
1. Introduction
The discovery of slow, aseismic slip in the 1960s both along the San Andreas Fault (Steinbrugge et al., 1960) 
and the North Anatolian Fault (Ambraseys, 1970) led to a revision of the elastic rebound theory proposed by 
Reid (1911). Slow slip has now been described along numerous active faults, including the San Andreas Fault 
(e.g., Jolivet, Simons, et al., 2015; Steinbrugge et al., 1960), the North Anatolian Fault (e.g., Ambraseys, 1970; 
Çakir et al., 2005), the Leyte fault (e.g., Dianala et al., 2020; Duquesnoy et al., 1994) among others (see a complete 
description in Jolivet & Frank, 2020), and is now recognized as one end-member mode of fault slip releasing 
stress along active faults. Slow slip has also been described along subduction megathrust either in the form of 
transient events (e.g., Dragert et al., 2001; Wallace, 2020), associated with tremors or not, and as variations of 
megathrust kinematic coupling (e.g., Avouac, 2015; Mazzotti et al., 2000). Observationally, slow slip has been 
linked with the preparation phase of earthquakes, such as before the Mw 8.1 Iquique earthquake in Chile in 2014 
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scale descriptions of aseismic slip at the surface and at depth are key to determine the factors controlling the 
occurrence of slow, aseismic versus rapid, seismic fault slip. We focus on the spatial and temporal distribution 
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on our high-resolution data set, we discuss potential physical models explaining the occurrence of slow slip in 
this region.
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(e.g., Ruiz et al., 2014; Socquet et al., 2017) or, more disputably, before the Mw 7.4 Izmit earthquake in 1999 in 
Türkiye (Bouchon et al., 2011; Ellsworth & Bulut, 2018). Effectively, slow slip, like earthquakes, contributes to 
the release of elastic energy that accumulates under the loading imposed by tectonic motion (e.g., Avouac, 2015). 
As a result, slow slip influences the size of large earthquakes which are known to be arrested preferentially by 
fault segments hosting aseismic slip (e.g., Kaneko et al., 2010), among other causes.

Although the importance of aseismic slip on the dynamics of earthquakes is indisputable (e.g., Avouac, 2015; 
Bürgmann, 2018), the physical mechanisms responsible for keeping slip slow are still unclear. Multiple mech-
anisms may be involved to prevent fault slip to become dynamic and reach slip speeds characteristic of earth-
quakes (∼1 m/s). First, the spatial distribution of rheological properties of the fault material governs the spatial 
and temporal evolution of fault slip.  For instance, rate strengthening fault material leads to stable slip (e.g., 
Scholz, 1998; Thomas et al., 2017). As fault rheology, and in particular the constitutive properties of the law 
controlling friction on the fault plane, depends on temperature and normal stress, the resulting depth-dependent 
distribution of fault properties explains the depth distribution of slip modes in a variety of subduction zones and 
continental faults (e.g., Blanpied et al., 1991; den Hartog & Spiers, 2013). Second, if fault frictional properties 
lead to a rate weakening behavior, a large nucleation size (i.e., the slip distance over which slip becomes dynamic) 
may prevent slip to reach seismic speeds (e.g., Ampuero & Rubin, 2008). As nucleation size depends on both 
constitutive properties and effective normal stress, one may invoke the influence of elevated pore fluid pressure 
to keep slip stable, as observed at the deep end of the potentially seismogenic portion of subduction megathrust 
(e.g., Kodaira et al., 2004; Moreno et al., 2014). Third, recent works suggest that complexities in the fault geom-
etry may lead to the emergence of slow slip even with unstable rate-weakening properties, either through local 
modulation of normal stress due to slip on a rough fault (Cattania & Segall, 2021) or to stress interactions between 
fault segments (Romanet et al., 2018). In all cases, it is important to realize that the geological conditions under-
lying these physical mechanisms may vary over a wide range of length scales. Rock types, pore fluid pressure 
and fault geometry may vary over any distances, from millimeters to hundreds of kilometers. Fault geometry for 
instance is considered self-similar and has no characteristic length scale (e.g., Candela et al., 2012).

It is therefore of uttermost importance to provide descriptions of aseismic, slow slip with the highest level of 
details over large regions. In subduction zones, the vast majority of geodetic and seismological stations are 
necessarily located on land, far from the megathrust. To the contrary, the surface expression of continental faults 
can be studied with high levels of detail due to available Interferometric Synthetic Aperture Radar (InSAR) data, 
near-field GNSS stations and creepmeters, which may reveal the smallest details of aseismic slip. For instance, 
Jolivet, Candela et al. (2015) and Khoshmanesh and Shirzaei (2018) have explored the occurrence of clusters 
of slow slip events with scales from tens of meters to tens of kilometers, suggesting an avalanche-like behavior 
witnessing interactions between slow slip events. As another example, Dalaison et al. (2021) show the complex 
pattern of slow and rapid slip along the Chaman fault in Pakistan which hosts one of the longest creeping sections 
on Earth. In this paper, we explore and describe the behavior of aseismic slip along the Ismetpasa section of 
the North Anatolian Fault (Figure 1), covering time scales ranging from days to decades and length scales from 
hundreds of meters to tens of kilometers.

2. Seismo-Tectonic Setting and Motivation
First mentions of aseismic slip along the North Anatolian Fault date from Ambraseys  (1970). In particular, 
Ambraseys (1970) describes the offset of a wall in the city of Ismetpasa which was not related to any signifi-
cant seismic activity. Although the paper mentions that it is not known whether the offset occurred gradually or 
episodically, a mean creep rate of 2 cm/yr was inferred while the earlier offset of railroad tracks in the vicinity 
suggested a 5  cm/yr creep rate from 1944 to 1950. Following the suggestion of Ambraseys  (1970), Bilham 
et al. (2016) re-evaluated these surface slip rates, inferring slightly slower rates. The 1944 M 7.4 Gerede earth-
quake is the last large event known to have ruptured in this area, and those early estimates fall within the subse-
quent postseimic period (e.g., Figure 1 and Kondo et al., 2010). Since then, numerous studies have measured 
surface slip rates, using land-based and geodetic techniques, including creepmeters, GNSS data and InSAR data 
(Altay & Sav, 1991; Aytun, 1982; Bilham et al., 2016; Çakir et al., 2005; Cetin et al., 2014; Deguchi, 2011; 
Deniz et al., 1993; Eren, 1984; Kaneko et al., 2012; Karabacak et al., 2011; Kutoglu & Akcin, 2006; Kutoglu 
et al., 2008, 2010; Ozener et al., 2013). All subsequent studies infer a surface creep rate, at Ismetpasa, of about 
6–8 mm/yr, since at least the 1980s. The decrease in slip rate from 5 cm/yr followed by a rather constant rate of 
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6–8 mm/yr was interpreted as the signature of a long lived post-seismic signal and modeled with rate-and-state 
friction (Kaneko et al., 2012). The model suggests that shallow material, from the surface to a depth of about 
5 km, is rate-strengthening, promoting shallow afterslip. Prompting adequate tuning of the constitutive parame-
ters of the friction law, this model can produce long lived afterslip lasting more than 55 years. It is important to 
realize that all these measurements were made and restricted to a single location along the fault and that the slip 
rates measured directly following the 1944 earthquake are uncertain (Bilham et al., 2016).

Slow slip events were recently discovered at Ismetpasa (Bilham et al., 2016; Rousset et al., 2016). In 2013, a 2 cm 
slow slip event was detected from time series analysis of InSAR data acquired by the Cosmo-Skymed constella-
tion (Rousset et al., 2016). Slip spanned a 10 km-long section of the fault with a 4 km width along dip. Such event 
echoes the surface slip accelerations inferred from creepmeter records in the 1980s (Altay & Sav, 1991) and those 

Figure 1. Fault parallel velocity map, vertical velocity map, and surface slip—Top panel: Color indicates the fault parallel velocity derived from the combination of 
Line-Of-Sight velocity maps on Sentinel 1 ascending and descending tracks. Dark lines indicate the main trace of the North Anatolian Fault. Gray lines are secondary 
faults. Colored lines indicate the along strike extent of large historical and recent earthquakes. Center-left panel is a zoom on the area where aseismic slip is most 
visible. Center-right panel shows the vertical displacement rate over that same area (positive is uplift). Lower panel shows surface slip rate along the fault as measured 
on the Interferometric Synthetic Aperture Radar velocity maps. Red is strike slip while light blue is dip slip (i.e., effectively differential vertical motion at the fault 
trace). Gray shading shows areas of low coherence where data is missing. On all panels, Is. and Ba. indicate the location of the cities of Ismetpasa and Bayramoren, 
located at the end-points of the segment that slips aseismically.
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currently captured by the creepmeter operating since 2014 (Bilham et al., 2016). The largest slow slip events are 
spontaneous as they do not follow significant earthquakes or identified stress perturbations. They repeat every 
2–3 years with slip amplitudes that vary from 5 to 15 mm. These events were not accounted for as such in early 
measurements of surface slip rates (e.g., Altay & Sav, 1991) and are most likely averaged into such rates. In addi-
tion, we do not know the full spatial extent of these slow slip events. Finally, the presence of such events suggests 
that the rheology of the fault at shallow depth cannot be uniformly rate-strenghtening and two possibilities arise. 
Rheology is either rate-weakening, hence promoting spontaneous slip instabilities although such instabilities 
must remain slow, or rheology is heterogeneous with unstable fault patches embedded in a generally stable matrix 
(Wei et al., 2013).

In all cases, several questions are left unanswered considering the slip rate variations and distribution along the 
creeping section of Ismetpasa. First, although the spatial distribution of slip has already been inferred (Cetin 
et al., 2014), it is unclear how deep slip extends and what are the uncertainties associated with the slip distribu-
tion. Large scale strain mapping and modeling are not sufficient and fine exploration of the deformation field in 
this area is required (Barbot & Weiss, 2021; Weiss et al., 2020). Second, temporal variations of slip rate have, so 
far, only been detected at Ismetpasa. Is such episodic behavior representative of the whole fault section or not?

To address these questions, we derive time series of surface displacements over the 2014–2021 period from Senti-
nel 1 InSAR data and explore the spatial and temporal behavior of aseismic slip along this creeping section. We 
also include ground velocity measured at GNSS sites from the National Turkish network and preliminary results 
from a network of near-fault GNSS sites designed to capture slow slip events. In the following, after specifying 
our approach, we describe the resulting surface velocity field and infer the distribution of average slip rates at 
depth along with associated uncertainties. We then explore potential surface slip rate variations to detect small 
slow slip events over the whole extent of the creeping section. We finally discuss the occurrences of such slow 
events in the light of previously measured surface slip rates and elaborate on the rheology of the fault zone.

3. Data Processing
3.1. InSAR Data Processing

We process all available Synthetic Aperture Radar data from the Sentinel 1 constellation from 2014 to late 2020 
with the ISCE processing environment (JPL/Caltech, winsar.unavco.org/isce.html; Gurrola et al., 2010) using 
the same approach as Dalaison et al. (2021). We process data from descending tracks 65 and 167 and ascending 
track 87. First, we coregister all images to a single reference acquisition chosen in the middle of the time series 
of images. Coregistration is performed using satellite orbits and refined using the spectral diversity available on 
Radar burst overlaps (Fattahi et al., 2016). From the 288, 278, and 293 acquisitions on tracks 65, 167, and 87 
respectively, we then compute 1858, 1826, and 3053 interferograms (see Figures S1–S3 in Supporting Informa-
tion S1 for baseline plots). We remove the contribution of the stratified tropospheric delay from the wrapped 
interferograms using the ERA5 re-analyzed temperature, water vapor, and pressure level heights fields (Jolivet 
et al., 2011, 2014) using the PyAPS software (Agram et al., 2013). We look down interferograms for a final pixel 
size of about 120 m in azimuth and range direction (i.e., 8 looks in azimuth and 32 looks in range). We then filter 
and unwrap interferograms using the adaptive phase filter and the coherence-based branch cut algorithm available 
in ISCE (Goldstein & Werner, 1998; Goldstein et al., 1988). We finally correct for potential unwrapping errors 
using the CorPhu algorithm (Benoit et al., 2020). Independently on each track, we use the Kalman filter approach 
developed by Dalaison and Jolivet (2020) to reconstruct the time series of surface displacements in the satellite 
Line-Of-Sight (hereafter LOS) from the set of interferograms. Since no significant earthquake has been detected 
in the region over the period we analyze, we only consider an annual oscillation and a secular trend as a basis 
model underlying the Kalman filter. We use the parameterization proposed in Dalaison and Jolivet (2020).

Results are shown on Figure 1, Figures S4–S15 in Supporting Information S1. As interferograms do not unwrap 
completely, with especially poor coherence in the north of the area close to the shore of the Black Sea, final 
reconstruction of the time series shows variable quality. We define the reconstruction Root Mean Square (RMS) 
as the square root of the sum of the squared difference between the interferograms and the synthetic interfero-
grams inferred from our time series, divided by the total number of interferograms. We compute such RMS 
for each pixel of each track (Figures S13–S15 in Supporting Information S1). We decide to mask pixels with a 
reconstruction RMS higher than 2 mm, pixels constrained by less than 1,300 interferograms (Figures S10–S12 in 
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Supporting Information S1) and with a final uncertainty on the velocity higher than 0.5 mm/yr (Figures S7–S9 
in Supporting Information S1). We retain for the following analysis pixels less than 60 km away from the North 
Anatolian Fault trace. We combine the final three LOS velocity maps into fault parallel and vertical velocity 
maps assuming horizontal motion aligns with 77.5°N azimuth (Dalaison et al., 2023). Final horizontal velocity 
is shown on Figure 1 while the vertical velocity map is available on Figure S18 in Supporting Information S1.

Similar to Dalaison et al. (2021), we extract fault perpendicular profiles on each LOS velocity maps every 250 m 
and evaluate the across fault ground velocity difference to infer the surface slip rate and the associated uncertain-
ties (Figures S16 and S17 in Supporting Information S1). Such slip rate is remarkably consistent between both 
descending tracks 65 and 167 and shows opposite sign on track 87, suggesting a dominantly strike slip motion 
across the fault. We combine these along strike surface slip measurements into a strike slip and dip slip motion 
(Figure 1). Potential dip slip is visible between 32.5° and 32.75°W of longitude, near Ismetpasa.

3.2. GNSS Data Processing

We installed 19 permanent GNSS sites along the section previously identified as creeping by Cetin et al. (2014). 
Sites are located close to the fault (<5 km) in order to capture shallow slow slip events, previously captured with 
InSAR and creepmeter data (Altay & Sav, 1991; Bilham et al., 2016; Rousset et al., 2016). In this paper, we only seek 
to include velocities measured at each site of this network, hereafter referred to as Ismenet, to constrain the slip rate 
at shallow depths. A detailed description of the typical site setup we implemented with station measurement periods 
can be found in Supporting Information S1. We processed data from the Ismenet network together with 57 stations 
from the International GNSS service (37 sites, www.igs.org) and from the Turkish National Network (20 sites, 
https://www.tusaga-aktif.gov.tr/). A detailed description of the sites used can be found in Supporting Information S1.

Observations are processed in double differences using the GAMIT/GLOBK 10.7 software (Herring et al., 2018) 
to obtain daily estimates of station positions, choosing ionosphere-free combination and fixing the ambiguities 
to integer values. We use precise orbits from the International GNSS Service for Geodynamics, precise EOPs 
from the IERS bulletin B, IGS tables to describe the phase centers of the antennas, FES2004 ocean-tidal loading 
corrections, and atmospheric loading corrections (tidal and non-tidal). One tropospheric vertical delay param-
eter and two horizontal gradients per stations are estimated every 2 hr. We use the GLOBK software (Herring 
et al., 2015) to combine daily solutions and the PYACS software (Nocquet, 2018a) to derive the position time 
series, which are then mapped into the ITRF 2014 reference frame (Altamimi et al., 2016). Finally, the time 
series are set in a fixed Eurasian frame, considering the pole solution proposed by Altamimi et al. (2016). We use 
a trajectory model to extract the velocity on each time series (Bevis & Brown, 2014) and evaluate the standard 
deviation on velocities assuming white and flicker noise following Williams (2003).

4. Surface Velocity and Average Slip Rate
4.1. Surface Velocity Across the North Anatolian Fault

Our velocity map is consistent with previously published results (e.g., Cetin et al., 2014; Kaneko et al., 2012). 
Although decoherence and poor RMS reconstruction leaves gaps in the velocity map, we clearly identify the 
signature of the North Anatolian Fault with a gradient of ∼2 cm/yr across the fault which varies significantly 
along strike (Figures 1 and 2, Figure S16 in Supporting Information S1). Along most portions of the fault, the 
across fault gradient of displacement rate is gradual with a 20–30 km-wide transition from westward to eastward 
motion (i.e., west of 32.4°W and east of 33.4°E).

Between 32.4°E and 33.4°E, we observe a very sharp, step-like gradient of velocity across the fault both in the 
InSAR-derived fault parallel velocity map and in the GNSS-derived velocities (Figures 1 and 2). We interpret 
this step-like transition as the signature of surface slip over an approximately 60–70 km-long profile. This surface 
slip rate shows a maximum slip rate of 1 ± 0.2 cm/yr that tappers down laterally to negligible values in an almost 
elliptical shape. Slip rate at the city of Ismetpasa (longitude 32.63°E) is 6 ± 2 mm/yr, consistent with published 
rates from creepmeter measurements (Bilham et al., 2016). Uncertainties are on the order of 2–3 mm/yr. The 
distribution of slip at the surface overlaps with both the eastern termination of the 1944 Bolu-Gerede (Mw 7.4) 
earthquake and the western end of the 1943 Tosya (Mw 7.6) earthquake (Barka, 1996; Kondo et al., 2005). This 
segment also overlaps with the rupture of the 1951 Kursunlu Mw 6.9 earthquake, although the extent of that 
rupture is unclear (Ambraseys, 1970; Barka, 1996).
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We observe significant vertical differential motion across the fault near the city of Ismetpasa, where the northern 
block subsides with respect to the southern block (Figure 1). The rate of vertical differential motion reaches locally 
12 ± 3 mm/yr but its extent does not exceed 15 km along strike. We also observe pronounced subsidence north of the 
fault, with a maximum of 10 mm/yr, over a 15 km-wide region bounded by the trace of the North Anatolian Fault to 
the south (Figure 1). We account for this subsidence signal in further modeling in order not to bias slip rate estimates 
at depth. This subsidence signal overlaps with cultivated land, suggesting potential hydrological effects related to 
water pumping. Other signals of vertical motion can be observed in various places in the velocity map but further 
away from the fault (>20 km), hence these should average out in the data decimation process and not affect our 
model inference. We do not observe any other subsidence signal along the fault trace. Finally, we raise the readers' 
attention to the fact that such subsidence is observed where previous local measurements of aseismic slip were done.

4.2. Slip Distribution and Uncertainties

The surface velocity field described above is consistent with strain localizing in the vicinity of a major strike 
slip, plate boundary fault. We do not observe significant signals associated with other faults, hence we assume 

Figure 2. GNSS-derived velocities—Map of the GNSS-derived velocities from sites from the Turkish national network (in black) and from the Ismenet experiment 
(blue). A detailed description of the site setup for the Ismenet experiment as well as details of the data processing can be found in Supporting Information S1. Dark lines 
indicate the main North Anatolian fault. Gray lines are secondary faults. Colored lines indicate the along strike extent of large historical and recent earthquakes. Bottom 
panel is a close up on the region where aseismic slip has been identified. We see a clear change in measured velocities across the North Anatolian fault.
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surface displacement rates originate from slip along the North Anatolian Fault at depth. Following the approach 
of Jolivet, Simons, et al. (2015), we consider the NAF as a vertical fault embedded in an elastic crust. Surface 
displacement resulting from elastic loading is usually modeled as the result of slip on an infinitely deep disloca-
tion buried below a given locking depth (Savage & Burford, 1973). Aseismic slip can be modeled as the result 
of shallow elastic dislocations (e.g., Bletery et al., 2020; Jolivet, Simons, et al., 2015; Maurer & Johnson, 2014; 
Ryder & Bürgmann, 2008). Finally, local subsidence can be modeled using an ad hoc Mogi source with a pressure 
or volume change (Mogi, 1958).

We model the surface displacement captured by the three InSAR line-of-sight velocity maps and by our local GNSS 
network as the sum of four contributions. Note that, here, we do not use the horizontal and vertical motion maps 
but directly the LOS velocity maps. First, we solve for strike slip rate on infinitely deep dislocations following the 
trace of the NAF buried below 20-km-depth. This depth is chosen deep enough to reach the brittle-ductile transition 
and to allow shallower slip on the shallow portion of the NAF in case the effective locking depth is located above 
20-km-depth. Second, we discretize the NAF fault plane above the locking depth up to the surface in a triangular 
mesh. Slip on this fault plane is the linear interpolation of slip values at each node of the triangular mesh. Triangle 
sizes vary from 1 km at the surface to 10 km at depth (see Figure S29 in Supporting Information S1). Third, we model 
local vertical motion across the NAF at Ismetpasa by dip slip motion on a subset of the mesh used for strike slip. For 
all fault models, we compute Green's functions relating slip to surface displacements in a semi-infinite  stratified 
half-space using the stratification of elastic parameters from Rousset et al. (2016). Fourth, we include a Mogi source 
at an arbitrary depth of 3 km below the subsiding basin north of Ismetpasa (Mogi, 1958). We include this source to 
remove the potential bias on the inferred strike slip rate. We are not interested in the actual values of pres sure change 
in the source which tradeoff with its depth and size, hence the arbitrary choice of the depth of the source.

In addition, we model long wavelength signals in each InSAR velocity maps (i.e., orbital errors, long wavelength 
atmospheric signals, etc) as a linear function of longitude and latitude. We also solve for a translation and a 
rotation within the GNSS velocity field. These geometrical transformations allow to place the data in a reference 
frame in which displacement rates are null on top of the fault, consistently with our setup. Final parameter set 
includes slip rate on deep dislocations to model crustal elastic loading, slip rate on the shallow, discretized NAF, 
dip slip in the vicinity of Ismetpasa, a Mogi source north of Ismetpasa and geometric parameters for InSAR and 
GNSS common referencing.

We downsample the InSAR velocity maps to minimize computational burden using a quadtree approach designed 
to maximize resolution on the fault plane (Jolivet, Simons, et al., 2015; Lohman & Simons, 2005). In order to 
avoid averaging velocities across the fault, we exclude pixels located less than 1 km from the fault trace. Doing 
so, we lose precious information on potential slip along the shallowest portion of the fault (<1 km-depth). We 
therefore model the across fault step measured in the three LOS velocity maps and we force slip to be constant 
between the surface and a depth of 1 km. Moreover, to ensure continuity of slip rates at depth, we constrain slip 
rates along the deepest elements of the meshed NAF to equal those along the deep dislocations.

We explore the range of possible models using a Bayesian approach in order to derive the posterior Probability 
Density Function of models. Effectively, the posterior PDF, Θ(m|d), is proportional to the product of the prior 
PDF (i.e., our state of knowledge before considering any data), ρ(m), with the likelihood (i.e., the probability that 
a model will lead to a prediction that fits the data), L(d|m), according to Bayes' theorem, such as

Θ(𝐦𝐦|𝐝𝐝) ∝ 𝜌𝜌(𝐦𝐦)𝐿𝐿(𝐝𝐝|𝐦𝐦), (1)

where m is the vector of model parameters and d is the data vector. As a prior PDF, we consider a uniform 
distribution from 0 to 50 mm/yr for strike slip on the shallow part of the NAF. Since most plate reconstruction 
models suggest a long term slip rate of the NAF around 20 mm/yr (e.g., DeMets et al., 2010), we consider a 
uniform distribution between 10 and 30 mm/yr for the deep dislocations. We consider uniform distributions for 
the parameters of the geometric transformations applied to each of the geodetic data sets. We chose a Gaussian 
formulation for the likelihood such as

𝐿𝐿(𝐝𝐝|𝐦𝐦) ∝ exp −
1

2
(𝐆𝐆𝐦𝐦 − 𝐝𝐝)

𝑇𝑇
𝐂𝐂

−1
𝜒𝜒 (𝐆𝐆𝐦𝐦 − 𝐝𝐝), (2)

where G is the matrix of Green's functions. Following the approach of Duputel et al. (2014), Cχ is the sum of Cd, 
the data covariance matrix, and Cp, the matrix of prediction uncertainties accounting for uncertainties in the elas-
tic structure (see Rousset et al., 2016, for a description of how we build Cp). We build the data covariance matrix 

 21699356, 2023, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

026018 by E
cole N

orm
ale Supérieure de Paris, W

iley O
nline L

ibrary on [13/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

JOLIVET ET AL.

10.1029/2022JB026018

8 of 17

assuming different data sets (i.e., InSAR and GNSS velocities) are independent. We evaluate the covariance of 
the InSAR velocity maps over regions with no identified deformation signals (e.g., Jolivet, Simons, et al., 2015; 
Sudhaus & Jónsson, 2009, and Figure S30 in Supporting Information S1). Effectively, since we retain InSAR data 
less than 60 km away from the fault, we expect InSAR data to constrain mostly the distribution of shallow slip 
while far field GNSS velocities should constrain the deep slip rate.

Since we use bounded uniform and Gaussian prior PDFs, there is no analytical formulation of the model that best 
fits the data, although a bounded normal distribution is expected (Nocquet, 2018b). We use AlTar, a stochastic 
sampler using elements of parallel tempering, to draw 90,000 samples from the posterior PDF (https://github.
com/AlTarFramework/altar, Jolivet, Simons, et al., 2015; Minson et al., 2013). Doing so, we explore the range of 
models that explain the data without the use of any form of regularization (i.e., smoothing) apart from the choice 
of the geometry of the fault (i.e., as opposed to trans-dimensional methods, Dettmer et al., 2014). AlTar uses 
parallel tempering to let the sample set slowly converge toward the posterior PDF. Here, we need 62 iterations to 
let the 90,000 Markov chains converge (see Figure S28 in Supporting Information S1 for an example of conver-
gence for the marginal of the deep slip rate on the NAF).

In Figure 3, we show the mean of the 90,000 samples and the corresponding standard deviation. First, we see that 
the slip rate on deep dislocations is 21.5 ± 0.6 mm/yr, consistent with the expected relative pate motion rate at this 
location. Second, we observe that, given the large size (>5 km) of triangles of the fault mesh at the bottom end 
of the shallow section of the NAF, locking depth can be effectively anywhere between 15 and 20 km everywhere 
along the fault, except where surface aseismic slip is observed. Third, below the 60–70 km long segment that 
slips rapidly at the surface between Ismetpasa and Bayramoren, we observe a shallower locking depth between 8 
and 12 km. Along this segment, slip rates locally reach 20 ± 3 mm/yr with potentially two distinct slip patches. 
In addition, along this same section, we observe a locked section at depth from roughly 5 to 10 km-depth. Near 
the city of Ismetpasa, we observe a patch of dip slip with slip rates as high as 12 ± 3 mm/yr, although this patch 
is very limited in size. Other along strike variations of slip rate are not significant compared to the standard 
deviation and correspond to areas where InSAR decoherence led to poor surface velocity reconstruction. Figures 
S24–S27 and S31–S34 in Supporting Information S1 show how the mean model performs at fitting the data. Note 

Figure 3. Fault slip distribution and uncertainties—Top: Mean of the posterior Probability Density Function of slip rate (strike slip). Rectangles on the side represent 
the dislocations used to model the western and eastern extension of the fault model as well as the deep dislocation modeling the far field displacement rate. Note that 
these dislocations extend sideways and at depth as semi-infinite structures. Small fault structure offset from the main fault shows the distribution of dip slip rate in the 
vicinity of the subsiding basin north of the city of Ismetpasa. Red triangles are cities located along the fault, including Bolu (Bo.), Gerede (Ge.), Ismetpasa (Is.), and 
Bayramoren (Ba.). Bottom: Standard deviation of the slip rate (strike slip and dip slip) posterior PDF. Right: Depth distribution of slip rate with associated uncertainties 
at longitude 31.9°E (blue), 32.9°E (green), and 33.9°E (red). Longitude 32.9°E is within the creeping section. Dark dashed line is the deep slip rate. The effective 
locking depth within the creeping section is inferred somewhere between 10 and 12.5 km depth.
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that the mean model does not belong to the ensemble of models drawn from the posterior PDF and is expected 
to show lower performance than models actually within our sample set. Since the posterior PDF is expected to 
be a multivariate bounded Gaussian distribution, the mean model should not be too different from the best fit 
model. Finally, we have tested the effect of the position and size of the deep dislocations, which shows no signif-
icant effect on the distribution of aseismic slip above the brittle-ductile transition (see Figure S35 in Supporting 
Information S1).

As a conclusion, the distribution of slip rates along the NAF in the region of Ismetpasa can be summarized as 
(a) a rapidly slipping segment east of Ismetpasa extending over 60–70 km with slip rates as high as 20 mm/yr, 
(b) a shallow locking depth between 8 and 12 km-depth below the segment of Ismetpasa, and (c) a locking depth 
between 15 and 20 km-depth elsewhere (Figure 3).

5. Time-Dependent Surface Slip
We explore time-dependent surface slip as directly measured in the InSAR time series. We apply a similar 
approach to Dalaison et al. (2021) to extract shallow slip along the NAF from the time series of LOS displace-
ments. We first extract, 500 m-wide, fault perpendicular profiles of LOS displacements every 250 m along the 
NAF at each acquisition time of each of the three time series on tracks 65, 87, and 167. We then extract the across 
fault step in LOS displacement and interpolate these values in time and space to combine them into time series of 
strike slip (i.e., fault parallel slip component) and dip slip (i.e., across fault vertical differential motion).

We show in Figure 4 the space and time evolution of surface slip along the section where aseismic slip has been 
identified in previous studies. In addition, we apply the deep denoiser developed by Rouet-Leduc et al. (2021) 
in order to detect the most important variations of surface slip. This denoiser is a trained convolutional neural 
network specifically designed to remove tropospheric artifacts from time series of LOS apparent displacements. 
Effectively, the denoiser removes what is identified as noise (i.e., here Gaussian correlated noise, topography 
correlated phase values and isolated pixels showing anomalous values wrt. their surrounding pixels) and high-
lights surface displacement consistent with those produced by dislocations embedded in an elastic halfspace. 
Moreover, this procedure reveals signals that are consistently growing with time, unlike tropospheric artifacts. 
Here, we show the instantaneous slip rate as measured on the output of the denoiser, considering the time spanned 
by the acquisitions used as input to the neural network. Finally, these results are compared with ground-truth 
measurements from a local creepmeter (Bilham et al., 2016). In Figures S19 and S21 in Supporting Informa-
tion S1, we show the uncertainties associated with the strike slip estimates and the vertical differential motion 
across the fault.

The history of strike slip along the aseismic section extending east of Ismetpasa shows along strike variations. We 
observe slip rate accelerations and decelerations over a 30 km-long section of the NAF, extending from 10 west 
(Lon 32.5°) to 20 km east (Lon 32.85°) of Ismetpasa. Surface slip events lasting a few days to a few weeks can be 
seen, for instance from +10 to +20 km from Ismetpasa early 2016 in Figure 4. Some of these slip events are also 
captured by the creepmeter in Ismetpasa, such as the ∼5 mm slip events in mid-2017 and late 2020 (Figure 4). 
These events are visible in the surface slip evolution in Figure 4 at Ismetpasa (km 0). The denoiser detects these 
two transients, which display similar along-strike length as the event detected in 2013 by Rousset et al. (2016) 
and cleaned up by Rouet-Leduc et al. (2021). Their spatial extent is directly visible in the time series (Figure 
S22 in Supporting Information S1) although it does not stand out clearly enough from the noise to allow us to 
model their depth extent. The corresponding denoised surface displacement is not helpful to constrain the depth 
extent as the neural network is yet unable to recover the long wavelength of a deformation field (Rouet-Leduc 
et al., 2021).

Interestingly, we do not observe transient slip accelerations over the easternmost section. From 20 to 75 km 
east of Ismetpasa, we record steady surface slip with no obvious slow slip events. The denoiser also does not 
capture sudden slip accelerations, suggesting that slow slip events are not hidden in the noise of our time series. 
If occurring, slow slip events may be too small to be recorded by InSAR. More sensitive, local instruments such 
as creep- or strain-meters should be installed.

Vertical differential motion across the fault observed in the westernmost section also does not show sudden accel-
erations (Figure S21 in Supporting Information S1). Potential periodic signals in the vertical differential motion 
can be seen in the central section between +20 and +30 km, although the corresponding variations are small (i.e., 
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less than 4 mm) hence should be taken with caution. No significant differential vertical motion is observed east 
of +40 km of the section.

6. Discussion
As a summary, the central section of the North Anatolian Fault can be characterized by the presence of a 
60 km-long section that slips continuously since, at least the 1980s (Altay & Sav, 1991). Since no significant 
seismicity is observed along the section at least since the 60s, slip is considered to be mostly aseismic. Slow slip 
events are observed every 2.5 years with 5–15 mm of slip at the surface over the westernmost part of the aseismic 
segment. The eastern part of the segment slips continuously at rates reaching 1 cm/yr, half of the relative plate 
motion expected at this location. At depth, aseismic slip extends from the surface to a depth of 5–6 km. Below, the 
fault is locked over a 4 to 5 km-wide portion. The locking depth below this aseismic section is relatively shallow, 
12 km, compared to the 15–20 km observed elsewhere along the fault where no surface aseismic slip is observed.

6.1. Consistency of Creepmeter and InSAR Measurements

The first notable element of discussion is the accuracy and precision of both InSAR data and creepmeter meas-
urements. Creepmeters installed in Ismetpasa measure relative displacement over a 20 (Altay & Sav, 1991) or 

Figure 4. Time dependent surface slip rate—Space and time dependent surface slip rate (strike slip) obtained from regularly spaced profiles (see Supporting 
Information S1). Y-axis is labeled as a function of longitude and distance to Ismetpasa. Top and bottom plots show the time evolution of surface slip (dark) with the 
associated uncertainties (gray shading) at two distinct locations, including the Ismetpasa train station (bottom) and at 33.1°N (top). Both locations are indicated by red 
arrows on the main plot. Colored dots indicate the slip rate measured on sets of nine consecutive acquisitions cleaned from atmospheric noise with a convolutional 
neural net (Rouet-Leduc et al., 2021). Color indicates the time span of the nine acquisitions. Blue line is the strike slip measured by the creepmeter installed at the 
Ismetpasa train station Bilham et al. (2016).
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16.6 m (Bilham et al., 2016) distance with a 30° angle with respect to the local orientation of the NAF (Altay 
& Sav, 1991; Bilham et al., 2016). One could argue that these instruments would measure very local fault slip, 
spanning a very shallow depth along dip. Our InSAR data show that both slow slip averaged over several years of 
measurements and the slow slip events captured by the creepmeters actually extend for several kilometers along 
strike. The 2013 slow slip event, even though not captured by creepmeters as no instrument was installed at the 
time, is 5–8 km-long and extends down to 4 km at depth Rousset et al. (2016). Events captured by our time series 
of InSAR data are of comparable along-strike extent and slip. Furthermore, InSAR time series have 120 m-sized 
pixels and we evaluate surface slip by linear regression of the InSAR data over several kilometers on both sides 
of the fault. Therefore, the slow slip events captured by our InSAR time series are probably spanning the first 
kilometers at depth, although our data is too noisy to allow accurate slip modeling. This means that the largest 
events captured by creepmeters are indeed spanning several kilometers at depth, a depth much larger than the 
creepmeter baseline length would lead to consider. Such consistency between different measurement methods 
also leads to conclude that, to first order, there is no significant variations in slip at depth during the slow slip 
events at Ismetpasa between the surface and a depth of 1–2 km.

We note that slip events captured by the creepmeter prior to 2016 are neither visible in our InSAR time series, 
although a slight long term trend is visible, nor detected by our neural network (Figure 4). These events could be 
local and affect a section of the fault too small to be detected by InSAR. During the 2014–2016 period, only one 
Sentinel 1 satellite (Sentinel 1-A) was operational and the frequency of SAR acquisitions only doubled with the 
launch of Sentinel 1-B. The lower sensitivity to mm-to-cm slip events during the 2014–2016 could also be related 
to such lower rate of repetition of acquisitions.

6.2. Time-Dependent Slow Slip and the Rheology of the Aseismic Section

Comparing results with previously published ones, the along strike distribution of surface slip rates we infer is 
comparable to that measured by Cetin et al. (2014) and Kaneko et al. (2012) with Envisat data over the 2003–2010 
period. We observe a gradual increase in slip rates east of Ismetpasa, reaching up to 1 cm/yr, and a decrease further 
east over the 60 km-long segment. The only notable exception is a 10 km-long fast slipping section observed by 
Cetin et al. (2014) in the 2003–2010 data with rates as high as 2 cm/yr, 20–30 km east of Ismetpasa. Such high 
rates have not been described by Kaneko et al. (2012) with the same data. In addition, we observe that, over the 
2014–2020 period, slip rates to the east of Ismetpasa are remarkably stable with no significant temporal varia-
tions. As no ground-based measurements are available for that part of the fault, we have to compare InSAR meas-
urements inferred from data acquired by different satellites and processed with different techniques. For instance, 
Cetin et al. (2014) used a persistent scatterer method to process the data and obtained fewer pixels compared to 
our SBAS-like approach but with a potentially higher precision in the velocity measurement. Although it would 
be tempting to conclude on a local drop in velocity from 2 to 1 cm/yr in the central part of the section between the 
periods covered by Envisat data (2001–2010) and by Sentinel 1 data (2014 onwards), we prefer to remain cautious 
on this point because of the inconsistency between measurements by Cetin et al. (2014) and Kaneko et al. (2012). 
The relative temporal stability of surface slip over the 2014–2020 period actually advocates for a stable slip rate 
over the last 2 decades.

Near Ismetpasa, early creepmeter measurements revealed the occurrence of slow slip events in the 1980s (Altay 
& Sav, 1991). Comparable accelerations are described by Rousset et al. (2016) and Bilham et al. (2016) in 2013 
and 2014–2016. As rightly pointed out by Bilham et al.  (2016), aliasing of measurements with different and 
potentially uneven temporal sampling leads to different conclusions. That said, over periods of several days, rates 
vary by one to two orders of magnitude as shown in Figure 5. Averaging over years of measurements, the slip rate 
at Ismetpasa is, to the contrary, remarkably stable, although a slight decay may be considered (Figure 5). After 
a revisit of the measurement of the original wall offset by Ambraseys (1970), Bilham et al. (2016) proposed a 
corrected estimate of the surface slip rate in the 1960s of 1 cm/yr. In addition, Bilham et al. (2016) discards the 
early measurement of an offset in railroad tracks as deemed too uncertain, in agreement with the original report 
by Ambraseys (1970). Using the corrected slip rates from Bilham et al. (2016), one may consider a decrease in 
averaged slip rates (Figure 4), from 1 in 1970 to 6 ± 2 mm/yr in 2020. A Bayesian linear regression through the 
velocity estimates suggests a deceleration of 0.07 ± 0.01 mm/yr 2 from 1960 to 2020. However, the uncertainty 
provided with the measurement on the wall photograph from 1969 is 0.4 mm/yr, a value probably too small for 
such measurement. Similar concern may be raised for other measurements with uncertainties lower than 1 mm/yr 
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based on historical photographs. Considering uncertainties might have been underestimated, the decrease in slip 
rate at Ismetpasa is not statistically significant anymore.

Since the slip rate estimate inferred by Ambraseys (1970) for the 1944–1950 time period has been discarded 
by Bilham et al. (2016) as too uncertain, the hypothesis of a long standing post-seismic decay put forward by 
Kaneko et al. (2012) and Cetin et al. (2014) becomes difficult to accept. The expected logarithmic decay of slip 
rates following a large earthquake is not shown by the data as only a slight decrease in slip rates is visible from 
1960 to today. We cannot discard the hypothesis that afterslip occurred after the 1944 earthquake, as would be 
expected for such a large earthquake, but we simply cannot reject nor support this hypothesis with the available 
data. Conditions for such post-seismic afterslip are the presence of a locked, seismogenic asperity at depth, as 
confirmed by our and previously published analysis (e.g., Bilham et al., 2016; Cetin et al., 2014), and the pres-
ence of rate-strengthening material near the surface. The depth-dependence of constitutive parameters of friction 
laws suggests that rate-strengthening material is to be expected near the surface (e.g., Blanpied et  al.,  1991; 
Scholz, 1998), but is not confirmed by geodetic data here as no obvious post-seismic signal is observed.

If constitutive properties of the fault were to explain the occurrence of aseismic slip along this section, then 
it would also require along strike rheological variations in addition to the expected depth-dependency. Rocks 
exposed at the surface along the aseismic segment include volcanic deposits, sedimentary units (limestones), and 
metamorphic rocks (Cetin et al., 2014), suggesting no specific link between rock type and slip behavior. Kaduri 
et al. (2019) propose a relationship between the development of a specific mineralogical fabric in the fault mate-
rial and the occurrence of aseismic slip, suggesting that the peculiar slip behavior of this segment, compared to 
the rest of the NAF that ruptured during the 1944 and 1943 earthquakes, may be related to the occurrence of pres-
sure solution creep in the fault gouge. Similar observations have been made along the Longitudinal Valley fault 
in Taiwan and the San Andreas Fault in California (Gratier et al., 2011; Thomas et al., 2014). The question that 
then remains is why would such a segment develop along this particular segment of the NAF and not elsewhere.

Figure 5. Evolution of surface aseismic slip rate at Ismetpasa—Surface slip rates averaged over several years (top) and over variable but day-to-week time scales 
(bottom). Colored dots indicate the time span over which slip rate has been estimated. Red dashed lines indicate the time of occurrence of the 1944 Mw7.3 Bolu-Gerede 
and the 1951 Mw6.5 Ismetpasa earthquakes. Gray shading indicates the range of possible models allowed from a Bayesian linear regression through the velocity 
estimates. Data are from Ambraseys (1970), Aytun (1982), Eren (1984), Deniz et al. (1993), Altay and Sav (1991), Çakir et al. (2005), Kutoglu and Akcin (2006), 
Kutoglu et al. (2008, 2010), Karabacak et al. (2011), Deguchi (2011), Ozener et al. (2013), and Kaneko et al. (2012). Some rates were re-evaluated by Bilham 
et al. (2016). A table with the slip rates are summarized in Table S3 in Supporting Information S1.
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Finally, it is important to realize that all reports of aseismic slip published to date focused on the surroundings 
of the city of Ismetpasa, with the exception of Cetin et al. (2014) and Kaneko et al. (2012). At this peculiar loca-
tion, as pointed out earlier by Aytun (1982), we observe vertical differential motion across the fault, consistent 
with subsidence measured north of the fault near Ismetpasa. Such subsidence is probably related to hydrological 
effects. Furthermore, this specific section is the only section where we observe slow slip events. Therefore, the 
slip behavior of the NAF in Ismetpasa is not representative of that of the entire creeping section.

All in all, it is difficult to conclude firmly on the rheology of fault material along this aseismic section. Aseis-
mic slip seems steady, or slightly decaying, since at least the 1960s to the exception of the peculiar location of 
Ismetpasa. If further evidence of post-seismic slip following the 1944 earthquake were to be put forward, then 
an effective rate-strengthening rheology should be considered. In such case, slow slip events in Ismetpasa can be 
explained by the presence of small heterogeneities in frictional constitutive properties (Wei et al., 2013). Without 
any additional evidence, fault rheology is still a matter of debate as aseismic slip may result from a large nucle-
ation size, geometrical complexities or low normal stress conditions. For instance, in the case of rate-weakening 
properties, reduced normal stress results in a large nucleation size hence promotes slow slip and spontaneous slow 
slip events may occur at the transition between locked and creeping regions (e.g., Liu & Rice, 2005).

6.3. A Simple, Testable Explanation for Shallow Aseismic Slip

Although the lack of evidence to constrain the rheology of fault material in this region might be disappointing, the 
geometry of the distribution of aseismic slip at depth may provide an explanation for the occurrence of shallow 
slip in this region. As shown by our model, the locking depth below the aseismic slip segment is shallower than 
elsewhere along the fault (Figure 3). Such shallow locking depth is actually the only feature that differentiates the 
creeping segment from the rest of the fault covered by our study. This particular slip distribution is highlighted 
by the characteristic pattern of surface displacement rates, showing a gradual change in velocity approaching the 
fault (Figure S16 in Supporting Information S1). This bending, visible between 10 km away from the fault and 
the fault trace, is interpreted as the signature of elastic stress building up on a locked asperity. Since the fault slips 
at the surface, as highlighted by the step-like change in surface velocity across the fault, this locked asperity must 
be located between the locking depth and the bottom of the creeping zone.

Shallow locking depth results in higher stressing rates at the surface. For a semi-infinite dislocation embedded in 
an elastic halfspace buried at a depth d, shear stressing rate, 𝐴𝐴 𝐴𝐴𝐴  , at the surface writes as 𝐴𝐴 𝐴𝐴𝐴 =

𝜇𝜇 𝐴𝛿𝛿

2𝜋𝜋𝜋𝜋
 with μ the shear 

modulus and 𝐴𝐴 �̇�𝛿 the slip rate on the fault. Assuming a constant shear modulus and slip rates, shallowing the locking 
depth d from 20 to 10 km results in a twofold increase in stressing rate. For instance, with a 2 cm/yr slip rate and 
a 30 GPa shear modulus, shear stressing rate at the surface jumps from approximately 5 to 10 kPa/yr. Alone, such 
change in shear stressing rate should not lead to any change in slip behavior.

Whether shallow fault material is rate-weakening or -strengthening, the depth-distribution of effective normal 
stress, the difference between normal stress and pore pressure, influences frictional resistance. Low normal stress 
implies slip occurs at lower shear stress for a given coefficient of friction. Then, if shallow fault material is 
rate-strengthening, a higher (resp. lower) shear stressing rate should lead to the occurrence of constant shallow 
slow slip earlier (resp. later) in between two large earthquakes. If shallow fault material is rate-weakening, we 
must consider the depth-distribution of nucleation size.

Nucleation size is inversely proportional to normal stress (e.g., Ampuero & Rubin, 2008) and large nucleation 
size leads to conditionally stable slip. If the nucleation size is larger than the size of the fault, then slip cannot 
become dynamic and slip rates will remain slow. Effective normal stress results from the combination of over-
burden and pore pressure. To first order, normal stress increases linearly with depth, controlled by the density 
of crustal rocks. Considering the evolution of permeability with normal stress, it can be shown that effective 
normal stress increases with overburden until a depth of 3–5 km, depth below which normal stress is constant 
(Rice, 1992). There is therefore a lowering of normal stress at the surface and the depth distribution of normal 
stress results in a variation in nucleation size inversely proportional to depth, with maximum nucleation size at 
the surface. Considering such depth distribution of nucleation size is constant along strike, a local shallowing of 
the locking depth resulting in an increase in shear stressing rate at the surface would potentially increase slip rate 
at the surface while keeping slip to sub-dynamic speed (i.e., slow).

In both rate-strengthening or -weakening shallow fault material, a shallow (resp. deep) locking depth may result 
in faster (resp. slower) surface slip rates. In particular, such hypothesis does not involve any along strike variations 
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of rheology or fluid content as only the shallowing of the locking depth is involved. Under these conditions, a 
homogeneous along strike fault rheology would be sufficient to explain spatial and temporal variations in surface 
aseismic slip rates. This hypothesis should now be evaluated carefully as other parameters may play a role, such 
as the constitutive parameters or the evolution of stresses in between two large earthquakes. Obviously, a physical 
explanation to a local variation in locking depth is unfortunately missing.

7. Conclusion
We provide 100 m-scale resolution time series of surface displacement across the North Anatolian Fault from 
Sentinel 1 InSAR data in order to explore the details of the spatial and temporal distribution of aseismic slip along 
the creeping section of Ismetpasa. We confirm the presence of aseismic slip over the shallow portion of the fault 
(surface to 5 km-depth), colocated with a shallow locking depth (10–12 km-depth). Our surface displacement 
data is elsewhere compatible with a 15–20 km locking depth. Current conclusions suggest that the evidence 
put forward to support the notion of long lasting afterslip following the 1944 earthquake are subject to debate, 
which, unfortunately, does not allow to conclude firmly on the rheology of the fault at shallow depth. Although 
our data cannot exclude a generic depth-dependent behavior of the relationship between slip rate and friction, 
the occurrence of slow slip events and the variability of rocks exposed at the surface forces to consider that rock 
type, hence constitutive properties, might not be the primary control on the presence of aseismic slip along this 
fault segment. Otherwise, one would need to consider the occurrence of shallow slow slip all along the fault, 
where large, Mw > 7 earthquakes have occurred over the 20th century and not only near Ismetpasa. We propose 
that shallow locking depth plays a role, although further investigation is needed to explain such particular feature.

Data Availability Statement
We thank the European Space Agency for the acquisition and the distribution of the SAR data by the Sentinel 1 
constellation (may it fly forever and ever). InSAR data are available for download here: https://peps.cnes.fr/. The 
PEPS website is designated to distribute Sentinel data and how to access data is very nicely documented there. 
ERA-5 products are directly available for download at ECMWF (https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-v5). The ECMWF proposes the ERA-5 products for download there and how to access data is 
very nicely documented there too. Creepmeter data have been downloaded at the Unavco repository for geodetic 
data (https://www.unavco.org/data/strain-seismic/creep-data/creep-data.html). IGS data are easily available here 
http://www.igs.org provided that you read the manual on how to access data. GNSS data from the Turkish national 
network are available at this website https://www.tusaga-aktif.gov.tr/ by reading the manual. Data collected in 
the field with our stations along the North Anatolian Fault have been uploaded at Jolivet et al. (2023). Modeling 
has been conducted using elements of the Classic Slip Inversion library (Jolivet, Simons, et al., 2015) and AlTar 
(Duputel et al., 2015), both of which are available at a well-known code repository using the git protocol. InSAR 
data have been processed using the ISCE framework which is available at a well know code repository using 
the git protocol (Gurrola et al., 2010). The authors strongly encourage anyone to go get the latest versions of the 
codes on a non-public but useful and well known repository using the git protocol as it is very likely that any other 
version one can find elsewhere will be outdated.
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