate tectonics theory to analyze the
interaction between tectonic processes and seismic activity, as well as in wave prop-
agation models and studies of seismic precursors. Of course, this innovative tech-
nique can be utilized across various depth layers recognized in any planetary area.

2. Geological contexts: This method was applied in complex environments, such as this
major transform boundary (Anatolian-Arabian plate boundary), but it can also be
utilized in various other settings, including subduction zones, mid-ocean ridges, or
volcanic areas.

To summarize, both the filtered dataset and the unfiltered dataset led to similar in-
terpretations when the KDE method was applied. Since the uncertainty in earthquake lo-
cations is usually random, a high concentration of earthquakes determined from non-re-
located data should be found in a position close to the nucleus identified from the relo-
cated data, which is what was observed in the case analyzed in this work. The KDE func-
tions proved to be useful treatments and can be considered as a sort of initial, graphical,
fast relocation process, accelerating both the treatment and interpretation of data. This
approach enhances geological and seismological knowledge and improves earthquake
preparedness, prevention, coordination, and rapid response.

6. Conclusions

Two populations of seismic foci point clouds from the seismic series that occurred in
Tiirkiye and Syria during 2023, containing over 60,000 events, were analyzed. The datasets
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included raw data recorded by the Turkish Disaster and Emergency Management Author-
ity (AFAD) [34] and relocated and filtered data from Lomax (2023) [35]. A new technique
was employed to compare these datasets. Analyzing the seismic distribution with depth
allowed for the identification of minimal-frequency earthquake levels that separate dis-
tinct seismically active layers associated with the mechanical behavior of the materials.

This new technique allows the differentiation of seismogenic levels on which the ker-
nel is applied to recognize the geometry of deep three-dimensional structures. Five seis-
mic layers were defined for both raw and filtered data, with slight variations in depth
boundaries: for the raw data: Layer I (0.0-4.9 km), Layer II (4.9-8.8 km), Layer III (8.8-14.5
km), Layer IV (14.5-18.7 km), and Layer V (below 18.7 km); for filtered data: Layer I (0.0-
4.8 km), Layer II (4.8-7.9 km), Layer III (7.9-14.9 km), Layer IV (14.9-18.9 km), and Layer
V (below 18.9 km).

Both datasets align closely with the Main Strand of the EAFZ and the SMFS, with
high-frequency earthquake nuclei recognized in both. The raw data suggest a lack of con-
nection between SMFS and the Main Strand of the EAFZ in most layers.

Kernel density analysis demonstrated that both datasets yield similar geological in-
terpretations. In the southwestern Main Strand, epicenters are concentrated over Quater-
nary deposits and ophiolites, marked by the February 2023 earthquakes. In contrast, the
SMES aligns with the boundaries of elongated metamorphic blocks from the Precambrian
to the Cretaceous. Despite proximity to active faults, seismic activity is notably absent in
Paleozoic volcanic and sedimentary formations and northeastern plutonic formations.

The seismicity at depth reveals extensive, highly dipping to subvertical fractures con-
verging along the EAFZ. While surface structures span a broad area, deeper seismicity is
concentrated along a distinct fault core. This core, dipping northward between a 7 and 20
km depth, resembles the palm-shaped structures seen in strike-slip faults globally.

Seismicity profiles reveal four high-density nuclei for raw data, with three of them
coinciding in horizontal coordinates with those of filtered data. Seismicity is observed up
to about a 20 km depth, with high-magnitude earthquakes corresponding to density cores
in both datasets. Despite limitations like the 7 km depth structure in the raw data (an
artifact due to routine depth attribution of the used catalog of non-relocated data), the
profiles effectively highlight the true morphology of seismicity distribution.

Overall, this study demonstrates that a comprehensive seismic catalog with signifi-
cantly higher uncertainty (such as AFAD database) yields similar interpretations when
analyzed using KDE compared to a relocated catalog (such as the Lomax database). This
proves to be an effective tool for rapid seismic data treatment, a certain degree of filtering
is inherently achieved using KDE (simulating relocation), and interpretation. It would be
ideal to work with these relocated data with very high precision and reliability whenever
available, but this is not always possible. While relocated catalogs are ideal for more pre-
cise and well-defined studies, unfiltered data can lead to similar interpretations with a
significantly shorter response time. While the first type of catalog can be processed almost
instantly or within a few hours after the earthquake occurs, the second type requires a
more extensive effort and longer processing times (days or even months). This technique,
despite its limitations, provides more information relative to other methods in a short
time. It can help to better define a three-dimensional seismic hazards, critical zones, seg-
ment faults, and segments that have been active but are currently inactive.

To evaluate the accuracy of the interpretations resulting from the analysis of the un-
filtered catalog, this study included two forms of validation: an internal validation, which
was performed by comparing two populations, one of which has high reliability and cer-
tainty (Section 5.2); and an external validation, achieved through coherence with regional
geological knowledge (Section 5.1). Based on these validations and the low deviation from
the optimal (represented by the control population), it is concluded that the procedure is
valid for comparing these two populations, which is further corroborated by its alignment
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with independent sources, such as geological data. Moreover, the results are fully sup-
ported by additional sources, such as geomorphology or geophysics, which also converge
on the same observations.

To conclude, this method enhances geological and seismological understanding,
thereby contributing to improved earthquake preparedness and response in the event of
a major earthquake. We propose that this technique could be a routine method used in
seismic centers due to its versatility, agility, and ease of use. This technique, combined
with a tectonic and rheological study of any portion of the lithosphere, is key for defining
the different seismotectonic levels in that zone. This could lead to the generation of a cat-
alog of slices or layers for each section of the Earth, like how we currently perform seismic
zoning for crustal resistance in plan view, but now vertically within the lithosphere.
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Appendix A
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Figure Al. Comparison of stacked point cloud maps for the central and southwestern part of the
EAFZ, represented at different depth ranges (seismological layers) identified by the seismic distri-
bution profile, Layers I to V (Figure 5). Left: AFAD (raw data). Right: Lomax, 2023 (relocated-filtered
data). This figure represents the same maps as in Figure 7 but stacked to illustrate the 3D morphol-
ogy of the patterns. For color codes see Figure 7.
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Figure A2. Comparison of stacked kernel maps of seismicity density for the central and southwest-
ern part of the East Anatolian Fault Zone (EAFZ), represented at different depth ranges (seismolog-
ical layers) identified by the seismic distribution profile, Layers I to V (Figure 5). Left: AFAD (raw
data). Right: Lomax, 2023 (relocated-filtered data). The area where the converging nuclei from up-
per to lower layers is easily identifiable is highlighted by a rectangle. This figure represents the same
maps as in Figure 8 but stacked to illustrate the 3D morphology of the patterns. For color codes see
Figure 8.
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