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Abstract: This paper utilises teleseismic Z-component data to investigate the rupture's propagation,
extent and velocity field for two destructive earthquakes of the East Anatolian Fault Zone (EAFZ); the
Mw=7,8 earthquake occurrence near Kahramanmaras on 2023/Feb/06 and its Mw=7,5 major aftershock
at Elbistan (Cardak Fault). Both earthquakes have been the most devastating in that tectonic region
during the last decades and have caused property damage and human casualties. The extent of
the rupture was modelled with high-resolution beamforming and multichannel classification.The
teleseismic data were derived from agencies in the US and Canada. The rupture of the Mw=7,8
earthquake was found to be bi-directional towards north-east and south-west. A distance of 299 km
was covered in 185 s with varying velocity field values along the main fault, while its splay and the
major aftershock, ruptured, also, bi-directionally, to an extent of 150 km within 46 s. The findings
provide new insights of the evolution of the spatio-temporal rupture of the EAFZ and may serve as a
basis for long-term earthquake hazard planning of the area.

Keywords: High frequency seismic radiation; Teleseismic Array; Turkey earthquake; Rupture propa-
gation; Beamforming; Multi-Signal Classification

1. Introduction
The evolution of major earthquakes and the rupture's propagation within the earth's crust can be

studied using teleseismic data [1–4]. Global teleseismic data is readily available via the Incorporated
Research Institutions for Seismology [3,5], while finite fault-models from teleseismic data for major
earthquakes can be found in the United States Geological Survey (USGS) institute [6]. Teleseismic
data is, however, biased by the distance from the seismic source and the dimension of the fault
[3,7,8]. For example, when the source distance is between 30o to 90o, the body waves propagate
homogeneously through the lower mantel, whereas the triplication effect of the upper mantle is
minimal on the P waveform [8,9]. In addition, the frequencies of the telesesimic waves influence
their travelling since the various wave propagation media may have different impedance for each
frequency and favourable range of frequencies for traversing waves, attenuating, in this manner,
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diversely the incident telesesimic frequencies or even, diminishing some of these. For example, thick
lithosphere relates to weak teleseismic attenuation as has been reported from teleseismic maps from
the Sichuan Basin, China [10]. Also, weaker teleseismic scattering suggests more homogeneous crustal
and uppermost mantle structure, as reported from measurements in the Gulf of Mexico Coastal Plain
[11]. Nevertheless, there are also aspects that the teleseismic data pertain to spurious seismic noise
in the frequency band from about 0.003 Hz to 1.0 Hz due to primary, secondary microseismicity and
hum [3,12,13] and may contain spurious phases stemming from an inhomogeneous source distribution
[9]. Therefore, pure teleseismic data should be used with caution in addition to their lack of source
imaging information [3,14,15].

Advantageous to pure teleseismic data, the fast source inversion offers timely, precise and
rapid source information for earthquake emergency responses and catastrophe assessment [4,16].
Evenly effective to fast inversion, the backprojection techniques are very robust and utilise teleseismic
data for earthquake estimations [e.g. 16–20, and references therein]. These techniques project the
characteristics of the seismic waves to the back in order to estimate their properties. The backprojection
techniques can delineate the coseismic rupture and its propagation [21], something that cannot be
done with pure teleseismic data [15]. The backprojection techniques involve arrays of teleseismic
waves used for the estimation of the properties of the ruptured affected areas [1,15,17,22,23]. They are
based on the seismogram stacking of multi-stations with time reversal [24–26]. Data from multiple
neighbouring stations are used to compose an array which is further utilised to extract the underlying
seismic signals [1,26,27, and references therein]. The backprojection techniques are based on the high
frequency contents of coherent seismic body waves and as a result they do not depend on the structural
inhomogeneities of the earth's crust, nor the geometry of existing fault systems[17,28]. Long and
stationary signals can be estimated with these techniques. The back projection techniques uncover
the propagation extent and can be applied both in time and frequency domains [4,16,17,20,21,29–36].
Different backprojection techniques have different resolutions but all manage to outline the rupture's
patterns of earthquake events [1,17,19–21,37–40] and thus facilitate the study of high energy frequency
radiation patterns emitted from the seismic source. In backprojection techniques, the hypocentre
of an earthquake is considered as a reference point for an array window. Time domain seismic P-
waves are then aligned according to their first arrivals. Grid points are selected near the hypocentre.
In order to delineate the propagation of the radiated rupture front shifting and slant stacking of
high-frequency seismograms are analysed together with stacked waves coherence, time reversal
properties and recorded wave front curvature [1,17,24,25]. The epicentre information is pre-set prior
to data processing. Time delays of the waveforms are then projected back, summed up and stacked.
The back projected stacked waveform has maximum backprojection power which is used for the
estimation of the earthquake's source velocity [17]. The backprojection techniques can delineate the
rupture's progress due to earthquakes evolving in the form of multiple fault segments (with or without
gaps) with the property to restart after a temporal stop until their termination [1,41]. Back projection
techniques are also frequency-dependent and as a result, different subsurface structure favour different
frequency components [42].Note that all back projection techniques depend strongly on near source
events and, hence, depend on the near source scatter artefacts i.e., the water and depth phases effects
and the 3D velocity structure [17,19,43,44].

Various backprojection techniques have been utilised for array processing in earthquake related
rupture, e.g.,the surface wave back projection, the cross-correlation technique and the compression
sensing method.However, the most prominent backprojection methods are the beamforming and
the multiple signal classification (known as MUSIC backprojection technique).Beamfoming is the
most classical backprojection array processing technique that is focused to the energy of the receiver
from the hyphocentre of earthquakes [21,45]. MUSIC technique, on the other hand, is based on the
estimation of the multitaper cross-spectrum and the coherence data matrix [29] which is used for
the differentiation of the spanned subspace that induces an earthquake related signal [46]. As it will
be shown in section 2 both methods have been employed in earthquake related signals especially
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for the study of the propagation of the rupture that seismicity imposes. Taking into account these
fact, this paper utilises beamforming and MUSIC backprojection techniques for the study of two very
destructive earthquakes which occurred in Turkey on 2023 (Figure 1). The first one is the catastrophic
earthquake of Mw=7.8, Kahramanmaras (Pazarcik) (37.28N and 37.035E) and the second one is the
Mw=7.5 earthquake near Elbistan (38.089N and 37.239E), which is considered as the major aftershock
of the Kahramanmaras earthquake. The objective is to study the rupture's propagation of these
earthquakes,the spatiotemporal extent of the rupture front, as well as, its dimension and its velocity
field. To achieve this, back projection is applied on the teleseismic body wave data acquired from thirty
two (32) broadband stations of the USArray network of the US in for the Mw=7.8, Kahramanmaras
earthquake and from one hundred and from four(104) broadband stations located in Canada for the
Mw=7.5 Elbistan aftershock (Figure 1). The one-dimensional AK135 velocity model [47] is employed
for the heterogeneous subsurface of both earthquakes.The conventional beamforming and the MUSIC
backprojection techniques are employed. As mentioned,both techniques focus to the released seismic
energy.

In the following, section 2.4 presents the sources of data and describes the beamforming and
MUSIC backprojection techniques. Section 2.1 gives the specific details of the earthquakes under study.
The results from the application of both techniques the discussion and the evaluation are presented in
section 3.

2. Materials and Methods
2.1. Geology and Seismic Significance of the Area

The collision of the African and Arabian plates on the south and south-east side of the Anatolian
plate form a triple junction [48,49]. The left lateral EAFZ is formed due to break of slabs as the Arabian
plate moves northward with overthrust on the Anatolian plate and exerts anti-clockwise rotation to
the Anatolian plate [48,50–53]. The EAFZ exhibits a slip rate of 10±1 mmdoty−1 [54]. The EAFZ is
restricted by the Karliova region on the northeast and by the Kahramanmaras region on the southwest,
whereas its total length is 550 km [5,16,55–59]. This plate collision has increased the seismicity in the
EAFZ (Figure 2). The north-south rending of the Dead Sea Fault Zone (DSFZ), with an estimated
length of 1000 km, is also a contributor to the seismicity in the EAFZ [55]. Especially the south end of
the DSFZ lies in the Red Sea and, most importantly, its north end merges with the EAFZ at a triple
junction point, near the Kahramanmaras region [51,55]. On the south side the Cyprus trench exists due
to the compression of the African plate on the Anatolian plate [48,60]. Historical seismicity indicates
that the EAFZ was activated through four significant earthquakes of M=6.9 in 1114, Mw=7.0 in 1795,
Mw=7.2 in 1872 and Mw=7.1 in 1893 [51,56]. The Kahramanmaras and Elbistan earthquakes are the
most important seismic events occurred along the EAFZ since 1939, when the catastrophic Mw=7.8
Erzincan earthquake happened.
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Figure 1. Geologic map of the EAFZ. Sub-figure (a): The red stars present the epicentre of the Mw=7.8 Kahra-
manmaras earthquake and of its Mw=7.5 Elbistan aftershock. The aerial distance between the epicentres is
approximately 100 km. ; (b) Map of the utilised stations of the USArray of the US; (c) Map of the utilised stations
of Canada.
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Figure 2. The East Anatolian fault system structure, the events under study and the seismicity of the study area.

2.2. Beamforming Technique

As a backprojection technique, beamforming projects the characteristics of the seismic waves to
the back in order to estimate the properties of the rupture [61]. Beamforming is robust in visualising
the rupture's propagation overcoming, simultaneously, through the analysis of the Pn phases of
the body waves, the limitations due to the high-frequency content of the source's radiation, both in
direction and location, as well as, due to the extent of the rupture. With this technique the seismic
phase timing and the arrival's azimuth are estimated from the seismic sub-events of the radiating
source [62]. In this way, the wave propagation's pattern and delay are determined,however at a low
resolution.Beamfoming, additionally calculates the autoproduct phase difference of seismograms
from multiple stations even if these exhibit time reversal [45]. By utilising the distinct P waves of
coherent signals, beamforming manages to delineate the propagation of the rupture efficiently and
with competitive computation performance. It has the ability to extract even week P wave direct
signals from data. Beamforming has an acceptable signal to noise ratio with a resolution defined only
by the geometry array [37–40].However this latter fact limits its potential since it fails to address the
swimming artefacts which cause the energy to burst forwards from the geometric array due to the
the high frequency content of the large seismic energy released by the sub-events occurring in the
earthquake's hyphocentre and the sequential trade-off between rupture's time and location [21,45].
Beamforming is applied on the time domain [24,34,45,63].Beamforming is performed over sliding
window against the stacked energy against each point of rupture [64].To best estimate the source's
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amplitude, linear stacking is applied to beamforming data prior to processing[25,65].The beamforming
steps are mentioned in Ishii et al. [61].

Regarding earthquake related signals beamforming was employed with success in the 2004
Mw=9,2 Sumatra Andaman,Indonesia earthquake,[30,42,43], the 2008 Mw=7,2 Wenchuan,China
earthquake,[66] the 2005 Mw=7,6 Kashmir,Pakistan earthquake [67], the 2010 Mw= 8,8 Chile earthquake
[37,68], the 2011 Mw=9,0 Tohoku, Japan earthquake [69–75,75,76], the 2012 Mw=8,6 Sumatra,Indonesia
offshore earthquake [44,77–79], in data from Helsinki Area, Southern Finland [80,81], in Salt Lake
city,USA[82],in the Gorda plate interface [83],in the Tongzhou, subcenter of Beijing,China [84],in
San Juan, Argentina earthquake [85],in long monochromatic earthquake signals [86] as well as,in
earthquake related infrasound signals [87,88] and tsunamigenic earthquakes [89]. Beamfroming has
successfully outlined the earthquake related rupture's length with a maximum of 1300 km(for major
earthquakes), as well as, the ruptrure's extend not exceeding 100 s [90].

2.3. MUSIC Backprojection Technique

MUSIC backprojection is a spectral estimation technique based on the covariance matrix of an
earthquake related signal. It is a f-k analysis method of filtered waveforms studied via sliding windows.
MUSIC backprojection is hence a technique in the frequency domain of the seismic signal. In MUSIC
backprojection technique a pseudo-spectrum frequency identifies the arrival's direction from the
hyphoceter's source with maximum spectrum power [29]. The wave field is converted into plane
waves with the seismic covariance matrix eigenvector function. Taking the hypocenter as a reference,
sub-events are generated by the phase shifting of the plane waves. With the eigenvalue decomposition,
a fine resolution image is produced[62]. In this way manages to minimise the variance of the frequency
spectrum of wavenumbers and,consequently, the uncertainties of the seismic phasel's arrival time [29].
The direct P-wave's arrival from the filtered waveform is then aligned and hypothesised to originate
from in the hypocenter's source.Since P-waves have specific directions and velocities, through the
MUSIC backprojection method decomposition, the noise, which exhibits low amplitudes of eigenvalues,
is extracted from the signal, which exhibits high amplitudes of eigenvalues. In this way, the MUSIC
backprojection technique manages to estimate the steering vector of the source's location and the
subspace of the noise in a orthogonal frequency vector space [29]. Through this process, however,
the information capacity of raw signal's amplitude, decreases and,as a result, the cross-spectrum is
estimated within a narrow frequency band. Thereafter,the covariance matrix of the largest eigenvalue
is decomposed with an eigenvector into a subspace signal and its complement into noise subspace [77].
In this way a subspace-spanned signal is defined. During processing with the MUSIC backprojection
technique, the arrivals of the the direct P waves are aligned via multiple channel cross-correlation.

The MUSIC backprojection technique estimates well the arrival direction of long and stationary
signals [29]. Moreover, the MUSIC backprojection technique addresses the swimming effect which is a
major drawback of all other array techniques. The reader should note here that the swimming effect
causes the energy to burst in front of the array due to the high frequencies. This is because large seismic
energy is released in the high frequencies because of many microcracks self-organising and forming a
large cracked region within a sub-event along an earthquake's ray path [77]. The MUSIC backprojection
technique offers good resolution for large earthquakes and is capable in distinguishing nearby sources
[28].This because it adds a reference station which acts as a window reference for stacking during
processing of array data [24,25,62]. Simultaneously, the imaging results of the MUSIC backprojection
technique are not affected by the reference station, however, at the expense of computational resources.
The MUSIC backprojection technique resolves the rupture's process spatio-temporally, because an
earthquake cause multiple faults and of dissimilar focal mechanisms [33]. Note that the conventional
backprojection methods cannot easily resolve nearby sources and in this way, MUSIC backprojection
technique is advantageous [67].However the most significant gain of the MUSIC backprojection
technique is the migration of the swimming effect which is a major artefact of all array techniques
[62]. Moreover,the MUSIC backprojection technique estimates well the arrival direction of long and
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stationary signals[29]. In addition, the MUSIC backprojection technique resolves the rupture's image
well and, surely, way better than the other array techniques [67].

MUSIC backprojection has also been applied to earthquake related signals [29,91,92]. The 2013
Mw=8,3 largest deep earthquake at Sea of Okhotsk off the southwest coast of Kamchatka-Kurile
slab Peninsula the Russian far east and its sequence has been studied with MUSIC backprojection
[29].Volcanic tremor signals and the earthquakes occurred during the 2014–2015 Holuhraun erup-
tion in Iceland were also investigated with the MUSIC backprojection technique. Fault rupture
imaging has been implemented with the MUSIC technique [91]. The 2018-2022 Hualien earthquake
sequence,Taiwan has been investigated with the MUSIC backprojection technique [29].The MUSIC
technique has been applied with success to the 2005 Mw=7,6 Kasmir earthquake, Pakistan [67]. The
2018 Mw=7,5 Palu earthquake-tsunami in the interior of the Molucca sea,Indonesia has been inves-
tigated with MUSIC backprojection [22]. The MUSIC technique has been used in the 2016 Mw= 6.4
Meinong,Taiwan earthquake has been studied [93].MUSIC backprojection has been applied to 56
earthquakes from 2010 to 2022 with MW ≥7,5 and depth less than 200 km [94].The 2021 Mw=7,1
Fukushima earthquake,Japan has also been studied with the MUSIC technique [95].

2.4. Data and Methodology

As mentioned in section 1, the array of the seismic data of this paper are acquired from 32
broadband stations of the USArray network of the US and from 104 broadband stations installed
in Canada. Both networks are oriented approximately in parallel to the dominant direction of the
EAFZ and therefore, the spatial resolution of the acquired data is better along the ruptured fault.
Broadband seismic station arrays are derived both for the main Mw=7.8 earthquake and its major
Mw=7.5 aftershock. First, the seismograms of the direct P-waveforms with clear reference [30] are
aligned through a bandpass frequency filter applied at time t = 0s (arrival time). This is done by
computing the cross-correlation of the first Pn arrivals with 10 s windows [? ], taking into account the
hypocenter's latitude, longitude and depth. Through this approach the uncertainties for the structure
of velocity are minimized. Note, that these uncertainties may cause errors in estimation of the travel
time [30]. Importantly, the seismogram alignment eliminates the delay due to localised side effects [76].
As a result, the energy released from the source is extracted in a compressed form in the frequency
domain [76].

Both for the 2023 Mw=7.8 Kahramanmaras earthquake and its major Mw=7.5 Elbistan aftershock,
the seismograms exhibit a dominant frequency at 0.6 Hz. To cover this frequency, a range of filters
is applied between 0.5 Hz and 1 H and the P-waveform is aligned using the cross correlation with
each earthquake's epicentre as a reference. The source region is then segmented into small grids. The
filtered teleseismic P-waveform is thereafter back-projected to the source. The travel time variation
due to the earth's structure between the source and the receiver is taken into account during back
projection. The velocity of the rupture's front is performed with the 1-D reference model IASP91 [47],
both for the main event and its major aftershock. Note, that back projection dominates also at 0.6 Hz
and therefore, the 0.6 Hz filter resembles the rupture's shear velocity [96]. Since the resolution of the
array of events depends on the waveform's coherence-incoherence and its interference., the filter at
0.6 Hz addresses the time-frequency trade-off and the coherency of the array data and this should be
emphasised. Significantly, both earthquakes are taken as an array of sub-events of the event series
along the rupture that radiates energy at high frequencies [97]. The MUSIC backprojection technique
is applied to the teleseimic data also at a peak frequency of 0.6 Hz [9] The array network processing
and the image generation with the MUSIC backprojection technique enhances temporal evolution. For
better resolution with MUSIC backprojection technique the calibration of slowness is carried out [62].
Importantly, cross-spectrum narrow-band estimates are also employed in the MUSIC backprojection
technique.
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3. Results and Discussion
The rupture of the Kahramanmaras and Elbistan earthquakes started with the occurrence of the

Kahramanmaras earthquake on 6 of February 2023 and thereafter, propagated and radiated energy
along the whole of the activated region of the fault zone [98]. Beamforming identifies three segments
for the rupture of the Kahramanmaras earthquake (Figure 3 as there is a concentration of red-orange
yellow points between 34,5◦ and 37,5◦ longitude and 37,0◦ and 37,5◦ latitude along the downward
fault (red) line (segment 1), a second concentration of dark blue lines between 37,0◦ and 37,5◦ longitude
and around 37,5◦ latitude (segment 2) and the remaining series of mainly cyan points approximately
above 37,0◦ longitude and above 37,5◦ latitude (segment 3). Interestingly, segment 2 points are near
the Kahramanmaras earthquake's epicentre. As can be observed in Figure 3,subfigure a,beamforming
is not successful in resolving the extent and the pattern of the rupture because it gives puzzled
information regarding both the direction and the limits of the rupture. Indeed in both figures the
majority of the data points are away from the activated fault segment (red lines). This may be attributed
to the swimming effect and to potential deviations between the actual velocities of the sub-surface and
the ones according by the IASP91 model. On the other hand, beamforming successfully distinguishes
the rupture's extent from the fault's geometry Figure 3.Indeed the black lines which delimit rupture's
extent are well away from the red ones for of both sub-figures of Figure 3,subfigure a,i.e. this is valid
for both the Kahramanmaras earthquake and its aftershock. This can be explained by the fact that the
high-frequency coherent P-body waves are related both to the earthquake's triggering and its extend
[68,99,100].

(a) Beamforming from the Mw=7.8 Kahramanmaras
earthquake data.The red star shows the epicentre
of the Kahramanmaras earthquake.

(b) Beamforming from the Mw=7.5 Elbistan after-
shock's earthquake data.The red star shows the epi-
centre of the Elbistan aftershock.

Figure 3. Results of the beamforming technique. The coloured scale of the points represents the intensity of the
output of beamforming. The red lines represent the activated faults segments

As with beamforming, MUSIC backprojection identifies three segments for the rupture of the
Kahramanmaras earthquake (Figure 4, subfigure a). The first segment (segment 1) is observed for the
concentration of red and orange and some green points between 36,5◦ and 37,0◦ longitude and around
37◦ latitude. The second segment (segment 2) is for the concentration of dark blue points between
37,0◦ and 37,5◦ longitude and around 37,5◦ latitude. This segment is also near the Kahramanmaras
earthquake's epicentre and this should be emphasised. It is significant and should pointed out,that both
beamforming and MUSIC backprojection technique coincide in the longitude-latidude and intensity
findings from the dark blue points around the earthquake's epicentre. The third segment (segment
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3) is for the concentration of light blue-cyan points approximately above 37,0◦ longitude and above
37,5◦ latitude, importantly,at the same longitude-latitude ranges as the ones of segment 3 points from
the beamforming technique. However,in both Figure 3, subfigure a (beamfroming Kahramanmaras
earthquake's results) and Figure 4,subfigure a (MUSIC backprojection's Kahramanmaras earthquake's
results) there are points that are away from the downward fault (red) line, indicating rupture's spatial
discrepancies for both techniques. This is more pronounced for the results of the backprojection's
technique. As has been explained already in several parts of the text above, MUSIC backprojection is
advantageous for the investigation of the rupture of earthquakes [e.g. 93, and references therein]

The Elbistan aftershock evokes in the upward fault three more segments in the outcomes from
the application of MUSIC backprojection Figure 4, subfigure b. The first segment (segment 1) is
found between 36,5◦ and 37,0◦ longitude and around 38◦ latitude where red and orange points
concentrate.The second segment (segment 2) is observed as a concentration of dark blue points around
37,5◦ longitude and 38,0◦ latitude. This segment is also near the Elbistan afteshock's epicentre.The
third segment (segment 3) is found as a concentration of light blue-cyan and green points around 38,0◦

longitude and latitude. Only six points deviate from the upward fault (red) line, whereas two point are
in the downward fault line.Beamforming rather fails to discriminate these segments.Only some dark
blue, cyan and green point are within the upward fault line.However there is a discrete concentration
of red-orange points between 37,0◦ and 38,5◦ longitude and between 38,5◦ and 39,0◦ longitude. In this
sense beamforming seems to discriminate two segments.

Both backprojection techniques identify discrete intensity segments. Five (5) total segments
are found by beamfoming while MUSIC backprojection technique identifies six (6) segments.This
is in line with the international literature.. Indeed as already mentioned, backprojection suffers
from artefacts due to swimming effects whereas MUSIC backprojection is not sensitive to these
[1,24,29,45,62,88,93].As already mentioned the swimming effects are a significant factor of point
deviations between these two techniques because they cause the seismic energy to burst in front of the
array of stations'data due to the high frequencies contribution [17,22,24,29].Another mentioned reason
is potential the deviation between the actual velocities of the sub-surface and those calculated by the
IASP91 model [2,6,43,58,66,94]. As both backprojection techniques indicate, some intensity points are
scattered and away from the points'mainstrream. This is more or less expected since the evolution
of both Kahramanmaras and Elbistan earthquakes were complex [54,57,59,101] and as a result the
rupture's evolution is hard to predict fully.Moreover, the progress of earthquakes follow fractal patterns
of self-organised criticality [102] and as a result the rupture's progress can be strongly biased by these
physical pathways adding more deviation to the results data. On the other hand,both beamforming and
MUSIC backprojection technique coincide in the longitude-latidude and intensity findings from the
dark blue points around the earthquakes and especially near both epicentres.This is also significant and
should be emphasised. For both earthquakes, the beamfoming and MUSIC backprojection techniques
indicate a main concentration points being along the direction of the dissipation of the energy.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 February 2025 doi:10.20944/preprints202502.2064.v1

https://doi.org/10.20944/preprints202502.2064.v1


10 of 18

(a) MUSIC backprojection technique application to
the Mw=7.8 Kahramanmaras earthquake data. The
red star shows the epicentre of the Kahramanmaras
earthquake.

(b) MUSIC backprojection technique application
to the Mw=7.5 Elbistan aftershock's earthquake
data.The red star shows the epicentre of the Elbis-
tan aftershock.

Figure 4. Results of the MUSIC backprojection technique. The coloured scale of the points represents the intensity
of the output of the MUSIC technique.The red lines represent the activated faults segments

The rupture's velocities of the segments of both events can be calculated by estimating the slip
rate through the corresponding slip model of each ruptured patch [96].Through this approach the
velocities of the rupture are divided in six (6) velocity segments (Figure 5). Three velocity segments of
the downward fault (segments 1, 2a, 2b and 3) are due to Mw=7,8 Kahramanmaras earthquake and
the remaining segments (segments 4 and 5) are in the upward fault line and due to Mw=7,5 Elbistan
aftershock. Since the Mw=7.8 Kahramanmaras earthquake was generated at the splay of the EAFZ
16 km away from the main fault, the rupture initiating from the earthquake's epicentre covered the
16km distance in 6 s. That occurred in the first velocity segment and moved towards the main EAFZ.
In the second velocity segment, the rupture exhibited a bi-directional pattern on the north-east and
south-west sides but yields different velocities, possibly, due to lithological differences. Therefore, the
second velocity segment is divided into two sub-segments, namely segment 2a (north-east side) and
segment 2b (south-west side). The segment 2a covered the 108 km distance of along the main fault
along the north-east direction in 35 s with an average velocity of 3,1 km/s. Simultaneously, the rupture
propagated in the south-weste side namely, segment 2b covered the distance of 35 kmin 10.5 s with
an average velocity of 3,4 km/s. After covering the distance of 35 km kilometres, the 2b segment's
rupture was momentarily blocked. For segment 2b the average velocity is near to super-shear velocity,
i.e., it is asub-shear velocity. After 41 s the 3rd segment initiated along the south side of the main
fault. The direction of segment 3 is south-east with a dominant direction southwards. This process
continued for the next 42 s and covered the distance of 140 km before the rupture arrest. Segment 3 has
an average velocity of 3,3 km/sec as shown in Figure 5. Therefore, these segment rupture seizures may
be due to the transition zone of brittle-ductile subsurface material along the fault. The Elbistan major
aftershock was a left-lateral strike-slip fault [58,59,101] that occurred 9 h and 7 min after the main event
and propagated in both directions from the epicentre. The first phase of this aftershock corresponds
to segment 4. Its rupture propagated along the north-east direction with an average velocity of 3.21
km/s. The duration of this segment was 28 s and covered 90 km distance. The rupture re-initiated from
the epicentre in segment 5 along the south-west direction. It attained an average velocity of 3,4 km/s
which approaches a super shear velocity (Figure 5). This may be due to its strike-slip nature [64]. The
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total distance covered in this segment is 60 kmwith a duration of 17,5 s before the rupture stopped.
Hence the total rupture's velocity is of 3,2 km/s. Table 1 presents the information of all the segments.

Figure 5. The delimeted rupture segments of the Kahramanmaras and Elbistan earthquakes.

Table 1. Results from the investigated techniques for both earthquakes under study

Mw=7,8 Kahramanmaras Earthquake
Segment Distance (Km) Time (sec) Velocity (Km/sec) Direction
1 16 6 3,2 North
2 a 108 35 3.1 North-east
2 b 35 10.5 3,4 South-west
3 140 42 3,3 South-west
Mw=7,5 Elbistan earthquake
4 90 28 3,2 North-east
5 60 17.5 3,4 South-west

From the above data it becomes evident that both earthquake events attain on average sub and
super shear velocity. It is interesting that sub and super shear velocity has been reported for the same
earthquake doublet also by a recent publication [58]. Super-shear velocity was observed in the 2002
Denali fault earthquake [103], in the 2010 Qinghai, China, earthquake [104],in the 2013 Craig, Alaska
Mw=7,5 earthquake [105], in the Mw=6,7 aftershock of the 2013 Sea of Okhotsk earthquake [106],in
several short-period earthquakes [94],in laboratory earthquakes along inhomogeneous faults [107] and
in several oceanic and continental earthquakes [63].It should be mentioned here that both earthquakes
have bilateral rupture's propagation but, as mentioned above, with different velocities and segments.
According to the findings. the rupture nucleates along the strike. A possible explanation is that the
nucleation propagation of the rupture initiates when the strength exceeds the strength of the fault and
this happens when the strength of the rupture exceeds the friction of the fault, which is the barrier for
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the propagation of the rupture [108]. This means, in turn, that the ruptured segments of the fault along
the main event, may be an indication that the subsurface lithology transit between brittle and ductile
materials. All these occur possibly at the hypocenters of both earthquakes.The rupture's segments are
captured in the frequency range between 0.5 Hz and 1.0 Hz indicating a frequency range including,
interestingly, the dominant P-wave frequency of 0.6 Hz.At the tip of each segment, the extent of
the propagating rupture,more or less, runs into the surrounding lithology, but encounters obstacles
because of increased strength at the boundary of the sub surface. and below. This, in turn, makes the
first rupture to stagnate and then stop due to the propagation's phase. Both stress and friction of the
fault's lane impose damages along the affected area depending on the rupture's velocity and its extent
both relating to the properties of fault zone [98]. Estimating the rupture's segmentation, direction,
velocity and extent through phase-coherent direct P-waves is a significant approach to delineating
earthquake related parameters. Although earthquakes are still hard to forecast [102], the scientific
efforts to delineate the associated rupture is of great importance especially for catastrophic earthquakes
as the the seismic doublet of Turkey, 2023.

4. Conclusions
In this paper back projection source imaging techniques are utilised for body waves recorded

by seismic arrays at regional scale distances via P-direct waves. The employed methods were the
conventional beamforming and the MUSIC backprojection. Especially the MUSIC backprojection
method was applied with multi-taper cross-spectral estimation to achieve a sharp source imaging.
Through these techniques key rupture's aspects were extracted, such as the location and evolution of
the high frequency radiation sources of the rupture process. The results indicated that there are phases
of approximately super shear rupture velocity both for the main earthquake its major aftershock. At
the tip end of rupture's extent, the originated high-frequency radiations arrest. Therefore, the end
tip of each segment was delimited along with the extent of the rupture. The direct P-waveforms
were filtered in a frequency window including the dominant 0.6 Hz frequency. The beamforming
technique was not successful in resolving the rupture's process of any event. In contrary, the MUSIC
backprojection technique resolved the segments and quantified the rupture behaviour of both events.
This is because the sliding concept of the reference window that was applied in MUSIC backprojection
at low frequencies enabled the mitigation of the swimming artefact on the time shift stack, which
is a result of the non-stationarity of the recorded signals. The MUSIC backprojection method's
results revealed the rupture's and velocity's segments and their process for both the 2023 Mw=7.8,
Kahramanmaras earthquake and its major Mw=7.5 Elbistan aftershock. Five velocity segments were
identified in the main event with a total distance of 299 km that was covered in 185 s. Two segments
were delimited in the major aftershock with a total distance of 150 km covered in 46 s. Comparing
beamforming and MUSIC backprojection techniques outputs, the results from MUSIC backprojection
techniques are more reliable for validating rupture's processes of both earthquakes under investigation.

Evaluation-Limitations
The approach followed in this paper focused on a very important earthquake doublet that occurred

recently (2023) in Turkey.These earthquakes imposed significant damages and, only due to this, the
investigation of the rupture of these earthquakes makes this paper of interest.Due to the significance
of these earthquakes several papers were published for these. A selected set of these is presented in
this paper.The investigation included two well accepted techniques with very recent publications on
the subject. Both facts add value to this research.The employed techniques have been and are used by
investigators for the study of earthquakes'associated rupture and the spatio-temporal characteristics of
this.According to presented literature data,numerous medium and big earthquakes have been studied
with beamforming and,especially, MUSIC backprojection.The techniques estimated the rupture's
spatial characteristics but not the temporal ones. This is a limitation.Rupture and velocity segments
were identified and quantified.On the other hand, the 1-D velocity model used is from 1991, despite
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still in use. The use of 3-D velocity models will be a future approach,but for this paper it is another
limitation.The paper basically concluded that both events are associated with sub and super shear
velocity. This was found by other publications and especially for the same earthquake doublet.This is
a positive contribution.In general the paper outlined and utilised mainly recent references and showed
the scientific interest on this subject.The application of these techniques to more earthquakes is needed
to establish its generality and usability.
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