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Abstract
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311–321, doi: 10.1785/0320230034.

We investigate the source scaling and ground-motion variability of 1585 earthquakes
with Mw > 3 occurring along the East Anatolian fault since 2010. We compile a dataset
of 17,691 Fourier amplitude spectra of S waves recorded by 186 stations. A spectral
decomposition is applied to isolate the source contribution from propagation and site
effects. Source spectra are fit with Brune’s model to estimate seismic moment and corner
frequency and to compute the stress drop Δσ. The 10th, 50th, and 90th percentiles of the
Δσ distribution are 0.18, 0.51, and 1.69 MPa, respectively, and the average Δσ increases
with earthquakemagnitude. For the twomainshocks of the 2023 sequence, the estimated
Δσ is about 13 MPa, significantly larger than the Δσ of the smaller events. At intermediate
and high frequencies, the interevent residuals are correlated with Δσ. When recorded
peak ground accelerations and velocities for Mw < 6 are compared with the predictions
from ground-motionmodels proposed in the literature, the negative value of the average
interevent residuals is consistent with low values of Δσ. Contrariwise, the average resid-
uals for the peak parameter of the Mw 7.8 and 7.5 mainshocks of the 2023 sequence are
almost zero, but with distance dependencies.

Introduction
On 6 February 2023, a seismic sequence struck Türkiye and

Syria along the East Anatolian fault (EAF) zone in the

Kahramanmaraş province. The sequence was initiated by an

Mw 7.8 earthquake along the Nurdağı-Pazarcık fault, located

south of the EAF, and followed approximately 9 hr later

by an Mw 7.5 event involving the Sürgü and Çardak faults

(Goldberg et al., 2023; Melgar et al., 2023). According to

the Disaster and Emergency Management Authority (AFAD),

the combined death toll in Türkiye and Syria exceeded 52,000,

and the extension of the affected area contributed to generate a

widespread damage that exceeded expectations. The two main-

shocks were recorded by a large number of accelerometers

belonging to the AFAD network (see Data and Resources),

allowing the characteristics of the ground shaking to be studied

even at close source distances. The aim of this study is to relate

the differences between observed and predicted ground

motions to the distribution of source parameters, and in par-

ticular to the scaling of the stress drop with the seismic

moment. The strategy we follow is the following: first, we esti-

mate the source parameters of events with magnitude greater

than 3 occurring since 2010 using a spectral decomposition

approach; then, we calibrate a regional ground-motion model

(GMM) that allows us to capture the spectral scaling with dis-

tance and magnitude in eastern Türkiye, partitioning the resid-

uals into event- and station-specific components; finally, to

relate the results of the ground-motion residual analyses to

the source parameter distributions, we quantify the correlation

1. German Research Centre for Geoscience GFZ, Potsdam, Germany, https://orcid.org/0000-
0002-8619-2220 (DB); https://orcid.org/0000-0001-9133-1750 (RZ); https://orcid.org/0000-
0002-9242-3996 (FC); https://orcid.org/0000-0001-9347-2282 (GW); 2. Université Grenoble
Alpes, Institut des Sciences de la Terre, Grenoble, France, https://orcid.org/0000-0002-4874-
3730 (SRK)

*Corresponding author: bindi@gfz-potsdam.de

© 2023. The Authors. This is an open access article distributed under the terms of the CC-BY
license, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

https://www.seismosoc.org/publications/the-seismic-record/ • DOI: 10.1785/0320230034 The Seismic Record 311

Downloaded from http://pubs.geoscienceworld.org/ssa/tsr/article-pdf/3/4/311/6021977/tsr-2023034.1.pdf
by guest
on 03 April 2024

https://orcid.org/0000-0002-8619-2220
https://orcid.org/0000-0001-9133-1750
https://orcid.org/0000-0002-9242-3996
https://orcid.org/0000-0001-9347-2282
https://orcid.org/0000-0002-4874-3730
https://doi.org/10.1785/0320230034
https://orcid.org/0000-0002-8619-2220
https://orcid.org/0000-0002-8619-2220
https://orcid.org/0000-0002-8619-2220
https://orcid.org/0000-0001-9133-1750
https://orcid.org/0000-0002-9242-3996
https://orcid.org/0000-0002-9242-3996
https://orcid.org/0000-0001-9347-2282
https://orcid.org/0000-0002-4874-3730
https://orcid.org/0000-0002-4874-3730
https://www.seismosoc.org/publications/the-seismic-record/


between interevent residuals and stress drop at intermediate

and high frequencies.

Data
Waveforms are downloaded from AFAD and European

Integrated Data Archive repositories (see Data and Resources)

using the stream2segment software (Zaccarelli et al., 2019).

Download is guided by the AFAD seismic catalog, setting the

minimum magnitude to 3 for events occurring in the study area

(Fig. 1) before February 2023 and to 4 for events occurring later.

The maximum selected depth is 30 km, and only recordings at

hypocentral distances smaller than 250 km are considered. The

dataset is mostly composed of strong motion recordings, but

broadband recordings are also collected for events with a mag-

nitude below 4. The processing workflow includes pass-band fil-

tering with magnitude-dependent high-pass (f hp) and low-pass

(f lp) corner frequencies (i.e., f hp � 0:3 Hz for magnitude below

6 and f hp � 0:08 Hz for larger events; f lp � 40 Hz for all

events), correction for the instrumental response, computation

of Fourier amplitude spectra (FAS) for windows selected using

an energy criteria, and smoothing with a triangular window. The

energy criterion is applied by selecting the following distance-

dependent percentiles for the cumulative of the squared velocity:

0.025–0.95 for hypocentral distances R < 25 km; 0.05–0.85

for 25 ≤ R < 50 km; 0.05–0.8 for 50 ≤ R < 100 km;

0.05–0.75 for R ≥ 100 km; the minimum duration is fixed to

5 s and the maximum to 30 s for R < 20 km, to 40 s for 20

≤ R < 80 km, and to 50 s for R ≥ 80 km. Only spectra with

a signal-to-noise ratio larger than 5 for frequencies within

the range 1–6 Hz and larger than 2 outside this range are con-

sidered for the analysis. We consider events and stations with at

least three recordings. The final dataset, shown in Figure 1, is

composed of 1585 earthquakes, 186 stations, and 17,691 FAS,

computed as the square root of the sum of the two horizontal

spectra squared.

Ground-Motion Residuals
We use the ground shaking intensity model (eGSIM) service

(see Data and Resources) to compute the observed minus pre-

dicted residuals for peak ground acceleration (PGA) and

Figure 1. Analyzed dataset for the East Anatolian fault zone. Locations
(circles) are taken from the Disaster and Emergency Management
Authority catalog; moment magnitudes Mw and stress drop Δσ are
derived in this study. Black triangles indicate the location of the con-
sidered stations. The focal mechanisms are downloaded from the Global
Centroid Moment Tensor Project. See Data and Resources, for details.
The inset map shows the location of the study area (black box) within the
Euro-Mediterranean region
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velocity (PGV), considering the previous derived GMM for

Europe. For events with a magnitude smaller than 7, predic-

tions are computed using the (Bindi et al., 2014) GMM. We

select a GMM based on a simple functional form to avoid

the need to use a priori values for unknown variables. We also

select a GMM based on the hypocentral distance. We set the

shear-wave velocity averaged in the uppermost 30 m to 420 m/

s, that is, the median value for stations that recorded the main-

shock at distances within 300 km. The mean ± one standard

deviation of the residuals are (−0.94 ± 0.83) and (−0.47 ± 0.70)

for the natural logarithm of PGA and PGV, respectively, indi-

cating that PGA and PGV values were overestimated, on aver-

age, by predictions. To investigate the magnitude dependence

of the overestimation, Figure 2a,b shows the interevent stand-

ardized residuals against magnitude. The negative mean values

obtained for both PGA and PGV are mostly controlled by

magnitudes smaller than 5, whereas residuals for larger mag-

nitudes are approaching zero. Therefore, we also evaluate the

residuals for the Mw 7.8 and 7.5 events. For the two main-

shocks, we analyze the peak parameters and use the site infor-

mation provided for these events by the Engineering Strong

Motion service (see Data and Resources) that disseminates

processed data revised by experts. To account for the extension

of the fault, residuals are computed using the European model

developed by Kotha et al. (2016), here applied considering the

regional attributes for Türkiye and the Joyner–Boore distances

RJB (i.e., the minimum horizontal distance to the surface pro-

jection of the fault, and set to zero for those stations located

within the surface projection). Figure 2c,d shows the PGA

and PGV standardized residuals versus distance for the

Mw 7.8 event; Figure 2e,f for the Mw 7.5 event, considering

RJB < 300 km. For Mw 7.8, the average residual for both

PGA and PGV are close to zero but show distance dependen-

cies. For RJB < 100 km, the residuals are mostly positive (i.e.,

observations larger than prediction), whereas the residuals

decrease and become negative at larger distances. A similar

pattern is also observed for Mw 7.5, although in this case

the average standardized residuals for PGV are positive

(0.37). The rapid attenuation observed for the EAF region is

consistent with the adaptation of the European backbone

model (Kotha et al., 2020), as proposed by Weatherill et al.

(2020) for probabilistic hazard assessment in Europe. It is

worth noting that more recent European models (e.g.,

Kotha et al., 2020) may better capture the regional variability

of ground shaking and near-source ground motion. Because

the main objective of the residual analysis performed in this

study is to confirm whether the ground motions generated

by small and large events behave differently compared to

the predictions, a comprehensive residual analysis considering

more complex models requiring regional adaptations is beyond

the current scope of the study.

In summary, the ground-motion residual analyses show

that although the ground motions generated by the main-

shocks, measured in terms of PGA and PGV, are on average

consistent with expectations from GMMs, the peak parameters

predicted for the small-to-moderate events overestimate the

observations. To relate the results of the residual analysis to

source effects, in the next section we use the source spectra

isolated from propagation and site effects to evaluate the

scaling of stress drop with seismic moment.

Spectral Decomposition
We apply spectral decomposition (Bindi et al., 2020) to split

source, propagation, and site amplification effects. The decom-

position is performed for each frequency separately using a

nonparametric approach described by the following:

logFASes � log Se � logP�Res� � logZs, �1�

in which FASes is the spectral amplitude of event e recorded by

station s, P�Res� describes the propagation effects between

event e and station s; Res is the hypocentral distance; Se is

the source spectral amplitude of earthquake e; Zs represents

the site amplification effects at station s; and log indicates

the logarithm in base 10. Considering all available e and s com-

binations, equation (1) generates an overdetermined linear sys-

tem that we solved in a least-squares sense. To remove two

unresolved degrees of freedom, we constrain the propagation

term to one at 10 km, and we assume a reference site ampli-

fication model.

We first perform the spectral decomposition focusing on

the propagation term. Therefore, we select events with magni-

tudes in the AFAD catalog above 4, and we constrain the aver-

age of site amplification over the whole set of stations to one.

The distance range is discretized, with nodes placed every 4 km

for Res < 102 km; every 6 km for 102 < Res < 220 km; and

every 10 km for Res > 220 km. The spectral attenuation is lin-

earized between two consecutive nodes and smoothed by

requiring its second derivative with distance to be small.

The obtained spectral attenuation P�Res,f � for the considered
frequencies f is shown in Figure 3b and provided as a table in

the supplemental material. After correcting the spectral
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Figure 2. (a) Interevent residuals for peak ground acceleration (PGA)
for Mw < 7 events and using the (Bindi et al., 2014) ground-motion
model (GMM). (b) The same as in panel (a), but for peak ground velocity
(PGV). Residuals for (c) PGA and (d) PGV for the Mw 7.8 event using
the parametric information provided by the Engineering Strong

Motion database (see Data and Resources) and considering the Kotha
et al. (2016) model. (e,f) The same as in panels (c) and (d), but for
the Mw 7.5 earthquake. In all the panels, dotted lines indicate the
mean residual, and the trend lines in black are the result of local
regressions.

https://www.seismosoc.org/publications/the-seismic-record/ • DOI: 10.1785/0320230034 The Seismic Record 314

Downloaded from http://pubs.geoscienceworld.org/ssa/tsr/article-pdf/3/4/311/6021977/tsr-2023034.1.pdf
by guest
on 03 April 2024

https://www.seismosoc.org/publications/the-seismic-record/


amplitudes for P�Res,f �, the linear system generated by equa-

tion (1), modified by considering FASes=P�Res� on the left-

hand side, is solved to separate the source spectra Se from

the site amplifications Zs. This second decomposition is per-

formed considering all events but limiting the distances to

110 km to increase the signal-to-noise ratio for events with

magnitudes below 4 and to mitigate the impact of propagation

complexities affecting longer paths.

The assumed reference amplification model (Fig. 3c, red

line) corresponds to a generic crustal amplification model

multiplied by a negative exponential term controlled by

k0 � 0:035 s (Bindi et al., 2021), in which the k0 value is

empirically chosen to obtain, on average, flat source accelera-

tion spectra as predicted by the considered ω2 source model

(Brune, 1970). The reference amplification model is used to

constrain the average amplification of a set of reference sta-

tions. The reference stations (Fig. 3c, blue lines), which are

selected as stations with small amplification compared to

the network average, are nearly frequency independent. To

choose these, we inspect the results of a preliminary inversion

performed by setting the average amplification over all stations

to one, regardless the frequency, and select stations with an

overall amplification median < 0.5 and 95th percentile < 1.5.

The obtained site amplifications Zs are shown in Figure 3c

(black); the green curve exemplifies the result for station 4628

(Kahramanmaraş) belonging to the AFAD network TK (see

Data and Resources). The AFAD site characterization per-

formed for station 4628 indicated that the shear-wave velocity

averaged over the uppermost 30 m is VS30 � 186 m=s. The res-
onant peak of amplification at 1.8 Hz, as evidenced by the

microtremor horizontal to vertical spectral ratios (H/V) for

response spectra (see Data and Resources), is in agreement with

the peak also shown by the spectral decomposition result.

Contrariwise, the decomposition result shows a broad range

of amplifications above the fundamental resonance not captured

by the H/V ratios for microtremors, suggesting possible 2D–3D

amplification effects also affecting the vertical component.

The nonparametric source spectra (Fig. 3a) are fit to the

Brune model (Brune, 1970):

S�f � � Ω0

�1� �f =f c�2�
, �2�

in which f c is the corner frequency, and the low-frequency

spectral level Ω0 is proportional to the seismic moment M0.

To make the moment magnitudes compatible with those in

Figure 3. Results of the spectral decomposition. (a) Source spectra (events
with Mw > 6 are shown with different colors). (b) Spectral attenuation
curves (the average attenuation computed over different frequency
ranges is shown using different colors as in the legend); models 1/R and
1=R2 are shown for comparison. (c) Site amplification terms: site
amplifications at selected reference stations are shown in blue, with their
average constrained to the amplification model shown in red; the green
spectrum is the amplification obtained for station 4628 of the TK network
(see the Spectral Decomposition section, for more details).
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the AFAD catalog, we first fit the source spectra to get the val-

ues of the low-frequency plateau levelΩ0 and f c for events with

a magnitude below 6; then, the Ω0 values are transformed to

M0 and the average offset with respect to the values obtained

from the catalog; finally, the source fit is repeated over the

spectra corrected for the offset and constrainingM0 to the val-

ues obtained from the catalog when available (i.e., for those

events withMw provided by the AFAD catalog only f c is deter-

mined). The M0 and f c values (Fig. 4a; supplemental informa-

tion) are used to compute the stress drop Δσ for a circular

rupture with uniform Δσ (Eshelby, 1957):

Δσ � 7
16

M0

r3
, �3�

r � 0:37β
f c

, �4�

in which we considered the shear-wave velocities β at the hypo-

central depths extracted from the 1D velocity model proposed

by Güvercin et al. (2022). The scaling of Δσ withM0 and depth

is shown in Figure 4b and 4c, respectively.

Regarding the mainshocks, the extension and complexity of

the rupture processes cannot be described by a simple circular

rupture model. Nevertheless, to provide a first-order estimate

of Δσ also for the two main events consistent with the values

provided for smaller events, we consider an elliptical rupture

model with semiaxes a and b, that is,

Δσ � 3
4
η
M0

πab2
, �5�

in which η is a function of Poisson’s modulus (here assumed

equal to 0.25) of the aspect ratio a/b and of the complete ellip-

tical integrals of the first and second kinds (Eshelby, 1957). In

equation (5), we compute the semiaxis as a = L/2 and b =W/2,

in which L and W are the length and width of the rupture,

respectively. Using L = 300 km and W = 20 km for the event

with magnitude Mw 7.8, and L = 110 km and W = 20 km for

theMw 7.5 event (Goldberg et al., 2023), we get Δσ � 13 MPa

for both the events (shown as red squares in Fig. 4). Although

these estimates are based on an oversimplified model, and

alternative estimates of L and W would produce different val-

ues, the obtained values are consistent with the trend shown by

the scaling in Figure 4b, which suggests Δσ values for the two

Figure 4. Scaling of source parameters. (a) Seismic moment versus corner
frequency color with colors proportional to the root-mean-square
error (RMSE) of the source spectral fit. (b) Stress drop values versus
seismic moment color coded with hypocentral depth; the trend line
is determined by performing a local regression (loess). (c) Stress
drop values against hypocentral depth, with colors representing
the moment magnitude. In all the panels, the red squares indicate
the results obtained for the Mw 7.8 and 7.5 mainshocks using
equation (9).

https://www.seismosoc.org/publications/the-seismic-record/ • DOI: 10.1785/0320230034 The Seismic Record 316

Downloaded from http://pubs.geoscienceworld.org/ssa/tsr/article-pdf/3/4/311/6021977/tsr-2023034.1.pdf
by guest
on 03 April 2024

https://www.seismosoc.org/publications/the-seismic-record/


main events of the order of 10 MPa. Stress drop values of the

same order, that is, between 8 and 10 MPa, were also estimated

for the two large strike slip events that occurred in 1999 along

the North Anatolian fault—the Mw 7.6 Izmit and Mw 7.2

Düzce earthquakes (Akinci et al., 2006).

GMM
We perform a mixed effects regression (Bates et al., 2015) to

quantify source-related deviations from the median predic-

tions of a GMM capturing the regional scaling with magnitude

and distance in eastern Türkiye. For each frequency, we con-

sider the following model:

LogFAS � F�M� � G�R� � Q�R� � δBe � δSs � ϵ , �6�

in which the magnitude scaling F(M) is given by

F�M� � e1 � b1�M − 4:5� � b2�M − 4:5�2, �7�

and the distance-dependent attenuation scaling is defined by

the geometrical spreading term:

G�n1,n2,n3;Log�R�,Ra,Rb��

�

8>>>>><
>>>>>:

n1Log
�
R
10

�
if R≤Ra

n1Log
�
Ra
10

�
�n2Log

�
R
Ra

�
if Ra<R≤Rb

n1Log
�
Ra
10

�
�n2Log

�
Rb
Ra

�
�n3Log

�
R
Rb

�
otherwise

, �8�

and by the anelastic attenuation term:

Q�k;R,Ra,Rb��

�

8>><
>>:

0 if R<Ra

k1�R−Ra�=100 if Ra ≤R<Rb

k1�Rb −Ra�=100�k2�R−Rb�=100 otherwise

, �9�

in which the fixed effects e1,b1,b2,c1,c2,c3,k1,k2 define the

median predictions for different Mw and R scenarios, and

the hinge distances are set to Ra � 8 km and Rb � 60 km.

The random effects δSs and δBe (Atik et al., 2010) are intro-

duced to partition the residuals according to station (intersta-

tion) and event (interevent) grouping factors, respectively,

whereas the leftover distribution ϵ absorbs contributions to

the residuals that are not event or station specific (e.g., path

or radiation pattern effects). The interstation and interevent

residuals approximate normal distributions with zero mean

and standard deviation ϕS and τ, respectively. Because the ran-

dom effects are independent distributions, the standard

deviation σ of the complete residual distribution is given by

σ �
���������������������������
τ2 � ϕ2S � ϕ20

p
, in which ϕ0 is the standard deviation

of ϵ . The values of the standard deviations for the analyzed

frequencies are shown in Figure 5a. In agreement with the pre-

vious studies (e.g., Bindi et al., 2020; Kotha et al., 2022), the

largest contribution to ground-motion variability σ is given

by the site component ϕS, in particular at high frequencies.

Results and Discussions
Source parameters
The source scaling (Fig. 4b) shows that the averageΔσ increases

with M0. For events with magnitudes below 4, the 10th, 50th,

and 90th percentiles of the Δσ distribution are 0.15, 0.37, and

1.09 MPa, respectively, and they increase to 0.32, 0.79, and

2.08 MPa for magnitudes between 4 and 5. The exponent

ϵ � 0:13 found for the M0 ∝ f −�3� ϵ �
c relationship (Kanamori

and Rivera, 2004) confirms the weak departure from self-sim-

ilarity. The increase of Δσ with M0 with the tendency of satu-

rating for large magnitudes has already been observed for

sequences in other regions, such as the 2019 Ridgecrest in

southern California (Bindi et al., 2020; Trugman, 2020) and

in central Italy (Morasca et al., 2022). The average of the Δσ
distribution is 0.51 MPa; the standard deviation of 0.38 for

logΔσ is within the range of 0.35–0.45 found in the recent stud-

ies (e.g., Baltay et al., 2013; Trugman, 2020). Although compar-

ing absolute values obtained by different studies is hindered by

the impact of different methodologies and model assumptions

(e.g., Shearer et al., 2019; Bindi et al., 2023), Δσ for magnitudes

below 5 are, on average, lower than the values obtained for the

2019 Ridgecrest sequence in California. Using the same meth-

odology applied in this study, Bindi et al. (2020) obtained 1.2,

2.9, and 7.2 MPa for the 10th, 50th, and 90th Δσ percentiles of

events withM < 4, and 2.6, 5.0, and 9.3 MPa for 4 <M < 5, that

is, values about one order of magnitude larger than those found

in the present study for the EAF zone.

Considering the competing effects between source and

depth-dependencies of attenuation, the possibility of detecting

trends showing an increase of Δσ with hypocentral depth is

debated in the literature (Abercrombie et al., 2021; Bindi

et al., 2021; Pennington et al., 2021). The distribution of Δσ
shown in Figure 4c does not show any trend with depth,

and events with similar magnitude but occurring at different

depths show similar stress drop values. The cluster of events
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with depth at 7 km is probably an artifact of the location

procedure, and more accurate locations and velocity models

are needed to better characterize the Δσ distribution with

depth.

Ground-motion residuals
For a given seismic moment, Δσ determines the value of the

corner frequency and of the source spectral level at high

frequencies. Using the random vibration theory (Hanks and

McGuire, 1981), it has been shown that for an ω2 source

model, the natural logarithm of PGA is expected to increase

with the logarithm of Δσ with slope 0.8 and with the logarithm

of the rupture velocity with slope 2.4 (see equation 3 in Causse

and Song, 2015, and references therein). Because the median

model (equation 6) is describing the scaling with distance and

Figure 5 (a) Standard deviations of the residual distributions computed for
a GMM derived in the Fourier domain (see the GMM section, for details);
red circles indicate the standard deviation τ of the model derived by (Bindi
et al., 2020) for the 2019 Ridgecrest sequence; blue circles indicate the
standard deviation τe of the model derived by (Kotha et al., 2022) for
crustal earthquakes in Europe. (b) Frequency dependence of Pearson’s
correlation coefficients computed between interevent residuals δBe and
stress drop Δσ. (c) Interevent residuals for 0.52 Hz against stress drop.
(d) Interevent residuals for 5.2 Hz against stress drop. The trend lines in
panels (c) and (d) are the results of a loess regression.

https://www.seismosoc.org/publications/the-seismic-record/ • DOI: 10.1785/0320230034 The Seismic Record 318

Downloaded from http://pubs.geoscienceworld.org/ssa/tsr/article-pdf/3/4/311/6021977/tsr-2023034.1.pdf
by guest
on 03 April 2024

https://www.seismosoc.org/publications/the-seismic-record/


magnitude, it is not capturing the impact on high-frequency

spectral values of Δσ variations for events with similar M0.

Therefore, it is expected that the interevent residuals δBe

absorb the Δσ variability, although a formal connection

between δBe and source parameters is not straightforward

(Picozzi et al., 2021, their equation 8).

Because ground-shaking variability is mostly influenced by

local site effects, to highlight the source contribution, we par-

titioned the residuals into interevent and interstation compo-

nents (equation 6). Figure 5a confirms that the standard

deviation ϕS of the interstation residuals is the largest contribu-

tor to the overall variability at high frequencies, as expected by

the large variability of site amplifications shown in Figure 3c.

Figure 5a also compares the standard deviation τ of the inter-

event residual with the result obtained by Bindi et al. (2020) for

the 2019 Ridgecrest sequence and by Kotha et al. (2022) for

Europe, where τe is also accounting for the between-locality

variability τL2L. The three datasets show a similar spectral

dependency of τ, with the highest values obtained for the mod-

els derived at the continental spatial scale and the lowest ones

for the very localized Ridgecrest dataset.

To quantify the correlation between Δσ and the interevent

residuals δBe, we compute the Pearson correlation coefficient

considering δBe for different frequencies. The correlation

increases with frequency, assuming values greater than 0.5

for frequencies >2 Hz (Fig. 5b). The strongest correlation is

reached between 6 and 10 Hz, in which the correlation coeffi-

cient is about 0.75. For frequencies higher than 10 Hz, the cor-

relation coefficient decreases, suggesting that parameters other

than stress drop also contribute to the variability of the source

spectra at high frequencies, resulting in event-dependent devia-

tions from an ω2 spectral shape. The frequency dependency of

the correlation between δBe and Δσ distributions is exemplified

in Figure 5c,d, in which the results for 0.52 (weak correlation)

and 5.2 Hz (strong correlation) are visualized.

Conclusions
We determined the source parameters of 1585 earthquakes with

Mw > 3 occurring in the East Anatolian fault region since 2010.

We estimated an average stress dropΔσ equal to 0.51 MPa, with

the 10th and 90th percentiles equal to 0.18 and 1.69 MPa,

respectively. The Δσ distribution shows a positive trend with

seismic moment and a significant correlation with interevent

residuals evaluated at intermediate and high frequencies

(Pearson’s correlation coefficient > 0.6 above 2 Hz). When

observed PGAs and PGVs are compared with predictions from

the previously derived GMM for Europe and the Middle East,

the negative average interevent residuals obtained for magnitude

< 6 are consistent with Δσ values lower than those estimated for

the European events contributing to the GMM (Bindi and

Kotha, 2020, their fig. 11, median Δσ � 2:8 MPa for magni-

tudes in the range 3.5–5.5). The Δσ values for Mw < 6 are also

lower than those obtained for the 2019 Ridgecrest sequence in

California by Bindi et al. (2020) using the same approach

adopted in this study (median Δσ � 5 MPa for 4 ≤ Mw ≤ 5).

The average residuals for PGA and PGV for the Mw 7.8 and

7.5 mainshocks are almost zero but show distance dependencies.

Although the recent models developed to better capture the

regional variability of ground shaking in Europe (e.g., Kotha

et al., 2020) could improve the overall precision of the predic-

tions compared to the results obtained this study, the differences

in residual distributions for small and large events agree with the

main conclusions drawn for the stress drop. The Δσ � 12 MPa

estimated for the two mainshocks is in the same order as the

values between 8 and 10 MPa estimated for the 1999 Mw 7.6

Izmit and Mw 7.2 Düzce earthquakes estimated by Akinci

et al. (2006), both strike-slip events occurring over the North

Anatolian fault. For the 2020 Mw 6.8 Sivrice-Elaziğ earthquake

that occurred about 200 km northeast of the 2023Mw 7.8 earth-

quake (Cheloni and Akinci, 2020) estimated Δσ � 9 MPa; for

the 2011Mw 7.1 Van earthquake (eastern Türkiye) that featured

reverse faulting (Akinci et al., 2014) estimated Δσ � 20 MPa.

The consistency of the stress drop values and the fact that

the interevent residuals for these two events are close to zero

confirm that the seismic motion generated by the two main-

shocks of the 2023 sequence was not, on average, unusually high

for this size of earthquake.

Data and Resources
Softwares used in this study are R language (R Core Team, 2020),

Generic Mapping Tools (Wessel et al., 2013), stream2segment

(https://github.com/rizac/stream2segment), and ground shaking

intensity model (eGSIM) (https://github.com/rizac/eGSIM).

Data repositories used in this study are the Engineering

Strong Motion (ESM) database (https://esm-db.eu/#/home),

the European Integrated Data Archive (EIDA; https://

www.orfeus-eu.org/data/eida/), the Disaster and Emergency

Management Authority (AFAD) catalog (https://

deprem.afad.gov.tr/event-catalog), and AFAD waveforms

(https://deprem.afad.gov.tr/fdsnws/dataselect/1/). The data

about the AFAD station report are available at https://

tadas.afad.gov.tr/station-detail/385. Seismic networks used in
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the study are Turkish National Strong Motion Network TK

(DOI: 10.7914/SN/TK), Kandilli Observatory and Earthquake

Research Institute (KOERI) KO (DOI: 10.7914/SN/KO), and

Turkish National Seismic Network TU (DOI: 10.7914/SN/

TU). Focal mechanisms shown in Figure 1 are available at

the Global Centroid Moment Tensor (Global CMT) Project

(https://www.globalcmt.org/). The supplemental material to this

article include the following files: table reporting the spectral

attenuation model; table including the nonparametric source

spectra; table including the site amplifications; table with the

source parameters computed in this study; list of the selected

reference stations and the reference amplification model; and

table with the coefficients of the calibrated ground-motionmodel

(GMM). Files are distributed as Bindi (2023). Supplements to

source scaling and ground-motion variability along the East

Anatolian faul, Zenodo, DOI: 10.5281/zenodo.10044523. All

websites were last accessed in September 2023.
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