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Abstract

Slow, aseismic slip plays a crucial role in the initiation, propagation and arrest of large earthquakes along active faults. In
addition, aseismic slip controls the budget of elastic strain in the crust, hence the amount of energy available for upcoming
earthquakes. The conditions for slow slip include specific material properties of the fault zone, pore fluid pressure and geometrical
complexities of the fault plane. Fine 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 of aseismic slip along the North Anatolian Fault, the plate boundary accommodating the 2 cm/yr of relative
motion between Anatolia and Eurasia. Along the eastern termination of the rupture trace of the 1944 M7.3 Bolu-Gerede
earthquake lies a segment that slips aseismically since at least the 1950’s. We use Sentinel 1 time series of displacement and
GNSS data to provide a spatio-temporal description of the kinematics of fault slip. We show that aseismic slip observed at the
surface is coincident with a shallow locking depth and that slow slip events with a return period of 2.5 years are restricted to a
specific section of the fault. In the light of historical measurements, we discuss potential rheological implications of our results

and propose a simple alternative model to explain the local occurrence of shallow aseismic slip at this location.
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Key Points:

» We image the spatio-temporal variations of aseismic slip along the central section
of the North Anatolian Fault with InSAR and GNSS data

+ Slow slip extends over 70 km, reaches 1 cm/yr and coincides with shallow lock-
ing depth along the fault

« Slow slip events do not occur along the whole creeping section but have been de-

tected since, at least, the 1980’s
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Abstract

Slow, aseismic slip plays a crucial role in the initiation, propagation and arrest of large
earthquakes along active faults. In addition, aseismic slip controls the budget of elas-
tic strain in the crust, hence the amount of energy available for upcoming earthquakes.
The conditions for slow slip include specific material properties of the fault zone, pore
fluid pressure and geometrical complexities of the fault plane. Fine 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 of aseismic slip along the North Anatolian Fault, the plate bound-
ary accommodating the 2 cm/yr of relative motion between Anatolia and Eurasia. Along
the eastern termination of the rupture trace of the 1944 M7.3 Bolu-Gerede earthquake
lies a segment that slips aseismically since at least the 1950’s. We use Sentinel 1 time
series of displacement and GNSS data to provide a spatio-temporal description of the
kinematics of fault slip. We show that aseismic slip observed at the surface is coincident
with a shallow locking depth and that slow slip events with a return period of 2.5 years
are restricted to a specific section of the fault. In the light of historical measurements,
we discuss potential rheological implications of our results and propose a simple alter-

native model to explain the local occurrence of shallow aseismic slip at this location.
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Plain Language Summary

Earthquakes are the manifestation of the rapid release of elastic energy stored in
the crust under the action of moving tectonic plates on either sides of a fault system. In-
terestingly, some faults release energy under the form of aseismic slip, which is slow and
harmless. The conditions for slow slip, as opposed to earthquakes, are not fully under-
stood and it appears of higher importance to study high-resolution, small scale features
to grow our understanding. We analyze satellite Radar imagery and GNSS data to build
a movie of ground motion in the vicinity of the North Anatolian Fault in Turkey over
a section that was recognized to slip aseismically in the 70’s. We show that aseismic slip
there is made of slow slip events repeating every 2.5 years embedded within a larger re-
gion that slips steadily. Using these data, we model the distribution of slip rates at depth
on the fault and show that aseismic slip extends until 5-8 km depth. Below, the fault
is locked, accumulating energy for upcoming earthquakes. In the light of past measure-
ments and based on our high-resolution dataset, we discuss potential physical models

explaining the occurrence of slow slip in this region.
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1 Introduction

The discovery of slow, aseismic slip in the 1960’s both along the San Andreas Fault
(Steinbrugge et al., 1960) and the North Anatolian Fault (Ambraseys, 1970) led to a re-
vision 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. Steinbrugge
et al., 1960; Jolivet, Simons, et al., 2015), the North Anatolian Fault (e.g. Ambraseys,
1970; Cakir et al., 2005), the Leyte fault (e.g. Duquesnoy et al., 1994; Dianala et al., 2020)
among others (see a complete description in Jolivet and Frank (2020)), and is now rec-
ognized 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. Mazzotti et al., 2000; Avouac, 2015).
Observationally, slow slip has been linked with the preparation phase of earthquakes, such
as before the M,,8.1 Iquique earthquake in Chile in 2014 (e.g. Ruiz et al., 2014; Socquet
et al., 2017) or, more disputably, before the M,,7.4 Izmit earthquake in 1999 in Turkey
(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 aseis-

mic slip (e.g. Kaneko et al., 2010), among other causes.

Although the importance of aseismic slip on the dynamics of earthquakes is indis-
putable (e.g. Avouac, 2015; Biirgmann, 2018), the physical mechanisms responsible for
keeping slip slow are still unclear. Multiple mechanisms may be involved to prevent fault
slip to become dynamic and reach slip speeds characteristic of earthquakes (~ 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 ma-
terial 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 subduc-
tion 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
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seismic speeds (e.g. Ampuero & Rubin, 2008). As nucleation size depends on both con-
stitutive 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 seis-
mogenic portion of subduction megathrust (e.g. Kodaira et al., 2004; Moreno et al., 2014).
Third, recent works suggest that complexities in the fault geometry may lead to the emer-
gence of slow slip even with unstable rate-weakening properties, either through local mod-
ulation 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 underlying 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 geom-
etry for instance is considered self-similar and has no characteristic length scale (e.g. Can-

dela 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 major-
ity 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 stud-
ied with high levels of detail due to available Interferometric Synthetic Aperture Radar
(InSAR) data, near-field GNSS stations and creepmeters, which may reveal the small-
est 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 witness-
ing 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 de-
scribe the behavior of aseismic slip along the Ismetpasa section of the North Anatolian
Fault (Fig. 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 Is-

metpasa which was not related to any significant seismic activity. Although the paper
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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 earthquake is the last large event known

to have ruptured in this area, and those early estimates fall within the subsequent post-
seimic period (e.g. Fig. 1 and Kondo et al., 2010). Since then, numerous studies have
measured surface slip rates, using land-based and geodetic techniques, including creep-
meters, GNSS data and InSAR data (Aytun, 1982; Eren, 1984; Deniz et al., 1993; Al-

tay & Sav, 1991; Cakir et al., 2005; Kutoglu & Akcin, 2006; Kutoglu et al., 2008, 2010;
Karabacak et al., 2011; Deguchi, 2011; Kaneko et al., 2012; Ozener et al., 2013; Cetin

et al., 2014; Bilham et al., 2016). All subsequent studies infer a surface creep rate, at Is-
metpasa, of about 6 to 8 mm/yr, since at least the 1980’s. The decrease in slip rate from
5 cm/yr followed by a rather constant rate of 6 to 8 mm/yr was interpreted as the sig-
nature 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 tun-
ing of the constitutive parameters of the friction law, this model can produce long lived
afterslip lasting more than 55 years. It is important to realize that all these measure-
ments 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; Rous-
set 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 constellation (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 1980’s (Altay & Sav,
1991) and those 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 perturbation. They repeat every 2 to 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 av-
eraged into such rates. In addition, 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
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at shallow depth cannot be uniformly rate-strenghtening and two possibilities arise. Rhe-
ology 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 varia-
tions and distribution along the creeping section of Ismetpasa. First, although the spa-
tial 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 distribution.
Large scale strain mapping and modeling are not sufficient and fine exploration of the
deformation field in this area is required (Weiss et al., 2020; Barbot & Weiss, 2021). Sec-
ond, 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 Sentinel 1 InSAR data and explore the spatial and temporal be-
havior of aseismic slip along this creeping section. We also include ground velocity mea-
sured 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 rhe-

ology of the fault zone.

3 Data processing
3.1 InSAR data processing

We process all available Synthetic Aperture Radar data from the Sentinel 1 con-
stellation 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
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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 com-
pute 1858, 1826 and 3053 interferograms (see supplementary figures S-1 to S-3 for base-
line plots). We remove the contribution of the stratified tropospheric delay from the wrapped
interferograms using the ERA5 re-analysed 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 in-
terferograms using the adaptive phase filter and the coherence-based branch cut algo-
rithm available in ISCE (Goldstein et al., 1988; Goldstein & Werner, 1998). 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 satel-

lite Line-Of-Sight (hereafter LOS) from the set of interferograms. Since no significant
earthquake has been detected in the region over the period we analyse, 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 Fig. 1 and S-4 to S-15 of the supplementary informations.
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
interferograms inferred from our time series, divided by the total number of interfero-
grams. We compute such RMS for each pixel of each track (Figures S-13 to S-15 of the
supplementary informations). We decide to mask pixels with a reconstruction RMS higher
than 2 mm, pixels constrained by less than 1300 interferograms (Figures S-10 to S-12
of the supplementary informations) and with a final uncertainty on the velocity higher
than 0.5 mm/yr (Figures S-7 to S-9 of the supplementary informations). 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). Fi-
nal horizontal velocity is shown on Fig. 1 while the vertical velocity map is available on

Fig. S-18 of the supplementary materials.
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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 uncertainties (Fig. S-16 and Fig. S-17
of the supplementary materials). Such slip rate is remarkably consistent between both
descending tracks 65 and 167 and shows opposite sign on track 87, suggesting a dom-
inantly strike slip motion across the fault. We combine these along strike surface slip mea-
surements into a strike slip and dip slip motion (Fig. 1 and Fig. S-17 of the supplemen-
tary materials). 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 Is-
menet, to constrain the slip rate at shallow depths. A detailed description of the typ-
ical site setup we implemented with station measurement periods can be found in the
supplementary informations. 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 supplementary materials.

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 pre-
cise orbits from the International GNSS Service for Geodynamics, precise EOPs from
the TERS 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 parameter and two horizontal gradients per stations are
estimated every 2 hours. 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
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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 ve-

locities 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. Kaneko et
al., 2012; Cetin et al., 2014). 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 (Fig.
1, 2 and S-16). Along most portions of the fault, the across fault gradient of displace-
ment rate is gradual with a 20-30 km-wide transition from westward to eastward mo-

tion (i.e. west of 32.4°E and east of 33.4°E).

Between 32.4°E and 33.4°E, we observe a very sharp, step-like gradient of veloc-
ity across the fault both in the InSAR-derived fault parallel velocity map and in the GNSS-
derived velocities (Fig. 1 and 2). We interpret this step-like transition as the signature
of surface slip over an approximately 60 to 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 to 3 mm/yr. The distribution of slip at the
surface overlaps with both the eastern termination of the 1944 Bolu-Gerede (M,,7.4) earth-
quake and the western end of the 1943 Tosya (M,,7.6) earthquake (Kondo et al., 2005;
Barka, 1996). This segment also overlaps with the rupture of the 1951 Kursunlu M,,6.9

earthquake, although the extent of that rupture is unclear (Ambraseys, 1970; Barka, 1996).

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 (Fig.
1). The rate of vertical differential motion reaches locally 1243 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 (Fig. 1). We account for this subsidence signal

in further modeling in order not to bias slip rate estimates at depth. This subsidence sig-
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nal overlaps with cultivated land, suggesting potential hydrological effects related to wa-
ter 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’ atten-
tion 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 sig-
nals associated with other faults, hence we assume 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 dislocation buried below a given locking depth (Savage & Bur-
ford, 1973). Aseismic slip can be modeled as the result of shallow elastic dislocations (e.g
Ryder & Biirgmann, 2008; Maurer & Johnson, 2014; Jolivet, Simons, et al., 2015; Bletery
et al., 2020). 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 ve-
locity maps and by our local GNSS network as the sum of 4 contributions. Note that,
here, we do not use the horizontal and vertical motion maps but directly the LOS ve-
locity 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 triangu-
lar 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 supplementary informations Fig. S-29). 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

—11—
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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 pressure 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. Fi-
nal parameter set includes slip rate on deep dislocations to model crustal elastic load-
ing, slip rate on the shallow, discretized NAF, dip slip in the vicinity of Ismetpasa, a Mogi
source north of Ismetpasa and geometric parameters for InNSAR and GNSS common ref-

erencing.

We downsample the InSAR velocity maps to minimize computational burden us-
ing a quadtree approach designed to maximize resolution on the fault plane (Lohman
& Simons, 2005; Jolivet, Simons, et al., 2015). 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 de-
rive the posterior Probability Density Function of models. Effectively, the posterior PDF,
O(m|d), is proportional to the product of the prior PDF (i.e. our state of knowledge be-
fore considering any data), p(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

©(m|d) o< p(m)L(d|m), (1)
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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 datasets.

We chose a Gaussian formulation for the likelihood such as

L(d|m) x exp —%(Gm - d)TC;l(Gm —d), (2)

where G is the matrix of Green’s functions. Following the approach of Duputel et al. (2014),

C,, is the sum of Cg, the data covariance matrix, and C,, the matrix of prediction un-
certainties accounting for uncertainties in the elastic structure (see Rousset et al., 2016,
for a description of how we build C,). We build the data covariance matrix assuming
different datasets (i.e. InSAR and GNSS velocities) are independent. We evaluate the
covariance of the InSAR velocity maps over regions with no identified deformation sig-
nals (e.g. Sudhaus & Jénsson, 2009; Jolivet, Simons, et al., 2015, and supp. mat. Fig.

S-30). 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 for-
mulation 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 par-
allel tempering, to draw 90,000 samples from the posterior PDF (https://github.com/
AlTarFramework/altar; Minson et al., 2013; Jolivet, Simons, et al., 2015). Doing so,
we explore the range of models that explain the data without the use of any form of reg-
ularization (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 tem-
pering 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 Fig. S-28 for an example of

convergence 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 stan-
dard deviation. First, we see that the slip rate on deep dislocations is 20+0.6 mm/yr,

consistent with the expected relative pate motion rate at this location. Second, we ob-

—13—



371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

Manuscript under review

serve 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 Ismet-
pasa and Bayramoren, we observe a shallower locking depth between 8 and 12 km. Along
this segment, slip rates locally reach 2043 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 1243 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 reconstruc-
tion. Figures S-24, S-26 and S-31 to S-34 of the supplementary informations show how
the mean model performs at fitting the data. Note that the mean model does not be-
long 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.

As a conclusion, the distribution of slip rates along the NAF in the region of Is-
metpasa can be summarized as (1) a rapidly slipping segment east of Ismetpasa extend-
ing over 60-70 km with slip rates as high as 20 mm/yr, (2) a shallow locking depth be-
tween 8 and 12 km-depth below the segment of Ismetpasa and (3) a locking depth be-

tween 15 and 20 km-depth elsewhere (Fig. 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 displacements. We first extract, 500 m-wide, fault
perpendicular profiles of LOS displacements every 250 m along the NAF at each acqui-
sition 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).
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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 specif-
ically designed to remove tropospheric artefacts from time series of LOS apparent dis-
placements. Effectively, the denoiser removes what is identified as noise (i.e. here Gaus-
sian correlated noise, topography correlated phase values and isolated pixels showing anoma-
lous values wrt. their surrounding pixels) and highlights 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
artefacts. 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 supplementary informations figures S-19 and
S-21, we show the uncertainties associated with the strike slip estimates and the verti-

cal 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 km 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 in-
stance from 410 km to +20km 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 (Fig. 4). These events are visible in the surface slip
evolution in Figure 4 at Ismetpasa (km 0). The denoiser detect 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 (Fig. S-22 of supplementary materials) although it does not stand out
clearly enough from the noise to allow us to model their depth extent. The correspond-
ing denoised surface displacements 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 ob-
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vious slow slip events. The denoiser also does not capture sudden slip accelerations, sug-
gesting 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 instru-

ments 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 accelerations (Fig. S-21). Potential periodic signals in the verti-
cal differential motion can be seen in the central section between +20 km and +30 km,
although the corresponding variations are small (i.e. 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 character-
ized by the presence of a 60 km-long section that slips continuously since, at least the
1980’s (Altay & Sav, 1991). Since no significant seismicity is observed along the section
at least since the 60’s, slip is considered to be mostly aseismic. Slow slip events are ob-
served every 2.5 years with 5 to 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 reach-
ing 1 cm/yr, half of the relative plate motion expected at this location. At depth, aseis-
mic slip extends from the surface to a depth of 5 to 6 km. Below, the fault is locked over
a 4 to 5 km-wide portion. The locking depth below this aseismic section is relatively shal-
low, 12 km, compared to the 15 to 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 measurements. Creepmeters installed in Ismetpasa measure rela-
tive displacement over a 20 m (Altay & Sav, 1991) or 16.6 m (Bilham et al., 2016) dis-
tance 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
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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 span-
ning 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 span-
ning 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 to 2 km.

We note that slip events captured by the creepmeter prior to 2016 are neither vis-
ible in our InSAR time series, although a slight long term trend is visible, nor detected
by our neural network (Fig. 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 dou-
bled with the launched 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 sec-
tion observed by Cetin et al. (2014) in the 2003-2010 data with rates as high as 2 cm/yr,
20 to 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 vari-
ations. As no ground-based measurements are available for that part of the fault, we have

to compare InSAR measurements inferred from data acquired by different satellites and
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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. Al-
though 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 be-
cause 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 ac-

tually advocates for a stable slip rate over the last 2 decades.

Near Ismetpasa, early creepmeter measurements revealed the occurence of slow slip

events in the 1980’s (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 tem-
poral 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 mea-
surements, the slip rate at Ismetpasa is, to the contrary, remarkably stable, although a
slight decay may be considered (Fig. 5). After a revisit of the measurement of the orig-
inal wall offset by Ambraseys (1970), Bilham et al. (2016) proposed a corrected estimate
of the surface slip rate in the 1960’s of 1 cm/yr. In addition, Bilham et al. (2016) dis-
cards 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 (Fig. 4),
from 1 em/yr in 1970 to 64+2 mm/yr in 2020. A bayesian linear regression through the
velocity estimates suggests a deceleration of 0.0740.01 mm/yr? from 1960 to 2020. How-
ever, 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 one mm/yr based on his-
torical photographs. Considering uncertainties might have been underestimated, the de-

crease in slip rate at Ismetpasa is not statistically significant anymore.

Therefore, 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 hy-
pothesis 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
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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. Con-
ditions 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. Cetin et al., 2014;

Bilham et al., 2016), and the presence 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 addi-
tion to the expected depth-dependency. Rocks exposed at the surface along the aseis-
mic segment include volcanic deposits, sedimentary units (limestones) and metamorphic
rocks (Cetin et al., 2014), suggesting no specific link between rock type and slip behav-
ior. Kaduri et al. (2019) propose a relationship between the development of a specific
mineralogical fabric in the fault material and the occurrence of aseismic slip, suggest-
ing 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 (Thomas
et al., 2014; Gratier et al., 2011). The question that then remains is why would such a

segment develop along this particular segment of the NAF and not elsewhere.

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 location, 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 hy-
drological 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 represen-

tative of that of the entire creeping section.
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All in all, it is difficult to conclude firmly on the rheology of fault material along
this aseismic section. Aseismic slip seems steady, or slightly decaying, since at least the
1960’s 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 prop-
erties (Wei et al., 2013). Without any additional evidence, fault rheology is still a mat-
ter of debate as aseismic slip may result from a large nucleation size, geometrical com-
plexities or low normal stress conditions. For instance, in the case of rate-weakening prop-
erties, 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 creep-

ing 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 re-
gion 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 else-
where along the fault (Fig. 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 (Fig. S-
16 of supplementary materials). 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 sur-
face 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 stress-

ing rate, 7, at the surface writes as 7 = 2’;6(1 with p the shear modulus and & the slip

rate on the fault. Assuming a constant shear modulus and slip rates, shallowing the lock-
ing 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 sur-
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face 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, influ-
ences 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 overburden 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 to 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 re-
sults in a variation in nucleation size inversely proportional to depth, with maximum nu-
cleation size at the surface. Considering such depth distribution of nucleation size is con-
stant 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 keep-

ing 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 of rheology or fluid content
as only the shallowing of the locking depth is involved. Under these conditions, a homo-
geneous along strike fault rheology would be sufficient to explain spatial and temporal
variations in surface aseismic slip rates. This hypothesis should now be evaluated care-
fully as other parameters may play a role, such as the constitutive parameters or the evo-
lution of stresses in between two large earthquakes. Obviously, a physical explanation

to a local variation in locking depth is unfortunately missing.
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625 7 Conclusion

626 We provide 100 m-scale resolution time series of surface displacement across the

627 North Anatolian Fault from Sentinel 1 InSAR data in order to explore the details of the
628 spatial and temporal distribution of aseismic slip along the creeping section of Ismetpasa.
629 We confirm the presence of aseismic slip over the shallow portion of the fault (surface

630 to 5 km-depth), colocated with a shallow locking depth (10-12 km-depth). Our surface
631 displacement data is elsewhere compatible with a 15-20 km locking depth. Current con-
632 clusions suggest that the evidence put forward to support the notion of long lasting af-
633 terslip following the 1944 earthquake are subject to debate, which, unfortunately, does

634 not allow to conclude firmly on the rheology of the fault at shallow depth. Although our

635 data cannot exclude a generic depth-dependent behavior of the relationship between slip
636 rate and friction, the occurrence of slow slip events and the variability of rocks exposed
637 at the surface forces to consider that rock type, hence constitutive properties, might not
638 be the primary control on the presence of aseismic slip along this fault segment. Oth-

639 erwise, one would need to consider the occurrence of shallow slow slip all along the fault,
640 where large, M,,> 7 earthquakes have occurred over the 20th century and not only near

6a1 Ismetpasa. We propose that shallow locking depth plays a role, although further inves-

642 tigation is needed to explain such particular feature.
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webpage.
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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 LOS velocity
maps on Sentinel 1 ascending and descending tracks. Dark lines indicate the main trace of the
North Anatolian Fault. Grey lines are secondary faults. Colored lines indicate the along strike
extent of large historical and recent earthquakes including the 1943 M,, 7.6 Tosia-Ladik earth-
quake (blue), the 1944 M,, 7.3 Bolu-Gerede earthquake (orange), the 1967 M,, 7.2 Mudurnu
earthquake (green), the 1999 M,, 7.6 Izmit earthquake (red) and the 1999 M,, 7.2 Diicze earth-
quake (purple). Center-left panel is a zoom on the area where aseismic slip is most visible, ex-
tending over the entire creeping section. 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 InSAR velocity maps. Red is strike slip while light blue is dip slip (i.e. effec-
tively differential vertical motion at the fault trace). Grey shading shows areas of low coherence
and 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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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 the supplementary information. 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 including the 1943 M,, 7.6 Tosia-Ladik earthquake (blue), the
1944 M,, 7.3 Bolu-Gerede earthquake (orange), the 1967 M,, 7.2 Mudurnu earthquake (green),
the 1999 M,, 7.6 Izmit earthquake (red) and the 1999 M,, 7.2 Diicze earthquake (purple). 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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Figure 3. Fault slip distribution and uncertainties - Top: Mean of the posterior Proba-
bility 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 disloca-
tion 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 dis-
tribution 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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Figure 4. Time dependent surface slip rate - Space and time dependent surface slip

rate (strike slip) obtained from regularly spaced profiles (see supp. mat.) Y-axis is labeled as a
function on 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 indi-
cated by red arrows on the main plot. Colored dots indicate the slip rate measured on sets of 9
consecutive acquisitions cleaned from atmospheric noise with a convolutional neural net (Rouet-
Leduc et al., 2021). Color indicates the time span of the 9 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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Figure 5. Evolution of surface aseismic slip rate at Ismetpasa - Surface slip rates av-
eraged 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 M,, 7.3 Bolu-Gerede and the 1951 M,, 6.5 Ismetpasa earth-
quakes. 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), Cakir et al. (2005), Kutoglu and Akcin (2006),
Kutoglu et al. (2008), Kutoglu et al. (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 can be found in the supplementary informations.
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14 1 InSAR data complementary figures

15 1.1 InSAR dataset
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Figure S-1: Perpendicular baseline as a function of acquisition dates for track
65 - Blue dots represent the perpendicular baseline at the date of each acquisition by the
Sentinel 1 A and B satellites. Red dot is the image chosen as reference for the geometry.

Blue lines are the interferograms we computed.
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Figure S-2: Perpendicular baseline as a function of acquisition dates for track
87 - Blue dots represent the perpendicular baseline at the date of each acquisition by the
Sentinel 1 A and B satellites. Red dot is the image chosen as reference for the geometry.

Blue lines are the interferograms we computed.
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Figure S-3: Perpendicular baseline as a function of acquisition dates for track
167- Blue dots represent the perpendicular baseline at the date of each acquisition by the
Sentinel 1 A and B satellites. Red dot is the image chosen as reference for the geometry.

Blue lines are the interferograms we computed.
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1.2 Full velocity maps
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Figure S-4: Line-of-sight velocity map from track 65 - Velocity map computed from

the time series of InSAR data on track 65. All available pixels are shown.
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Figure S-5: Line-of-sight velocity map from track 87 - Velocity map computed from

the time series of InSAR data on track 87. All available pixels are shown.
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Figure S-6: Line-of-sight velocity map from track 167 - Velocity map computed

from the time series of InSAR data on track 167. All available pixels are shown.
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1.3 Velocity standard deviation maps
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Figure S-7: Line-of-sight velocity standard deviation map from track 65 - Stan-
dard deviations are from the analyzed state covariance at the end of the Kalman filtering

procedure.
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Figure S-8: Line-of-sight velocity standard deviation map from track 87 - Stan-
dard deviations are from the analyzed state covariance at the end of the Kalman filtering

procedure.
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Figure S-9: Line-of-sight velocity map standard deviation from track 167 - Stan-
dard deviations are from the analyzed state covariance at the end of the Kalman filtering

procedure.
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1.4 Number of data per pixel
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Figure S-10: Number of interferograms available per pixels on track 65 - Map
of the number of unwrapped interferograms per pixel, used as one of the quality factor for

pixel selection.
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Figure S-11: Number of interferograms available per pixels on track 87 - Map
of the number of unwrapped interferograms per pixel, used as one of the quality factor for

pixel selection.
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Figure S-12: Number of interferograms available per pixels on 167 - Map of the
number of unwrapped interferograms per pixel, used as one of the quality factor for pixel

selection.
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1.5 RMS of time series reconstruction per pixel
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Figure S-13: RMS of time series reconstruction for track 65 - RMS is defined as
the average of the square difference between data (i.e. interferograms) and time series
reconstructions (i.e. interferograms predicted from the time series) and used as a quality

factor for pixel selection.
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Figure S-14: RMS of time series reconstruction for track 87 - RMS is defined as
the average of the square difference between data (i.e. interferograms) and time series
reconstructions (i.e. interferograms predicted from the time series) and used as a quality

factor for pixel selection.
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Figure S-15: RMS of time series reconstruction for 167 - RMS is defined as the
average of the square difference between data (i.e. interferograms) and time series recon-
structions (i.e. interferograms predicted from the time series) and used as a quality factor

for pixel selection.
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1.6 Additional results
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Figure S-16: Fault perpendicular profile of fault parallel ground velocity - This

profile intersects the North Anatolian Fault in Ismetpasa.
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Figure S-17: Along strike distribution of slip - Top Along strike distribution of
phase difference across the NAF in LOS for tracks 65 (green), 87 (red) and 167 (blue).
Tracks 65 and 167 are both in the same geometry of acquisition (i.e. descending orbit),
hence the remarkable agreement between the two independent datasets. Track 87 is along
an ascending orbit. When motion is opposite on ascending and descending tracks LOS,
ground motion is mostly horizontal as expected motion is aligned with the LOSs. When
motion is opposite in LOS, ground motion is mostly vertical. Bottom Along strike dis-
tribution of horizontal and differential motion from the decomposition of the three tracks.
As shown by the agreement between data shown above, ground motion is mostly hori-
zontal (right lateral strike slip) along the fault with some vertical differential motion near

Ismetpasa (northern block subsiding wrt. southern block).
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Figure S-18: Map of vertical displacement rate - This map results from the combi-

nation of the three velocity maps on track 65, 87 and 167.
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Figure S-19: Uncertainties on strike slip motion - Standard deviation of the strike
slip motion as function of time. The uncertainty derives from the general least square
inversion of the horizontal vs vertical relative motion between both sides of the fault. We
consider the posterior covariance matrix and represent here the square root of the diago-
nal term. Bottom plot shows the distribution of these uncertainties with the threshold we

have chosen for the representation in figure 4 of the main text.

—26—



Supplementary materials under review

015 2016 2017 2018 2019 020 -
— T T T T T T =15
Euwn ———
! EENEIENED -s0
Tiwe span (days)
g - ! a4
. - I
o=
g - -:sg
1 A L 1 " 1
015 2016 2017 2018 2019 020 -
T v v T v T

‘3"’&83
Inst, rate (mm/yr)

Figure S-20: Time dependent surface slip rate - Same as figure 4 of the main text

without masking uncertain values.
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Figure S-21: Time-dependent vertical differential motion - Evolution of the ver-
tical differential motion across the NAF. Blue indicates subsidence of the northern block

wrt. the south.
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Figure S-22: LOS displacement resulting from the slow slip event of 2017 -
Difference between time frames of the time series bracketing the slow slip event of 2017
from data on tracks 167 (top), 87 (center) and 65 (bottom). The white arrow indicates
the direction from the satellite to the ground. Dark lines are fault traces. Dark rectangle
indicates the region where the slow slip event is identified. The opposite sign of the across
fault gradient between data on ascending and descending tracks confirms that motion is

mainly horizontal.
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2 GNSS dataset

We processed data from 77 continuous GNSS located in Eurasian (48 stations), Ana-
tolian (21 stations), African (5 stations), Arabian (2 plates) and Somalia (1 station) Plates
(Figure 1, a and b). We provide in table S-1 and S-2 the observation periods used in this
paper and the measured velocities in the ITRF Eurasia-fixed reference frame, with our

model predictions. Sites are grouped within the following networks:

« 8 GNSS from the International GNSS service, core network (www.igs.org): BHRA,
CHUM, KIT3, MAT1, MDVJ, ONS1, POL2, RAMO, TASH

+ 29 GNSS from the International GNSS service (www.igs.org): ADIS, ANKR, ARUC,
BSHM, BUCU, CRAO, DJIG, DRAG, DYNG, GANP, GLSV, GRAZ, ISBA, ISTA,
IZMI, KITG, KRS1, MERS, MIKL, NICO, ORID, PENC, POLV, SOFI, SULP,
TEHN, TUBI, WARN, ZECK.

« 20 GNSS from the Turkish National Network (https://www.tusaga-aktif.gov
.tr/): BOLU, BOL1, BOYT, CANK, CMLD, CORU, ESKS, HEND, HYMN, INE2,
KKAL, KRBK, KSTM, KURU, NAHA, SIH1, SINP, SUNL, VEZI, ZONG.

« 19 GNSS from the ISMENET network: IS01, IS02, IS03, IS04, IS05, 1S07, IS0S,
1509, IS10, IS11, 1S12, IS13, IS14, IS16, IS17, IS18, IS19, 1520, IS21. Each station
of Ismenet includes a Zephyr geodetic antenna bolted in a boulder or custom made
concrete monument and a NetR9 or NetRS receiver (Trimble) recording at 30 sec-
onds, powered by either local power or solar panels. Antennas are covered by a

radome.
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Figure S-23: Selection of GNSS sites - a. Extended selection including IGS, core net-
work, sites (red) and IGS stations (blue). b. Local selection with sites from the Turkish

Nation Network (pink) and from our ISMENET network (green).
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Figure S-24: GNSS derived velocities and predictions from the mean model -

Map of the GNSS-derived velocities (black) together with the predictions from the mean

model. Ellipses are 1-sigma. It is important to note that the mean model is not a model

drawn from the posterior PDF, hence its predictions are not necessarily the best ones. In

addition, error ellipses here only represent the formal uncertainties on the GNSS measure-

ments feeding in C, while our Bayesian approach assumes larger uncertainties deriving

from the prediction error, C,.
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Figure S-25: Residuals from the mean model - Map of the residuals, as differences
between velocities (black arrows on figure S-24) and predictions from the mean model
(red arrows on figure S-24). Ellipses are 1-sigma. It is important to note that the mean
model is not a model drawn from the posterior PDF, hence its predictions are not neces-
sarily the best ones. In addition, error ellipses here only represent the formal uncertainties
on the GNSS measurements feeding in C; while our Bayesian approach assumes larger

uncertainties deriving from the prediction error, C,.
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Figure S-26: GNSS derived velocities and predictions from the mean model
(close up) - Map of the GNSS-derived velocities (black) together with the predictions
from the mean model. Ellipses are 1-sigma. It is important to note that the mean model
is not a model drawn from the posterior PDF, hence its predictions are not necessarily the
best ones. In addition, error ellipses here only represent the formal uncertainties on the
GNSS measurements feeding in C,; while our Bayesian approach assumes larger uncertain-

ties deriving from the prediction error, C,,.
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Figure S-27: Residuals from the mean model (close up)- Map of the residuals, as
differences between velocities (black arrows on figure S-24) and predictions from the mean
model (red arrows on figure S-24). Ellipses are 1-sigma. It is important to note that the
mean model is not a model drawn from the posterior PDF, hence its predictions are not
necessarily the best ones. In addition, error ellipses here only represent the formal uncer-
tainties on the GNSS measurements feeding in C,; while our Bayesian approach assumes

larger uncertainties deriving from the prediction error, C,,.
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NAME | Lon (°) | Lat (°) | First Obs (dec year) | Last Obs (dec year)
BOL1 31.606 40.746 2018.884 2021.578
BOLU 31.602 40.734 2016.534 2018.774
BOYT 34.797 41.461 2016.534 2021.578
CANK 33.610 40.609 2016.534 2021.578
CMLD 32.475 40.491 2016.534 2021.578
CORU 34.982 40.570 2016.534 2021.578
ESKS 30.464 39.746 2016.534 2021.578
HEND 30.741 40.795 2016.534 2021.578
HYMN | 32.496 39.435 2016.534 2020.750
INE2 33.768 41.977 2016.534 2020.127
KKAL 33.518 39.843 2016.534 2021.578
KRBK 32.676 41.232 2016.534 2021.578
KSTM 33.776 41.371 2016.534 2021.578
KURU 32.718 41.846 2016.534 2021.578
NAHA 31.332 40.173 2016.534 2021.578
SIH1 31.536 39.447 2016.534 2021.578
SINP 35.154 42.030 2016.534 2021.578
SUNL 34.369 40.154 2016.534 2020.059
VEZI 35.467 41.138 2016.534 2021.578
ZONG 31.778 41.450 2016.534 2021.578
IS01 32.561 40.839 2016.537 2021.578
1S02 32.741 40.897 2016.534 2021.578
1503 32.832 40.920 2016.534 2019.453
1504 32.759 40.867 2016.542 2021.578
1S05 32.596 40.866 2016.944 2019.448
ISo07 33.488 40.978 2019.456 2021.578
IS08 33.439 41.015 2019.456 2021.578
IS09 33.356 40.970 2019.456 2021.578
IS10 33.254 40.993 2019.456 2021.578
IS11 33.200 40.941 2019.440 2021.578
IS12 33.178 40.964 2019.440 2021.578
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IS13 33.088 40.943 2019.462 2021.578
IS14 33.014 40.921 2019.442 2021.578
IS16 32.444 40.833 2019.451 2021.578
IS17 32.338 40.818 2019.451 2021.578
IS18 32.307 40.840 2019.445 2021.578
IS19 32.096 40.685 2019.445 2021.578
1S20 32.830 40.923 2019.456 2021.578
IS21 32.598 40.881 2019.451 2021.578

Table S-1: GNSS observation period - Period of observation for the stations used in
this study. Sites with names starting with IS have been installed over the duration of the

Geo4D project.

Site Lon Lat Data Ref. removed Model
East North East North East North

(°E) | (°N) (mm/yr) (mm/yr) (mm/yr)

BOL1 31.606 | 40.746 | -11.288 1.658 -0.812 1.364 2.333 1.425

BOLU 31.602 | 40.734 | -12.533 | 0.150 -2.058 -0.144 | 2.032 1.375

BOYT | 34.797 | 41.461 -2.306 1.212 8.235 0.699 6.768 | -0.107

CANK | 33.610 | 40.609 | -18.258 | -0.437 -7.795 -0.869 | -9.410 | -1.626

CMLD | 32475 | 40.491 | -20.448 | -2.175 -9.996 -2.529 | -9.063 | -1.735

CORU | 34.982 | 40.570 | -16.440 | 3.662 -5.979 3.135 | -9.325 | -0.321

ESKS 30.464 | 39.746 | -22.154 | -3.658 | -11.767 | -3.871 | -8.779 | -1.599

HEND | 30.741 | 40.795 | -6.565 -1.383 3.917 -1.617 | 6.812 1.830

HYMN | 32.496 | 39.435 | -20.045 | -2.878 -9.689 -3.233 | -8.104 | -1.467

INE2 33.768 | 41.977 | -0.994 1.224 9.593 0.782 6.868 0.897

KKAL | 33.518 | 39.843 | -21.268 1.046 | -10.875 | 0.620 | -8.596 | -1.381

KRBK | 32.676 | 41.232 | -2.085 0.631 8.434 0.263 6.625 1.256

KSTM | 33.776 | 41.371 | -2.482 3.587 8.050 3.144 6.638 0.991

KURU | 32.718 | 41.846 | -0.953 1.058 9.622 0.687 6.695 1.539

NAHA | 31.332 | 40.173 | -22.371 | -2.478 | -11.947 | -2.752 | -9.020 | -1.634
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SIH1

SINP

SUNL

VEZI

ZONG

1S01

1S02

1S03

1S04

1S05

1S07

1S08

1S09

IS10

IS11

IS12

IS13

1S14

1S16

IS17

1S18

1S19

1S20

1S21

31.536

35.154

34.369

35.467

31.778

32.561

32.741

32.832

32.759

32.596

33.488

33.439

33.356

33.254

33.200

33.178

33.088

33.014

32.444

32.338

32.307

32.096

32.830

32.598
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39.447

42.030

40.154

41.138

41.450

40.839

40.897

40.920

40.867

40.866

40.978

41.015

40.970

40.993

40.941

40.964

40.943

40.921

40.833

40.818

40.840

40.685

40.923

40.881

-22.170

-1.619

-21.295

-5.164

1.545

-14.892

-7.470

-6.757

-15.465

-9.314

-24.545

-11.663

-8.766

-8.176

-15.648

-8.079

-5.261

-14.088

-18.174

-6.993

-10.802

-18.671

-6.038

-5.467

-2.629

2.183

2.540

2.521

0.546

-1.461

0.490

-1.834

-1.008

3.076

14.010

3.820

-1.259

-0.664

1.616

0.865

-0.326

0.928

-9.313

-7.463

1.037

-0.552

-1.609

1.295

under review

-11.812

8.974

-10.873

5.349

12.085

-4.408

3.019

3.734

-4.979

1.172

-14.049

-1.163

1.729

2.322

-5.155

2.416

5.232

-3.597

-7.691

3.489

-0.318

-8.201

4.453

5.020

-2.916

1.647

2.055

1.962

0.239

-1.821

0.118

-2.213

-1.382

2.714

13.586

3.400

-1.674

-1.072

1.212

0.463

-0.722

0.537

-9.665

-7.807

0.695

-0.880

-1.987

0.933

-8.289

6.933

-8.906

2.693

6.955

-4.220

3.148

4.631

-6.709

-0.715

-3.717

0.474

-0.133

1.187

-4.080

1.159

2.739

-3.850

-3.527

-2.052

0.673

-5.683

4.545

4.823

-1.555

-0.319

-0.973

1.947

1.976

-0.934

0.093

0.287

-2.817

0.274

-0.733

0.301

-0.016

0.932

-0.014

1.418

1.534

-0.429

-0.675

-0.390

0.148

-0.940

0.266

-0.910

Table S-2: GNSS data, corrected data and model - Table of GNSS rates used in
this article. Data refers to the original GNSS velocities in the Eurasia-fixed referenced
frame. Ref. removed refers to the original velocities corrected from the translation and
rotation term inferred in the inversion procedure. Model refers to the displacement rates

predicted by the slip model. Sites with names starting with IS have been installed over

the duration of the Geo4D project.
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” 3 Model additional information and performance
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© 102030 40 %060

wo ns 150 s 200 205 no 275
NAF slip rate (mm/yr)

Figure S-28: Example of convergence during tempering - While the sampler
marches forward, it progressively shrinks the sample set onto the final, posterior PDF.
Here, we show the marginal PDF of the deep slip rate on the NAF, which transitions at
each step from the a priori uniform distribution to the posterior, which, in this case, is a

Gaussian distribution.
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Figure S-29: Triangular mesh for the shallow part of the NAF - 3D representation
of the triangular mesh used for the shallow section of the NAF. Shallowest triangles are 1
km-sized while largest, deepest ones are 10 km-size. Shallowest row intersects the surface

while deepest row reaches 20 km.

—41—



Supplementary materials under review

Cix) = o’exp 5~

Track 87 (red)y: 0= 0.600, A = 2,073
Track 65 (dark): 0= 0.194, A = 1,589
Track 167 (blue): 0=1.482, A= 6,512

Covariance (mm*)

0 3 10 15 20 25
Distance (km)

Figure S-30: Covariance functions for the InSAR velocity maps - Empirical co-
variances of the velocity maps from tracks 65 (dark), 87 (red) and 167 (red). Dots are the

empirical covariances. Lines are the exponential fit to the covariance functions. Crosses

are the variance of the data (auto-correlation).
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Figure S-31: Decimated velocity field from track 65 - Decimation geometry and
resulting input data set for the slip rate inversion (top), prediction from the mean model

(center) and residuals (bottom).
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Figure S-32: Decimated velocity field from track 87 - Decimation geometry and
resulting input data set for the slip rate inversion (top), prediction from the mean model

(center) and residuals (bottom).
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a“aw

07N A8

Figure S-33: Decimated velocity field from track 167 - Decimation geometry and

resulting input data set for the slip rate inversion (top), prediction from the mean model

(center) and residuals (bottom).
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Figure S-34: Fit to the surface fault slip data - Top Surface slip rate measured on

the horizontal and vertical ground motion maps and surface slip rate from the posterior

PDF of the slip rate model. Red is for strike slip and blue for vertical differential motion

(i.e. dip slip). Second Data (circles) and predictions from the mean model (crosses) for

the GNSS data along the fault in the east (black) and north (blue) directions. Three

bottom plots Data (lines) and predictions from the mean model for the surface slip

measured on InSAR velocity maps.
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4 Slip rates at Ismetpasa
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All slip rates from table S-3 were measured within a short distance from the city

of Ismetpasa. Most of these measurements were made within the city, at the train sta-

tion, while some of them average over a distance difficult to estimate, depending on the

publication. Refer to Bilham et al. (2016) for a detailed description of these surface slip

rates. Rates are from Ambraseys (1970), Aytun (1982), Eren (1984), Deniz et al. (1993),

Altay and Sav (1991), Cakir et al. (2005), Kutoglu and Akcin (2006), Kutoglu et al. (2008),

Kutoglu et al. (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). We have

manually digitized figure 5 of Altay and Sav (1991).

Time | Creep rate | Std dev | Observation Period Source Measurement type
mm/yr mm/yr start - end
1963 10.40 0.40 1957-1969 Ambraseys (1970) Wall offset (photo)
1975 10.80 0.40 1969-1979 Aytun (1982) Triangulation
1977 10.20 0.60 1972-1979 Eren (1984) Trilateration
1987 9.30 0.70 1982-1992 Deniz et al. (1993) Trilateration
1997 7.80 0.50 1992-2002 Kutoglu and Akcin (2006) GNSS
1986 7.30 0.10 1982-1990 Altay and Sav (1991) Creepmeter
2004 12.00 1.30 2002-2007 Kutoglu et al. (2008) GNSS
2007 15.10 4.10 2007-2008 Kutoglu et al. (2010) GNSS
1996 8.00 3.00 1992-2001 Cakir et al. (2005) InSAR
2008 8.35 0.24 2003-2011 Cetin et al. (2014) InSAR
2009 8.40 1.60 2007-2009 Karabacak et al. (2011) LiDAR
2008 7.60 1.10 2005-2011 Ozener et al. (2013) GNSS
2009 9.00 1.00 2007-2011 Kaneko et al. (2013) InSAR
1992 8.30 0.10 1969-2016 Bilham et al. (2016) Wall offset
1999 7.10 0.30 1984-2016 Bilham et al. (2016) Wall offset
1976 9.90 0.30 1969-1984 Bilham et al. (2016) Wall offset (photo)
2015 5.90 0.10 2014-2016 Bilham et al. (2016) Creepmeter
2015 6.10 1.00 2014-2016 Bilham et al. (2016) Wall offset
2017 6.00 2.00 2014-2021 This study S1 InSAR
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Table S-3: Slip rates at Ismetpasa - Table of slip rates measured at Ismetpasa since
the 1950’s. Please be aware that this table is almost entirely a copy of that from Bilham

et al 2016 and this paper should be cited whenever this table is used.
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