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Abstract. On 23 November 2022, a MW 6.0 earthquake oc-
curred in the direct vicinity of the MW 7.1 Düzce earthquake
that ruptured a portion of the North Anatolian Fault in 1999.
The Mw 6.0 event was attributed to a small portion of the
Karadere fault off the main North Anatolian Fault that did
not rupture during the 1999 sequence. We analyze the spa-
tiotemporal evolution of theMW 6.0 Gölyaka–Düzce seismic
sequence at various scales and resolve the source properties
of the mainshock. Modeling the decade-long evolution of
the background seismicity of the Karadere fault employing
an Epistemic Type Aftershock Sequence model shows that
this fault was almost seismically inactive before 1999, while
a progressive increase in seismic activity is observed from
2000 onwards. A newly generated high-resolution seismic-
ity catalog from 1 month before the mainshock until 6 d af-
ter was created using artificial-intelligence-aided techniques
and shows only a few events occurring within the rupture
area within the previous month, no spatiotemporal localiza-
tion process and a lack of immediate foreshocks preceding
the rupture. The aftershock hypocenter distribution suggests
the activation of both the Karadere fault, which ruptured in
this earthquake, and the Düzce fault that ruptured in 1999.
First results on the source parameters and the duration of
the first P-wave pulse from the mainshock suggest that the
mainshock propagated eastwards, which is in agreement with
predictions from a bimaterial interface model. The MW 6.0
Gölyaka–Düzce event represents a good example of an earth-
quake rupture with damaging potential within a fault zone
that is in a relatively early stage of the seismic cycle.

1 Introduction

Large strike–slip fault zones such as the San Andreas Fault
in California, USA, or the North Anatolian Fault in Türkiye,
among others, host some of the largest shallow earthquakes
(typically up to M ∼ 8; see, e.g., Wesnousky, 1988; Stir-
ling et al., 1996; Martínez-Garzón et al., 2015) worldwide.
Some of these hazardous faults run near urban areas; hence,
they have an associated risk. This is the case for the west-
ern portion of the North Anatolian Fault, which is a seismic
threat for the Istanbul metropolitan area and nearby popula-
tion centers. There, the return period of M > 7 earthquakes
rupturing the main fault trace has been estimated to be ap-
proximately 250 years (Murru et al., 2016). The most re-
cent large earthquakes along the North Anatolian Fault zone
(NAFZ) were the 17 August 1999 MW 7.4 İzmit event and
the 11 November 1999 MW 7.1 Düzce event (Fig. 1). To-
gether, they ruptured approximately 180 km and connected
the Marmara segment in the west to the 1944 rupture in the
east (Bürgmann et al., 2002; Sengör, 2005; Bohnhoff et al.,
2013). On 23 November 2022, aMW 6.0 earthquake occurred
around 6 and 10 km away from the cities of Gölyaka and
Düzce, respectively, and about 200 km eastward of the Is-
tanbul metropolitan area. In the following, we refer to this
event as the Gölyaka–Düzce earthquake, as it was felt espe-
cially in the province of Düzce and its districts (Eyidoğan,
2022). Hypocenter locations provided by KOERI (Kandilli
Observatory and Earthquake Research Institute; http://www.
koeri.boun.edu.tr/new/en, last access: 18 October 2023) and
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AFAD (Disaster and Emergency Management Presidency;
https://www.afad.gov.tr/, last access: 18 October 2023) re-
ported that the Gölyaka–Düzce earthquake occurred close
to the intersection of the ruptures of the 1999 MW 7.4 İzmit
and MW 7.1 Düzce earthquake ruptures (Bouin et al., 2004;
Konca et al., 2010; Fig. 1). Such MW∼ 6 earthquakes are
relatively infrequent in the region (according to the ISC-
GEM – International Seismological Centre Global Instru-
mental Earthquake Catalogue; http://www.isc.ac.uk/iscgem/,
last access: 18 October 2023; similar-sized events could have
occurred in 1926 and 1944), but they hold potential to dam-
age key infrastructure and lead to casualties. Hence, ana-
lyzing this earthquake and its pre- and post-seismic defor-
mation is important to illuminate the local fault architecture
(e.g., Ross et al., 2020) and recover how moderate events nu-
cleate in the region (e.g., Malin et al., 2018; Durand et al.,
2020). In addition, analysis of the earthquake source prop-
erties can help us to decipher any preferential directions of
seismic energy release, which is essential for seismic hazard
estimation.

The Gölyaka–Düzce earthquake was the firstM ∼ 6 in the
area after the 1999 M > 7 earthquakes and their aftershock
sequences. As such, it represents the occurrence of an earth-
quake with damaging potential in a fault zone that is broadly
still in the early stage of the seismic cycle, which is when the
accumulated elastic strain is relatively low. However, at this
location, the geometry of the fault zone is highly complex,
with slip partitioning along two main fault traces bound-
ing the Almacık Block and numerous secondary faults being
obliquely oriented (Fig. 1c). The moment tensor estimation
by different agencies (Table S1 in the Supplement) consis-
tently reported on a strike–slip mechanism with a small nor-
mal faulting component for this earthquake. The hypocenter
location and fault plane appeared consistent with a portion of
the Karadere fault (Fig. 1c). Different lines of evidence sug-
gest that at least a few kilometers of the Karadere fault did
not rupture during the 1999 İzmit–Düzce sequence and thus
remained loaded and then ruptured in the Gölyaka–Düzce
earthquake (Bohnhoff et al., 2016; Özalp and Kürcer, 2022).
These include (i) the magnitude of the latest mainshock, (ii)
the spatial extension of aftershocks and (iii) the previous sur-
face mapping of local faults. First field surveys immediately
after the MW 6.0 Gölyaka–Düzce earthquake found no sur-
face rupture, indicating that the slip did not extend to the sur-
face (Özalp and Kürcer, 2022).

In this study, we analyze the spatiotemporal evolution of
the Gölyaka–Düzce seismic sequence and the preceding seis-
micity in the area in detail, with a focus on the source mecha-
nisms and in context of the local seismotectonic setting. Our
primary goals are to determine how the earthquake initiated,
what the ongoing deformation mechanisms in the region are
and how the energy from this mainshock was radiated. In-
sights from this earthquake sequence are important for us
to learn about the dynamics of potentially damaging earth-
quakes in complex transform fault settings and the rupture

of highly stressed faults in the immediate vicinity of a ma-
jor strike–slip transform with relatively low-stress conditions
corresponding to the fault zone being early in its seismic cy-
cle.

2 Data and methodology applied

2.1 Background seismicity evolution

To put the Gölyaka–Düzce seismic sequence in a regional
and long-term context, we established a consistent regional
seismicity catalog between 1990 and 2022 from the two na-
tional seismic agencies. The AFAD catalog reported 31 081
events with magnitudes M (1.3–7.6) for such a period,
whereas the KOERI catalog reported 42 050 events M (1.4–
7.4). We analyzed the decade-long evolution of the AFAD
and KOERI regional seismicity catalogs through a declus-
tering process (Fig. 2). Both catalogs changed the reported
magnitude type at the end of 2011 and beginning of 2012
from the duration magnitude Md to local ML. For consis-
tency, we homogenized both catalogs, converting uniformly
to moment magnitude,MW, following the empirical relation-
ships proposed for the study region by Kadirioğlu and Kartal
(2016):

MW = 0.7949Md+ 1.3420, (1)
MW = 0.8095ML+ 1.303. (2)

After both catalogs were homogenized to MW, we es-
timated the magnitude of completeness MC of each cata-
log, following a probabilistic approach to fit the frequency–
magnitude curve (Ogata and Katsura, 1993; Daniel et al.,
2008; Jara et al., 2017). In contrast to the maximum cur-
vature method, this technique fits a function to explain
the magnitude–frequency distribution, including all catalog
events. The number of earthquakes is fit as a function of mag-
nitude as follows:

N(m)= A× 10−bm× q(m), (3)

where the b value represents the slope of the Gutenberg–
Richter law, A is a normalization constant, and q(m) is the
probability that one earthquake of magnitude m is listed in
the catalog. Then, we modeled q as follows (Ogata and Kat-
sura, 1993):

q(m)=
1
2
+

1
2

erf
(
m− µ̂
√

2σ̂

)
, (4)

where erf is the error function, and µ̂ and σ̂ correspond to the
mean and standard deviation of the probability distribution
function, respectively. We optimized [A,b,µ̂, σ̂ ] for each
catalog, following a Bayesian approach to derive the param-
eters’ posterior probability density function (PDF). We used
the Markov chain Monte Carlo sampler of PyMC (Salvatier
et al., 2016) to draw 500 000 samples from the posterior PDF.
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Figure 1. Seismotectonic setting. (a) Location map with a red rectangle indicating the area enlarged in panel (b). (b) Study area with
the location of main population centers along the North Anatolian Fault zone (NAFZ). Colored lines denote rupture extents of historical
earthquakes along NAFZ, with their respective magnitudes and dates indicated in the legend. Arrows are an updated GPS velocity field for
Türkiye (Kurt et al., 2022), considering the Eurasia-fixed reference frame. The magenta star indicates the Gölyaka earthquake epicenter,
along with its focal mechanism from KOERI, and the focal mechanisms of the İzmit (green) and Düzce (purple) earthquakes in 1999 (data
from the global centroid moment tensor (CMT) catalog; Ekström et al., 2012; Dziewonski et al., 1981). (c) View of the region struck by the
Gölyaka earthquake.

Figure 2. Regional seismicity. (a) AFAD catalog from 1990 to 30 November 2022. The yellow star denotes the MW 6.0 Gölyaka–Düzce
epicenter. Blue boxes indicate the target regions in which the seismicity is analyzed. The column on the right shows the catalog’s probability
distribution function of earthquake magnitude (PDF), where the vertical dashed line denotes the MC. (b) Same as panel (a) but for the
KOERI catalog. See Figs. S3 and S4 for the spatial distribution of seismicity inside each region.
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The inferred parameters and their associated uncertainties are
given in Table S2. Then, the completeness magnitude MC is
computed as follows:

MC
= µ̂+ 2σ̂, (5)

i.e., with a 97.7 % probability threshold, which yielded a
MC
= 3.4 for the AFAD catalog, whereas, for the KOERI

one, we obtained aMC
= 4.1 (see the insets in Fig. 2 and the

obtained fitting in Figs. S1 and S2). Once MC was estimated
for both catalogs, we declustered them using an epidemic-
type aftershock sequence model (Marsan et al., 2017; Jara
et al., 2017). Such an approach considers the total seismicity
rates λ(x,y, t) to be the following sum:

λ(x,y, t)= µ(x,y, t)+ ν(x,y, t), (6)

where ν(x,y, t) accounts for the aftershock productivity, and
µ(x,y, t) is the background seismicity rate for earthquakes
occurring at a given location (x,y) and time t . The aftershock
rate was estimated following the Omori–Utsu law modified
by a power spatial density, as follows:

νi(x,y, t)=
∑

i∨ti<t

κ(mi)

(t + c− ti)p

×
(γ − 1)L(mi)γ−1

2π
(
(x− xi)2+ (y− yi)2+L

2
i

) γ+1
2

, (7)

where c, γ and p are constants, and κ(m) is the produc-
tivity law with a constant α (Ogata, 1988). L(m)= L0×

100.5(m−MC) is the characteristic length in kilometers (Utsu
and Seki, 1955; van der Elst and Shaw, 2015). Here, we im-
posed realistic values for the following parameters: α = 2,
p = 1, c = 10−3 d, γ = 2, and L0= 1.78 km (Marsan et al.,
2007; Jara et al., 2017; Karabulut et al., 2022). Parameters κ
and µ(x,y, t) were inverted. The background seismicity was
computed as follows:

µ(x,y, t)=
∑

i

µ(xi,yi, ti)

λ(xi,yi, ti)
e
−

√
(x−xi )

2+(y−yi )2

l

× e−t−ti∨τ ×
1

2πl2ai
, (8)

with l and τ as space and time and being smoothing parame-
ters, and ai = 2τ − τ(e

ts−ti
τ − e

te−ti
τ ), where ts and te are the

temporal beginning and end of the catalog, respectively. κ is
inferred as

κ =

∑
i1−

µ(xi ,yi ,ti )
λ(xi ,yi ,ti )∑

ie
αmi (ln(te+ c− ti)− ln(c))

. (9)

Here, we used a smoothing length l= 100 km and a
smoothing duration τ = 100 d. Such choices are able to pre-
serve the potential accelerations or decelerations from the

catalogs (Marsan et al., 2017; Jara et al., 2017). We declus-
tered the catalogs using the obtainedMC for each catalog and
the fault regions in Fig. 2. When doing so, we observed an ap-
parent increase in the seismicity from the AFAD declustered
catalog at around 2012 (Fig. S1). Around that time, AFAD
changed the reported magnitudes from Md to ML. Although
we converted the corresponding magnitudes to MW, this
change in the magnitude estimation might still produce spu-
rious acceleration or deceleration in the background seismic-
ity rate. We then tested higher MC values, finding that such
behavior disappears at around MC

= 4.1 (Fig. S1). Thus, we
finally used MC

= 4.1 for both catalogs (Fig. 3a and b). The
final parameters utilized for each catalog are provided in Ta-
ble S1.

2.2 Enhanced seismicity catalog framing the
mainshock

To generate an optimized enhanced seismicity catalog with
the lowest possible magnitude detection threshold around
the MW 6.0 Gölyaka–Düzce earthquake epicenter, we pro-
cessed continuous waveform recordings from 16 local seis-
mic stations and 9 local accelerometer stations. We cov-
ered a time period from 1 month before the mainshock up
to almost 6 d after it (23 October 2022 at 00:00 LT up to
29 November 2022 at 00:00 LT). The employed stations be-
long to the AFAD and KOERI seismometer and strong mo-
tion networks.

We detected P- and S-wave onset times embedded in
the continuous recordings by applying the supervised artifi-
cial intelligence (AI) method of PhaseNet (Zhu and Beroza,
2019) that is trained on the seismicity database from northern
California. This method has proven to improve the detection
process, especially for small earthquakes (e.g., Martinez-
Garzon et al., 2023). With this method, 148 948 body wave
onsets were detected, of which 78 410 were detections of P
waves and 70 568 were detections of S waves.

The P and S picks were associated with seismic events us-
ing the unsupervised technique of Gaussian Mixture Model
Association (GaMMA; Zhu et al., 2022). To classify an event
to be an earthquake, a minimum of four necessary picks (ei-
ther P and/or S) was set. The picks were spatiotemporally
clustered using the Density-Based Spatial Clustering of Ap-
plications with Noise (DBSCAN) method. About 19 % of the
total number of picks were associated with earthquakes. In
this way, we have obtained a catalog of detections containing
3361 possible seismic events (Fig. 3a).

As a comparison, KOERI reported a total of 505 events
with magnitudes ≥ML 0.5 for the same region and time in-
terval analyzed here (Fig. 3b). Out of these, 440 correspond
to common events from both catalogs.

In the next step, the waveforms from all events corre-
sponding to the period before theMW 6.0 mainshock were vi-
sually inspected. About 343 detections from the time period
before the mainshock were removed, as they showed signals
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Figure 3. Picks and detections from the AI-derived catalog. (a) Associated picks as a function of time per station. The vertical blue line
marks the MW 6.0 Gölyaka–Düzce earthquake. (b) Venn diagram showing the earthquakes included in our catalog of detections vs. the
events included in the KOERI catalog for the same spatiotemporal region.

in only one or two of the accelerometers, typically exhibiting
tS−tP > 5s, which is larger than what is expected for a small
local event. Additionally, 35 events were identified as being
regional events with locations outside the study region, and
an additional 11 events were identified as being duplicates
and removed. In the following, we refer to this catalog as the
“catalog of detections”.

We calculated event locations by employing the proba-
bilistic location software NonLinLoc (Non-Linear Location;
Lomax et al., 2009). Here, only events with a minimum of six
P and/or S picks were further processed, which implicitly re-
moves possible false signal associations with fewer than six
phases from the catalog of detections. The local 1-D velocity
model from Bulut et al. (2007) was employed, assuming a
constant vp/vs ratio of 1.73. The search area encompassed a
400 km× 200 km region centered around the mainshock epi-
center. In the following, we refer to this refined catalog as
the “catalog of absolute locations”. Further details on the re-
fining of the catalog of absolute locations are provided in
Sect. S1 in the Supplement. In this way, we obtained a cata-
log of 1290 events with absolute locations that contain 8927
P-wave picks and 7822 S-wave picks for further processing
(Fig. S5). In this catalog, the median errors in the x, y and z
directions are 2.3, 3.1 and 3.4 km, respectively.

In the next step, a relative event relocation was performed
using HypoDD (Waldhauser and Ellsworth, 2000; Wald-
hauser et al., 2004). We utilized both catalog differential
travel times derived from the automatic PhaseNet P and
S picks and the cross-correlation time differences derived
from the event waveforms. To estimate the waveform cross-
correlations, we employed time windows covering 1 and 2 s
centered at the P and S onset, respectively. The waveforms

were filtered with a third-order Butterworth bandpass filter
between 2 and 10 Hz. The retrieved correlations with a nor-
malized cross-correlation coefficient of at least 0.7 were kept,
and the square of the cross-correlation coefficient was used as
weight in the relocation procedure. To look at the spatiotem-
poral evolution of the seismicity, we demanded a minimum
of eight catalog time differences (either P and/or S phases)
for each event combination, resulting in a catalog of 918 relo-
cated events. In the following, we refer to this further-refined
subset as the “relocated catalog”. The median formal relative
relocation errors in the x, y and z directions are 11, 13 and
12 m, respectively.

2.3 Earthquake source parameters and directivity

The estimation of point source parameters of the MW 6.0
mainshock was performed using the spectral fitting method
(Kwiatek et al., 2011, 2015). We used 249 high-gain seis-
mometers of Kandilli Observatory (KO) and the National
Seismic Network of Türkiye (TU). The combination of these
networks offers a sufficient azimuthal coverage and signal-
to-noise ratio for the analyzed catalog. From these networks,
stations with epicentral distances of 200–800 km are used to
derive source parameters of the mainshock.

Three-component ground velocity waveforms from sta-
tions with a signal-to-noise ratio of at least 4 dB were fil-
tered using a second-order 0.02 Hz high-pass Butterworth fil-
ter and then integrated in the time domain. We utilized win-
dow lengths of 25 s from the P- and S-wave ground displace-
ments, allowing for an additional 4 s before the P- or S-wave
onsets. The selected window length of 25 s, in combination
with the minimum station distance of 200 km, prevents con-
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tamination of the P-wave window by S-wave energy, as the
S–P time difference is larger than 25 s and assumes average
velocities and vp/vs ratios along the travel path. The edges
of the selected windows were smoothed using von Hann’s
taper. We utilized the three components from the far-field
ground displacement spectra using the Fourier transform and
then combined altogether. The observed ground displace-
ment spectra were fit to Brune’s point source model, which
is expressed as

uth(f )=
〈Rc〉

4πρV 3
c R

M0

1+
(
f
fc

)2 exp
(
−πfR

VcQc

)
, (10)

where R is the source–receiver distance; M0 is the seis-
mic moment; fc is the corner frequency, Qc is the qual-
ity factor, and 〈Rc〉 is the average radiation pattern correc-
tion coefficient, where c represents either the P or S wave.
Following Boore and Boatwright (1984), we applied RP =

0.65 and RS = 0.7 for P and S waves, respectively, that are
representative constants for the regional strike–slip faults.
We used VP= 5680 ms−1 and VS= 3280 ms−1 (from Bu-
lut et al., 2007; averaged at the depth interval where the
earthquakes occurred), assuming VP/VS= 1.73 and a density
ρ= 2700 kgm−3. We inverted for (M0, fc; Qc), optimizing
the cost function

||log10u
obs(f )− log10u

th(f )||L1 =min, (11)

where uth(f ) and uobs(f ) are the theoretical and observed
ground displacement amplitude spectrum for a given station
and P or S wave. The starting model forM0 and fc was taken,
using Snoke’s integrals (Snoke, 1987), and we assumed ini-
tial values ofQ= 400 for both P- and S-wave trains. We uti-
lized a grid search optimization (assuming a starting model),
followed by simplex algorithms (starting from the best model
of a grid search). Source parameters that deviated from the
average by more than 3 standard deviations were eliminated
from the calculation. The final source parameters (i.e., seis-
mic moment, corner frequency and quality factor) were cal-
culated as average values from all stations. An example of
such calculated spectra for a station is provided in Fig. 4.

In the following, we calculated the static stress drop using
the formula valid for a rectangular strike–slip fault (Shearer,
2019):

1σ =
2
π

M0

W 2L
, (12)

where W = 8 km represents the fault width, which is as-
sumed from the depth extent of the aftershocks (see
Sect. 3.2.2). The rupture length L is estimated to be dou-
ble the source radius, using Brune’s source model constants
and, for comparison, Haskell’s rectangular source, assuming
VR = 0.9VS (see Savage, 1972; Table 1 for details) and using

L=
CCVc

2πfc
, (13)

in which CC is the geometrical correction coefficient (CP =

CS = 4.7 for Brune’s model and CP = 1.2 and CS = 3.6 for
Haskell’s model; see Savage, 1972). fc and Vc represent the
corner frequency and seismic velocity of either P or S waves,
respectively.

For the earthquakes comprising the absolute locations cat-
alog, we estimated only moment magnitudes MW using a
simplified approach, following the Snoke (1987) integrals:

JS = 2
∫
[u̇(f )]2df, (14)

KS = 2
∫
[u(f )]2df, (15)

where u̇(f ) and u(f ) are ground velocity and displace-
ment S-wave spectra corrected for attenuation and prepared
from S-wave waveforms processed in the same way as
for the mainshock. The original seismograms were filtered
with 1 Hz high-pass second-order Butterworth filter, and we
used a shorter 5 s window framing the first S wave arrival
to limit the influence of low-frequency noise for predomi-
nantly small earthquakes (M < 4). The integrals in Eqs. (14)
and (15) were corrected for the finite frequency band, fol-
lowing Di Bona and Rovelli (1988). The seismic moment has
been estimated with the following (Snoke, 1987):

M0 = 8πρV 3
SR

(
K3

S
JS

)0.25

, (16)

and the moment magnitude was calculated using the standard
relation (Hanks and Kanamori, 1979).

MW =
(log10M0− 9.1)

1.5
(17)

Similar to the mainshock, for each event, the final seismic
moment and moment magnitude were calculated as the aver-
age values from all stations containing S-wave arrivals. Due
to the limited number of S waves with a sufficient signal-
to-noise ratio for the smallest earthquakes, the uncertainties
were estimated using the mean absolute deviation.

Large earthquake ruptures potentially involve a propaga-
tion process along a fault plane. The rupture propagation di-
rection could be deduced from the azimuthal variations in
the amplitude and frequency content of the apparent source
time functions (ASTFs) providing important information for
seismic risk assessment. For a unilateral rupture, ideally this
would lead to shorter ASTFs displaying larger amplitudes
in the direction of rupture propagation and longer-duration
and smaller-amplitude ASTFs in the opposite direction. To
obtain the ASTFs, we initially tested the application of em-
pirical Green’s function (EGF) technique and tried four EGF
candidates (Table S3) to recover the directivity of the main-
shock (see Sect. S2 for all details) that led to inconclusive
results.
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Figure 4. Source parameter analysis. (a) Station distribution employed for the source parameter estimation (upward-pointing red triangles).
These stations lie within a source station distance between 200 and 800 km. The yellow star shows the 2022 MW 6.0 Gölyaka–Düzce
mainshock. (b) Three-component displacement waveforms for the mainshock recorded by station AKO (with epicentral distance∼ 530 km;
see the white triangle in panel a). The red rectangle highlights the employed P-wave window. (c) Ground displacement spectrum of the P-
wave signal (red) and the noise before the signal (black). The thick blue line indicates the modeled spectrum yielding the source parameters
of M0 = 2.62× 1018,fc = 0.19Hz,QP = 308.

We therefore tested the azimuthal variations in the dura-
tion and frequency content of the initial P wave arrivals for
seismometers located at epicentral distances of 50–100 km
from the mainshock. For comparison, we additionally in-
cluded integrated signals from accelerometers located at
much closer distances. We only used the unclipped first P-
wave pulses that were rotated into the radial direction from
three-component seismograms to enhance the signal-to-noise
ratio of the initial portions of the P wave. The first P-wave
pulses contain a combination of information, including the
source time function and effects related to the wave propa-
gation. However, comparing P-wave pulse characteristics for
stations located at similar distances from the mainshock epi-
center allows us to suppress the propagation effects. There-
fore, the initial portion of the seismogram can be taken as a
proxy for the ASTFs. The variation in the rise time and du-
ration of the P pulses can then be used to infer whether the
earthquake displays rupture directivity.

3 Results

3.1 Long-term evolution of background seismicity in
the Gölyaka–Düzce region

We analyzed the evolution of the background seismicity
along defined segments of the NAFZ, including the Mar-
mara, İzmit, Düzce, Bolu and Karadere segments (Fig. 2).
Both of the national Turkish catalogs introduced above show
that the Bolu segment displays a low background seismicity
rate when compared to, for example, the İzmit or Marmara
segments (Fig. 5). Aseismic slip (surface creep) has been re-
ported to occur along this segment and has occurred for at

least 70 years (Ambraseys, 1970; Cakir et al., 2005; Cetin
et al., 2014; Bilham et al., 2016; Jolivet et al., 2023). This
might be a possible explanation for the low seismicity rate.
The Marmara, İzmit and Düzce segments appear to host a
constant background seismicity rate with time, especially af-
ter the 1999 İzmit and Düzce sequence (Fig. 5). Both catalogs
report a deceleration of background seismicity after the 2014
MW 6.9 Saros earthquake (Bulut et al., 2018), supporting the
idea that some significant deformation process not yet under-
stood in detail was affecting the seismicity along the NAFZ
(Karabulut et al., 2022).

The Karadere fault hosted a comparatively low back-
ground seismicity before the 1999 İzmit and Düzce earth-
quake sequence. A change in its seismic behavior is observed
afterwards, which is when this segment experienced an in-
crease in the seismic activity that included more than five
events with M>MC

= 4.1. The shape of the background
rates is different for the AFAD and KOERI catalogs. This
difference might be due to the different number of seismic
stations operated by the agencies in this area; hence, this
affects the monitoring capabilities and detection thresholds.
Therefore, it is likely that the region was tectonically acti-
vated by the earthquake sequence in 1999 and progressively
loaded since then, leading to the MW 6.0 Gölyaka–Düzce
earthquake 23 years later. Interestingly, the region did not
exhibit a lower background rate after the 2014MW 6.9 Saros
earthquake, which is different to the other NAFZ segments
in the area.
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Figure 5. Temporal evolution of the background seismicity at different segments of the NAFZ. (a) Complete (red) and declustered (black)
AFAD catalog usingMC

= 4.1. (b) Same as panel (a) but with KOERI catalog. (c) Cumulative background seismicity, color-coded by region.
(d) Same as panel (c) but for the KOERI catalog. The vertical lines represent the time of occurrence of the MW 7.4 İzmit, MW 7.1 Düzce
and MW 6.9 Saros earthquakes. (e) Normalized cumulative background seismicity for the AFAD catalog. (d) Same as panel (c) but for the
KOERI catalog.

3.2 Spatiotemporal seismicity distribution before and
after the 2022 Gölyaka–Düzce earthquake

We obtained an enhanced seismicity catalog with 1290 re-
fined hypocenter locations, as described in Sect. 2.2, cov-
ering the area of latitude (40–42◦ N) and longitude (30–
32◦ E) for the time period 23 October 2022 at 00:00 LT up
to 29 November 2022 at 00:00 LT and including moment
magnitudes as low as MW 0.7. Out of these, a total of 222
and 1032 seismic events correspond to events preceding and
following the 2022 Gölyaka–Düzce mainshock, respectively.
For the same region and time interval, the seismicity catalog
provided by the KOERI agency contained 529 events, out of

which 23 and 506 corresponded to events preceding and fol-
lowing the mainshock, respectively (Fig. 3b).

Using a goodness-of-fit method (Wiemer and Wyss, 2000),
the magnitude of completeness of the derived catalog within
selected region is MC

W = 1.5. Calculating the b value for
events above MC, from both the periods before and after the
mainshock, we find a value of b = 0.95±0.05 (Fig. S6). This
could be related to the fact that we utilized MW, while many
other estimates use ML, possibly leading to a larger b value
(see, e.g., Raub et al., 2017). Alternatively, the relatively low
b value may suggest that the fault did not yet release all of
its accumulated strain (e.g., Gulia and Wiemer, 2019). Given
the magnitude of the mainshock and the spatial extent of the
rupture, we consider the latter option to be rather unlikely.
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3.2.1 Seismic activity preceding the Gölyaka–Düzce
earthquake

The MW 6.0 Gölyaka–Düzce earthquake hypocenter is lo-
cated at the northeastern portion of the Karadere fault that
remained unbroken during the 1999 MW 7.4 İzmit and 1999
MW 7.1 Düzce events.

The area that ruptured in the MW 6.0 Gölyaka–Düzce
earthquake and its surroundings only displayed a small num-
ber of seismic events during the 30 d preceding the main-
shock. The catalog of absolute locations reported 222 seis-
mic events during this time, out of which 55 could be suc-
cessfully relocated. Most of the relocated seismic activity
occurred away from the future MW 6.0 earthquake rupture,
extending up to 50 km to the east (Fig. 6). The locations
of these seismic events show a good correspondence with
the mapped local faults (Emre et al., 2018). A small cluster
of events is visible at the eastern edge of the analyzed re-
gion, coinciding with the termination of a local fault, near a
quarry area (see Fig. 6a for the location). The presence of a
quarry in the area suggests that some of these events could
be quarry blasts. However, these events appear to be regular
seismic events based on the following: (i) these detections
display regular P- and S-wave trains, (ii) their hypocentral
depth is deeper than 8 km and (iii) these events occur ran-
domly in time. Within a 25 km radius from the epicenter of
the MW 6.0 Gölyaka–Düzce earthquake, 23 events were in-
cluded in the catalog of absolute locations. The most active
time period was between 6 and 11 November, where a small
spatially clustered seismic sequence with magnitudes up to
MW 2.2 occurred about 7.5 km to the north of the mainshock
epicenter (Figs. 6 and S7). The location of this cluster coin-
cides with the deepest part of the fault activated during the
aftershock sequences.

Both the catalog of detections and the catalog of absolute
locations show that seismicity rates were time-invariant, with
a transient increase in seismic activity around 10 November,
reflecting the transient cluster north of the future mainshock.
This increase in the seismicity rates quickly decayed back to
the level before the occurrence of the cluster and remained
constant until the occurrence of the mainshock (Fig. 7). The
regional seismicity did not display any significant accelera-
tion at the scale of days to hours before the mainshock.

3.2.2 The aftershock sequence following
Gölyaka–Düzce earthquake

After theMW 6.0 Gölyaka–Düzce earthquake, vigorous seis-
mic activity struck the region during the following days.
Compared to the scattered seismicity in a much larger re-
gion, most of this early aftershock activity occurs within an
area extending 15 km to the east and west, as well as 8 km
to the north and south, of the mainshock epicenter, respec-
tively (Figs. 8 and 9). Generally, aftershocks typically oc-
cur around the mainshock rupture area, and they may also

activate nearby faults, due to stress changes induced by the
mainshock. In a first-order approximation, the relocated af-
tershock activity delineates a planar structure trending SW–
NE that is dipping towards the NNW, which is consistent
with the geometry of the Karadere fault (Fig. 9). The plane
best fitting to the seismicity (contained within 1 km distance)
has a strike of ϕ = 257◦ and a shallow dip of approximately
δ = 45◦ (Fig. 9). The strike of this plane is thus in good
agreement with the moment tensor solutions for the MW 6.0
mainshock (Table S2). However, the dip of our plane is shal-
lower than the δfm

= 72–82◦ reported by the moment ten-
sor solutions (Fig. 9c). The depth of the seismicity along the
strike of the fault segment is not uniform, with the southwest-
ern portion of the fault generally displaying shallower seis-
micity from 5 to 13 km depth and the northeastern portion
of the activated fault between 9 and 16 km depth (Fig. 9b).
Along the strike, the hypocentral location of the mainshock
coincides with this depth change, suggesting the presence
of a fault jog or a heterogeneity that could have promoted
a stress concentration.

The mainshock triggered an aftershock sequence that
within the first 6 d can be fitted with an Omori law of the
shapeN(t)= kt−p, with p = 0.90 and k = 2.5 (see Fig. S8).
Typical values observed for the p value representing the de-
cay rate oscillate around 1.0, suggesting that the aftershock
decay associated with this sequence is fairly standard, includ-
ing three to four MW > 4 earthquakes occurring within the
analyzed time window.

3.3 Source parameters and directivity of the
Gölyaka–Düzce mainshock

Earthquake source parameters for the 2022 MW 6.0
Gölyaka–Düzce mainshock are provided in Table 1, with
the average values and multiplicative error factors calculated
in log10 domain (García-García et al., 2004). The averaged
seismic moment is 8.80× 1017, leading to a moment magni-
tude of MW 5.9, which is equal to the moment magnitude
given by AFAD. The average corner frequency fc values
obtained for P and S waves are 0.23 Hz and 0.24 Hz, re-
spectively, with a ratio of fcP

fcS
= 0.96. The obtained ratio of

corner frequencies from P and S waves is lower than the
VP
VS
= 1.73, which holds for a stationary source and can be de-

creased due to the rupture propagation effects (Sato and Hi-
rasawa, 1973; Kwiatek and Ben-Zion, 2013). In general, the
fcP > fcS arises for roughly equidimensional source models
(length equal to width). For long and thin faults, lower fcP

fcS

ratios are to be expected; for example, fcP
fcS
= 0.77, assuming

rupture velocity VR = 0.9VS (Savage, 1972). Nearly equal
fcP and fcS values are given in a dislocation model with
a unilateral rupture propagation (Haskell, 1964). The small
fcP/fcS ratio might imply that the fault width W could be
overestimated from the aftershock distribution and could be
smaller than 8 km, which is also supported by the narrower
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Figure 6. Seismicity located during the preceding month. Seismicity distribution included in the absolute location catalog (colored circles)
during the month preceding the Gölyaka–Düzce earthquake (red star). Symbol size is encoded with magnitude. Surface ruptures of the 1999
MW 7.4 İzmit andMW 7.1 Düzce earthquakes are shown with dashed green and pink lines, respectively. For comparison, the seismic activity
for three different time periods around the 1999 İzmit and Düzce mainshock is shown in cyan (from Bohnhoff et al., 2016; Bulut et al., 2007).
Fault traces are from Emre et al. (2018).

fault width estimated from the early aftershock distribution
(Fig. 9).

Attenuation greatly affects the amplitude and frequencies
included in the seismograms. Commonly, S waves tend to
have larger attenuation than P waves. The ratio between the
P and S quality factors is

QP

QS
=

3
4
V 2

P

V 2
S
. (18)

For a Poisson solid, VP =
√

3VS, thus resulting in
QP
QS
= 2.25. Our observations provide a considerably lower

QP
QS
= 1.2. Such lower ratios are not uncommon and have

been interpreted as being the attenuating effect of pore fluids
(Olsen et al., 2003; Hauksson and Shearer, 2006; Kwiatek
and Ben-Zion, 2013; Kwiatek et al., 2015).

Utilizing the average source size and seismic moment
from both P and S waves, the static stress drop of the main-
shock is estimated as 0.61 and 1.48 MPa, while using a Brune
model (Eq. 12) and a Haskell model, respectively (Table 1).

The estimated rupture length varies at around 14 and 6 km
for the Brune and Haskell models, which yields a rectangu-
lar source with a small L/W ratio. A relatively small aspect
ratio was also observed for the MW 7.1 in 1999 in the direct
vicinity of this area (Bürgmann et al., 2002).

Figure 10 shows P-wave arrivals highlighting the initial
portion of the ground displacement record 1t . Longer 1t
rise times and durations of first P-wave displacement pulses
are observed for western stations with azimuth angles of
196–293◦ (i.e., stations SUSU, GEYV, KAYN and KAND).
At the same time, eastern stations at comparable distances
and azimuth angles ranging from 32 to 130◦ display shorter
rise times and visibly higher-frequency content (see discus-
sion in Douglas et al., 1988; Fig. 10b), especially for sta-
tions RUZG and BCAM near 90◦ azimuth. These observa-
tions suggest an eastward rupture propagation, while assum-
ing a unilateral rupture. However, in the case of a more com-
plicated rupture process, the shorter rise time could also be
promoted by a closer large local slip asperity in the easterly
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Figure 7. Temporal evolution of seismic activity and seismic moment. (a) Bars show the histogram of seismicity rates, where every bar
represents a time period of 12 h. Gray and blue colors represent the seismicity included in the catalog of detections and absolute locations,
respectively. Lines show the cumulative number of seismic events as a function of time. Lighter and darker colors represent the time periods
before and after the mainshock. (b) Evolution of cumulative seismic moment release from the catalog of absolute locations.

Table 1. Source parameters for the 2022 MW 6.0 Gölyaka–Düzce
earthquake. fc is the corner frequency. M0 is the seismic moment.
L is the source rupture length. Q is the quality factor. 1σ is the
stress drop.

Average value Multiplicative error factor

M0 (Nm) 8.80× 1017 2.60
fcP (Hz) 0.23 1.51
fcS (Hz) 0.24 1.52
QP 571 1.52
QS 476 1.28
LBrune (km) 14.26 1.66
LHaskell (km) 5.90 1.63
1σBrune (MPa) 0.61 2.60
1σHaskell (MPa) 1.48 2.93

direction. We also estimated the azimuthal variations of fc
for the stations between 200 km and 800 km from the main-
shock (Fig. S9). Larger fc values are observed at approxi-
mately 100◦, hence being roughly consistent with the east-
ward rupture propagation. However, we note that scattered
large fc values were also observed at other azimuths.

4 Discussion

The various spatiotemporal scales covered by the different
methodologies applied in this study provide insights into
the processes leading to and involved in the rupture of the
MW 6.0 Gölyaka–Düzce earthquake. In the following, we
discuss the most important patterns that emerged from the
obtained results and their relation with the rheology of the re-
gion, the development of previous large earthquakes (i.e., the
M > 7 İzmit and Düzce earthquakes) and its stage in the seis-
mic cycle.
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Figure 8. Seismicity distribution after the Gölyaka–Düzce earthquake (colored dots). Cyan dots in the background reflect 1999 İzmit and
Düzce aftershocks (from Bohnhoff et al., 2016; Bulut et al., 2007).

Figure 9. Magnification of the spatiotemporal distribution of the seismicity during 6 d following the Gölyaka–Düzce earthquake. (a) Map
view. Depth profiles along (b) A-A’ (approximately perpendicular to the Karadere fault strike), and (c) B-B’ (approximately perpendicular
to the strike of the Düzce fault). The symbol size and color are encoded with magnitude and date, respectively.
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Figure 10. First-peak duration recorded at seismic stations between 50 and 100 km from the mainshock epicenter. (a) Station distribution
near the epicenter (yellow star). Colored triangles highlight the stations used in panel (b). (b) Normalized ground displacement recordings on
radial components. The waveforms are aligned relative to the P-wave arrival (0 s) in the time axis and are ordered according to the azimuthal
angles relative to the mainshock. The time duration of the colored segments is shown color-coded for in the station symbols in panel (a).
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4.1 The 1999 M > 7 İzmit and Düzce earthquakes
promoted the seismic activation of the Karadere
fault

The Karadere fault connects the Akyazı and Düzce basins,
which are both pull-apart structures in response to the re-
gional transtensional tectonic setting (Pucci et al., 2006; Ick-
rath et al., 2015; Bohnhoff et al., 2016). The spatiotempo-
ral evolution of seismicity along different portions of the
broader Marmara region since 1990 has shown that the Ka-
radere fault was primarily quiet until the occurrence of the
1999M> 7 İzmit and Düzce events (Fig. 5). Most of the Ka-
radere fault was activated during the 17 August 1999MW 7.4
İzmit earthquake, while its northeastern portion likely hosted
fewer aftershocks (Bohnhoff et al., 2016). The 1999 İzmit
rupture was then extended further eastwards 87 d later, with
the 11 November 1999 MW 7.1 Düzce earthquake onto the
east–west trending Düzce fault splaying off the Karadere
fault, and also dipping towards the north, with a dip of around
55◦ (Bürgmann et al., 2002).

The 23 November 2022 MW 6.0 Gölyaka–Düzce rupture
likely occurred on the northeastern portion of the Karadere
fault that remained inactive in 1999, marking the western
flank of the Düzce Basin as a topographic depression north
of the Düzce fault as a releasing bend. The fact that the İzmit
rupture stopped on the Karadere fault and redirected onto
the Düzce fault indicates that the northeastern Karadere fault
acted as a barrier in 1999. This is supported by the obser-
vation of a lower seismic velocity contrast in the Karadere
fault with respect to the fault regions west of it (e.g., the
Mudurnu fault; see Najdahmadi et al., 2016). Nevertheless,
our results show increased background seismic activity from
1999 onwards in the Karadere segment, with a visible in-
crease in 2004–2005. One hypothesis is that the stress re-
distribution from the 1999 İzmit and Düzce earthquake se-
quences brought the Karadere segment closer to failure by
stress transfer, leading to a progressive activation of this seg-
ment over the years. In that way, after 23 years of additional
continuous tectonic loading, it was finally activated with a
MW 6 event within a region of the fault zone that is still in a
relatively early phase of the seismic cycle. Some support for
this scenario comes from a reported change in stress regime,
together with a rotation of the Shmin orientation in the Ka-
radere segment before and after the 1999 İzmit and Düzce
sequences (Ickrath et al., 2015). Before the earthquakes, a
predominantly normal faulting stress regime was observed,
while the strike–slip regime was observed after the Düzce
earthquake. As the magnitude of SV at a certain depth is
mostly given by the weight of the overburden, it is expected
to remain approximately constant during the earthquake cy-
cle. This suggests that the horizontal shear stresses on the
fault increased after the 1999 sequence. We additionally note
that the average recurrence period of M > 7 earthquakes in
the area is around 250 years (Murru et al., 2016). There-
fore, the recurrence time of a M > 6 earthquake should be

about 25 years, which roughly fits with the occurrence of the
last M > 7 earthquakes 23 years before the Gölyaka–Düzce
event.

The observed changes in the background seismicity rates
could also be related to a change in the seismic coupling of
the region (e.g., Marsan et al., 2017; Jara et al., 2017). In par-
ticular, the occurrence of the 1999 M > 7 İzmit and Düzce
earthquakes and their post-seismic deformation could have
resulted in the promotion of the occurrence of an aseismic
slip at depth, hence leading to a progressive decoupling of
the fault. The buildup of stresses from the occurrence of en-
hanced aseismic slip can increase the background seismic-
ity rates over the region with distributed deformation over
a large area. Indeed, an additional proposed mechanism for
the 1999 Düzce rupture was a viscoelastic post-seismic re-
laxation at depth, which affected a broad area from the 1999
İzmit rupture (e.g., Bürgmann et al., 2002; Ergintav et al.,
2009). A detailed study on the microseismicity from this
area also suggested that this possibility could account for the
larger seismicity rates at depth (Beaucé et al., 2022).

4.2 How did the mainshock start?

Our catalog of absolute locations revealed at least 23 seismic
events with an epicentral location less than 25 km from the
MW 6.0 Gölyaka–Düzce event during the month before its
occurrence. Out of these, only two are located in the north-
eastern segment of the Karadere fault, as the main fault seg-
ment that ruptured in the Gölyaka–Düzce event. The spa-
tiotemporal evolution of these events does not suggest clus-
tering but rather a scattered activation of the area (Fig. S7).

Likewise, the foreshocks do not generally resemble a spa-
tial or temporal localization of the seismicity prior to the
mainshock. This is of relevance, since a number of moder-
ate to large earthquakes in this region displayed systematic
foreshock activity (Bouchon et al., 2011; Ellsworth and Bu-
lut, 2018; Malin et al., 2018; Durand et al., 2020). A simi-
lar spatiotemporally scattered precursory activity pattern as
seen for the mainshock was also found for the 1999 MW 7.1
Düzce earthquake, where the largest event in the region of
the earthquake rupture in the preceding 65 h was a M 2.6
event (Wu et al., 2013). Additional small events detected
around the future Düzce 1999 rupture did not show any clear
signatures of acceleration. The few seismic events preced-
ing the 2022 MW 6.0 event, together with their lack of spa-
tiotemporal localization, suggest the existence of relatively
homogenous local stress conditions along this fault segment
or, alternatively, homogeneous fault strength that would al-
low a progressive fault loading without rupturing small het-
erogeneities in the medium reflecting foreshock activity. In
this respect, laboratory rock deformation experiments have
shown that seismic precursors are more frequent on rough
fault surfaces, while seismic foreshocks are much less fre-
quent on polished fault surfaces (Dresen et al., 2020). This
is consistent with the linear and relatively simple geometry
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of the eastern portion of the Karadere segment. In fact, the
decade-long seismicity along the Karadere fault shows that
it is notoriously more localized within the fault trace than in
other fault areas (see e.g., Wu et al., 2013).

The fault area that was activated in the 1999 M > 7 İzmit
and Düzce earthquakes is documented to continue display-
ing post-seismic deformation almost 20 years after (Ergintav
et al., 2009; Aslan et al., 2019), which is mainly related to
afterslip and viscoelastic relaxation. In this respect, one pos-
sibility is that the initiation of the mainshock was also pro-
moted by the occurrence of distributed aseismic slip in the
region at depth over a broad area (e.g., Beaucé et al., 2022;
Karabulut et al., 2022). This is supported by the observation
of a small number of seismic events around 11 November,
at the bottom of the Düzce fault, near the place where the
1999 Düzce earthquake nucleated (Fig. 6). Another hypoth-
esis is that a regional or local stress perturbation could have
destabilized the northeastern Karadere fault that was close to
failure. Some examples for such a potential stress perturba-
tion may include tidal effects or seasonal effects, such as the
effect of precipitation (e.g., Hainzl et al., 2013) or baromet-
ric pressure changes (Martínez-Garzón et al., 2023). Regard-
ing seasonal or semi-periodic stress perturbations, it is worth
mentioning that the MW 6.0 Gölyaka earthquake, a MW 4.9
event in 2021, as the largest and most recent event in this
area, and the 1999 MW 7.1 occurred within the second-half
of November. Further statistical analysis is not conducted in
the frame of this study but may give a further indication with
respect to whether earthquakes in this region show any sig-
nificant temporal pattern.

4.3 Fault segments potentially activated during the
mainshock and aftershock sequence

Based on the estimated rupture length from the mainshock
source parameters, the event activated a ∼ 12 km long seg-
ment of the Karadere fault, terminating just east of the Düzce
Basin (Fig. 9). Although we tested the application of EGF
methods to recover the directivity more accurately, the anal-
ysis did not yield clear results (see Sect. S1 for details). The
reasons for this are not clear. It may be that the events used
for the EGF deconvolution did not fulfill all necessary crite-
ria (e.g., occurring on the same location, with a similar focal
mechanism and at least a unit of magnitude difference). Al-
ternatively, it could be that the mainshock rupture did not ac-
tivate a single fault segment, resulting in some complexities
obscuring the directivity pattern.

The rupture complexity is also somewhat consistent with
the spatial distribution of aftershock seismicity, which shows
a heterogeneous event distribution, possibly also illuminating
fault structures that were not directly involved in the main-
shock rupture. On the western section, the spatial distribu-
tion of aftershock seismicity is oriented SW–NE, and part of
the distribution suggests the activation of a NW-dipping fault
plane of the mainshock, in accordance with fault–plane solu-

tions of the event (Table S2) and with the size of the main-
shock rupture estimated from the source parameters.

However, the eastern part of the aftershock distribution is
also compatible with the fault geometry of the main Düzce
fault activated in 1999. Indeed, the main cluster of events is
located at approximately 10 km distance from the mapped
surface trace of the Düzce fault. As the deepest aftershock
seismicity is located at about 15 km depth, the distribution
is also consistent with a fault dipping at about 55◦, as we
previously reported in Sect. 3.2.2 (Fig. 9). Indeed, this dip
is more consistent with the fault geometry reported for the
Düzce fault (Bürgmann et al., 2002) than with the dip of
the Karadere fault extracted from the focal mechanism of the
MW 6.0 Gölyaka–Düzce earthquake.

Therefore, we suggest that the aftershock distribution that
we obtained is likely reflecting the activation of both faults,
with the Karadere segment displaying a steeper dip towards
the northwest, as observed from the focal mechanisms, and
the main Düzce fault at depth dipping more gently (around
55◦) towards the north.

4.4 A proxy for rupture directivity suggests a larger
radiation of energy towards the east

Higher-frequency P-wave pulses with shorter rise times were
identified at seismic stations found eastward of the rupture,
suggesting that the mainshock propagated towards the east.
This is consistent with the rupture directivity derived for
this earthquake from the analysis of ground motions (Türker
et al., 2023). A statistically preferred rupture propagation
towards the east was also resolved in the Karadere fault
segment below 5 km depth, based on the analysis of fault
zone head waves (FZHWs) and fault zone reflected waves
(FZRWs; Najdahmadi et al., 2016). At depth, the authors
identified the faster side as being the elevated crustal Al-
macık block to the SE. Together with models of bimaterial
ruptures, these results suggest that earthquakes on the Ka-
radere segment nucleating at > 5 km depth have a physically
explainable preferred propagation direction to the east. How-
ever, at a shallower depth, the fault core was detected to host
even slower material between both blocks to either side (Na-
jdahmadi et al., 2016). This led the authors to decide on a
narrow wedge-shaped structure of the fault rather than a sim-
ple first-order impedance contrast of the fault. A preferred
rupture propagation towards the east was also resolved in the
Mudurnu fault segment (about 70 km west of the mainshock
epicenter; see Fig. 6) from detection of fault zone head waves
(Bulut et al., 2012). From the moveout of the fault zone head
waves, a velocity contrast of about 6 % was estimated, with
a slower seismic velocity for the northern side of the fault.
An eastward propagation of the rupture was also reported for
the 1999 MW 7.1 Düzce earthquake rupture from the joint
analysis of geodetic, seismic and strong motion data (Konca
et al., 2010). We conclude that based on our observations
of an eastward-directed rupture during theMW 6.0 Gölyaka–
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Düzce earthquake, the observations of fault zone head waves
in the region and the existence of bimaterial faults in the area
should be considered to be an important ingredient for re-
fined seismic risk studies in the area, especially for the Is-
tanbul metropolitan region further to the west. However, this
only applies if earthquakes are located along the bimaterial
interface. For earthquakes located on secondary splay faults
or in the rock volume, their rupture directivities may be re-
lated to other factors. A future possible analysis of the source
parameters from the smaller events of the sequence may re-
veal whether the eastward directivity is a persistent feature in
the region.

5 Conclusions

We investigated the source parameters of the 2022 MW 6.0
Gölyaka earthquake in NW Türkiye and the evolution of the
seismicity framing this mainshock at various spatial and tem-
poral scales. This earthquake mainly ruptured the Karadere
fault, a small fault segment located in the direct vicinity of
the 1999 MW 7.1 Düzce earthquake. Hence, this case is an
example of a medium-sized earthquake which ruptured a crit-
ically stressed fault embedded in a fault zone that is overall
in a relatively early stage of the seismic cycle. Our primary
goal was to determine how the earthquake initiated, what the
ongoing deformation mechanisms in the region are and how
the energy from this mainshock was radiated. The main con-
clusions extracted from our analysis are the following.

The decade-long evolution of background seismicity in the
Karadere segment shows that the segment was mostly silent
before the 1999 M > 7 İzmit and Düzce earthquakes. From
the year 2000 to the present, the segment has been compar-
atively more seismically active, supporting the hypothesis of
a progressive approach to critical stress level of the fault seg-
ment.

The high-resolution seismicity catalogs derived in this
study report on 23 locatable events during the previous
month within a 25 km radius from the 2022 Gölyaka–Düzce
earthquake. Only few of them occurred close to the future
earthquake rupture, suggesting relatively homogenous fault
stress conditions, and no signatures of foreshock localization
were observed.

The early aftershocks of the sequence (i.e., first 6 d) sug-
gested the activation of the Karadere fault segment dipping
steeply towards the NW, as reported by the moment tensor,
and the Düzce fault in the southern part dipping shallower
directly towards the north. This suggests that the mainshock
rupture, located along the Karadere fault, was able to trigger
abundant aftershocks in the neighboring fault segment.

An analysis of the mainshock rupture directivity patterns,
including an attempt to employ empirical Green’s function
analysis, did not yield clear results. However, a shorter rise
time and the higher-frequency content of the P-wave pulses
is observed at seismic stations located east of the mainshock

hypocenter. If the mainshock rupture did indeed show pro-
moted directivity towards the east, then the observation is
consistent with predictions from models of bimaterial inter-
faces and observations from fault zone head waves at this
fault.

Code and data availability. The here-derived enhanced seismicity
catalog with absolute locations derived with NonLinLoc and mo-
ment magnitudes estimated is provided in the supplementary text
file “catalog_absolute_locations.txt”.

The seismicity catalog from AFAD can be accessed through the
link provided in the reference Turkish Disaster Emergency Author-
ity (https://tdvms.afad.gov.tr/, AFAD, 2023). The seismicity catalog
from KOERI can be accessed through the link provided in the ref-
erence KOERI observatory (http://www.koeri.boun.edu.tr/sismo/2/
earthquake-catalog/, KOERI Observatory, 2023).

The here-generated AFAD and KOERI catalogs correspond to
the time period from 23 October 2022 at 00:00 LT up to 29 Novem-
ber 2022 at 00:00 LT. Latitude and longitude ranges of 40–41◦, 30–
32◦, respectively, are used.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/se-14-1103-2023-supplement.
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