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1. Introduction
GNSS revolutionized active tectonics research by 
providing quantitative constraints on the mechanics 
of the continental lithosphere (Thatcher, 2009). Much 
research in recent years has focused on collecting or 
processing GNSS-derived velocity data for Turkey and the 
surrounding region (e.g., McClusky et al. 2000; Reilinger 
et al., 2006; Kreemer et al., 2014). These data have been 
instrumental in addressing principle debates of tectonics 
such as the relative importance of buoyancy and tectonic 
forces (Özeren and Holt, 2010), the link between mantle 
convection and surface deformation (Faccenna and Becker, 
2010); studying the evolution of fault zone coupling (Özbey 
et al., 2021) as well as modelling the strain accumulation on 
major fault and interpreting locked and creeping segments 
(McClusky et al. 2000; Reilinger et al. 2006; Çakir et al., 
2012; Ergintav et al. 2014). Furthermore, there is a growing 
application of radar imaging for fault kinematics analysis 

(e.g., Cavalié and Jonsson, 2014; Walters et al., 2014; 
Cakir et al., 2014; Bletery et al., 2020), which is calibrated 
by the GNSS velocity field and thus critically depend on 
the accuracy of GNSS data. Particularly important in this 
region is the characterization of seismic hazards in the 
North Anatolian Fault (NAF) and the East Anatolian Fault 
(EAF) zones.

Two very critical parameters for earthquake hazard 
assessment are strain rate and moment accumulation rate, 
both of which depend on the effective thickness of the 
zone of interseismic strain accumulation, i.e. the locking 
depth (Savage and Burford, 1973; Bird et al. 2015; Wei et 
al. 2010; Smith-Konter et al., 2011). Elastic dislocation 
theory provides a quantitative way of estimating locking 
depth, via the equation
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Abstract: The Anatolia–Aegean domain represents a broad plate boundary zone, with the deformation accommodated by major faults 
bounding quasi-low deforming units. First-order features of this deformation were obtained in the form of a GNSS-derived velocity 
field. During the last decade, the accuracy of velocity solutions was improved, and the expansion of continuous networks increased 
spatial resolution. Nonetheless, an accurate representation of the deformation field requires interstation distances much lower than the 
locking depth of nearby faults, which has not yet been satisfied. The basis for creating a precise and accurate velocity field is uniform 
processing of the time series recorded both in the campaign and permanent GNSS stations, at once and for a single reference system. 
Although for Anatolia the data density has increased 6-fold since the landmark work of Reilinger et al. (2006), this crucial integration 
has not been made. We aim to fill this gap by analyzing the data and providing a uniform velocity solution. In this study, we processed 
the time series of 836 stations, of which 178 are published for the first time. With a period of up to 28 years, we present the most accurate 
velocity field with increased spatial and temporal resolution and homogeneity. We used the improved coverage of the velocity field to 
calculate strain accumulation on the North and East Anatolian Faults. Modelled slip rates vary between 20 and 26 mm/yr and 9.7 and 
11 mm/yr for the North and East Anatolian faults, respectively. The data can better constrain the kinematics of continental deformation, 
provide accurate boundary conditions for dynamic models, and help test outstanding hypotheses about the kinematics of the Anatolia-
Aegean domain.
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where v is the fault-parallel displacement, V is the far‐
field (or secular) velocity, x is the fault-perpendicular 
distance, and D is the locking depth (Savage and Burford, 
1973; for a study relevant to the study area, see Vernant, 
2015). According to Smith-Konter et al. (2011), far‐field 
velocity can be sufficiently represented if GNSS velocities 
are available at x > 4D. Moreover, to be able to invert the 
locking depth, and to sufficiently capture the gradient of the 
arctangent function at the origin, a high density of GNSS 
velocities at x ≤ D/2 distances are required. For the NAF 
(and EAF), hypocentral depths indicate a mean locking 
depth of 15 km, requiring sufficient GNSS Station density 
within <7.5 km and >60 km perpendicular distance to the 
fault zone (for similar arguments for San Andreas Fault 
system, see Haines et al. 2015). Available GNSS station 
density from the most up-to-date velocity field (Figure 1; 
Kreemer et al., 2014) is ~46 km for the extent of the study 
area. Therefore, the available GNSS station density does 
not satisfy this range adequately.

The problems of active tectonics often require spatial 
extent or station density beyond what a single GNSS data 
network can provide. GNSS time-series can improve 
spatial resolution to better determine the deformation. The 
basis of obtaining a velocity field is to solve the coordinate 
time series acquired from the campaign and permanent 
GNSS stations. After removing outlier observations from 
the time series, all the solutions are combined to get the 
velocities of each site. The incremental nature of GNSS data 
ensures increased precision and accuracy (Nocquet, 2012), 
with accumulating data either in the form of extended 
time series or new campaigns elsewhere. To achieve this, 
it is necessary to combine individual GNSS time series 
or velocity solutions. The combination is done either as 
a result of using a homogeneous data analysis strategy 
using time series data or typically with a 7-parameter 
Helmert transform. The latter method is preferred because 
of inaccessible time-series data or the complexity of the 
process. However, the combination of velocities with those 
already published is often imperfect and introduces errors 
to the final solution owing to several reasons: (1) different 
assumptions and processing procedures/software, (2) 
uncertain or suspicious datum, (3) uncorrected earthquake 
cycle effect, (4) inadequate data acquisition/datum in 
campaign sites, (5) variety of reference frames. Therefore, 
the gold standard is the uniform processing of GNSS time-
series with the same strategies at a time and for a single 
reference system (e.g., Nocquet, 2012).

In this study, we analyzed new GNSS observations 
at 186 sites in addition to data used by Kurt et al. (2020) 
through homogeneous processing of time-series for a 
single reference system, for the year 2020 and reestimated 
the velocity field from 836 sites with an average inter-
station distance of 37 km. Furthermore, we calculated 

slip-rates of the NAF and EAF, with increased near- and 
far-field velocity estimates.

2. GNSS data
Previous GNSS observations incorporated in this study 
can be grouped according to their geographical extent. 
Region-wide datasets described the first-order features 
of regional kinematics, such as the westwards motion of 
Anatolia relative to the Eurasia-fixed reference frame, from 
the Bitlis-Zagros collision towards the Hellenic subduction 
zone, and an increase in the velocity from east to west in 
a counter-clockwise pattern around a pivot in Cyprus 
(McClusky et al., 2000; Reilinger et al., 2006). Subsequent 
studies focused on certain tectonic structures, seismically 
active fault systems or deformations in a regional base 
(Ayhan et al., 2002; Aktug et al., 2009, 2013, 2015; Ozener 
et al., 2010; Aktuğ and Kılıçoğlu, 2006; Yavasoglu et al., 
2011; Reilinger and McClusky, 2011; Tatar et al., 2012; 
Tiryakioglu et al., 2013; Ozener et al., 2013a, 2013b, 2013c; 
Ergintav et al., 2014, Dogru et al., 2014; Aktug et al., 
2016). The observational period and station distribution 
of these studies are summarized in Figure 1. Increasing 
epoch numbers at overlapping stations provides a great 
opportunity for more precise velocity estimations.

In 1997, the General Directorate of Mapping (GDM) 
started a new project to unify the GNSS velocity field and The 
Turkish National Fundamental GPS Network (TNFGN) 
was established with 594 homogeneously distributed 
sites between 1997–1999, to realize a three-dimensional 
modern nationwide reference coordinate system. As the 
permanent GNSS stations concept has become widespread 
in the upcoming years, it has improved the temporal and 
spatial coverage of sites having GNSS observations all over 
the country. Now, the Turkish Real-Time Kinematic GNSS 
Network (CORS-TR; 158 stations), the Turkish National 
Permanent GNSS Network (TNPGN; 19 stations), and 
Marmara Region Continuous Network (MAGNET; 11 
stations) provide a continuous flow of GNSS data. Kurt et 
al. (2020) reprocessed all GNSS data of TNFGN, TNPGN, 
CORS-TR, and MAGNET between 1992 and 2019 using 
a homogeneous data analysis strategy, updated satellite 
orbits and Earth Orientation Parameters increasing the 
number of sites by %30 compared to Aktug et al. (2011).

The data set used in this study consists of %78 campaign 
type sites and %22 continuous stations and covers the 
period between 1992 and 2020. The session length of 
the campaign type observations is between 7–10 h while 
permanent stations provide 24 h of data.

The main contribution of campaign data comes from 
the TNFGN (Ayhan et al, 2002a), which has operated 
for a considerable period of nearly 20 years. The network 
points having an inter-station spacing of about 15–65 
km were also collocated at some points of the Turkish 
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National Horizontal Control Network and Vertical 
Control Network. Geodynamic sites and tide gauge GNSS 
benchmarks, installed and maintained by the General 
Directorate of Mapping, are also included in this study to 
improve spatial resolution. We incorporated the CORS-TR 
nationwide network with ~100 km spacing and some of the 
stations operated by TÜBİTAK Marmara Research Center 
(MAGNET), Bursa Water and Sewerage Administration 
General Directorate (BUSKİ), Sakarya Water and Sewerage 
Administration General Directorate (SASKİ), and İstanbul 
Water and Sewerage Administration General Directorate 
continuous (İSKİ) GNSS networks to fill the gaps.

Blewitt and Lavalle (2002) showed that for tectonic 
studies or reference frame production, a minimum 2.5-
year observation period would eliminate velocity bias. 

Therefore, we adopted this criterion for the time series. 
In the campaign type GNSS data, the minimum and 
maximum periods are 2.7 and 28 years respectively. In 
terms of continuous GNSS station data, the minimum 
and maximum observation durations are 2.1 and 17.1 
years respectively. Two permanent stations having a 2.1-
year observation period with weighted root mean square 
error (wrms) below 1 mm are also included in the data 
set.  The velocities of those stations are compliant with the 
velocities of their neighboring sites.

At the beginning of the velocity field determination, 
we evaluated 1303 sites having a minimum of 2 epochs 
surveyed coming from the combination of all campaign and 
continuous site solutions. Some of the sites are influenced 
by postseismic effects in the form of displacement offsets. 
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Figure 1. (top) GNSS studies published in the literature. For clarity, studies that have few sites and small spatial coverage are omitted. 
(bottom) The observation periods of previous GNSS studies. M > 6 earthquakes are shown with vertical red dashed lines, whose source 
information is given in Kurt et al. (2020).
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So, postseismic periods are removed from those time 
series. At sites having coseismic slips due to earthquakes, 
we decided which part to use considering the data span 
before and after the earthquake. Some sites had stability 
inconsistencies due to weak bracing into the ground, 
instrumental malfunctions, observational blunders or 
some local impacts. We removed those sites according to 
their time series resulting in large wrms values or through 
cross-validation tests with their neighboring stations. By 
examining the daily coordinate time series of each site in 
detail, attention has been paid to representing the velocity 
field of the region most accurately. The distribution of 
the data used in this study is summarized in Table 1 and 
presented in Figure 2.

We calculated inter-station distances of the sites from 
Delaunay triangulation and nearest-neighbor analysis. 
Figure 3 shows the histogram of interstation distances of 
836 sites with an average distance of 37 km.

Figure 4 shows the distribution of epoch numbers of 
sites and the observation durations for campaign type 
observations. As can be seen, it is not uniform in time, 
especially, this is important during the combination of 
them within the active tectonic regime. In other words, 
some of them were affected by different earthquakes 
and, their analyses could be realized to isolate the short-
term deformation anomalies (earthquakes, postseismic 
motions, subsidences etc.) in time, systematically. The 
information about the epoch and time intervals of all sites 
is given in Supplementary Table 2.

3. Methods
3.1. GNSS data processing and combination
GNSS data were processed and uncertainties were 
estimated with the GAMIT/GLOBK software package 
(Release 10.70; Herring et. al., 2018), using standard 

techniques described in Reilinger et al. (2006). Data 
Analysis Strategy is summarized in Table 2.

While long-term GNSS campaigns are divided into 
15-day sections, daily permanent station solutions are 
combined monthly. A total of 483 solution files (227 
campaign and 256 permanent stations solutions) between 
1992 and 2020 were combined and a final solution was 
achieved. The GLOBK (Global Kalman Filtering) module 
of the GAMIT-GLOBK (V10.70) software is used to 
combine the campaign solutions. Campaigns with very 
close dates or campaigns having the same observation 
dates are combined at the GLOBK stage.

At first, high a priori variance (±100 m) is defined for all 
sites and the loosely constrained solution was obtained by 
the Kalman Filtering technique (Herring et al., 2018). Later, 
to define the reference frame with the loosely constrained 
solution, a Helmert transformation with 12 parameters (3 
translation, 3 rotation, 3 translation velocity, and 3 rotation 
velocity) is applied between the ITRF2014 (Altamimi et al., 
2016) coordinates and velocities of 33 IGS stations included 
in the analysis (Figure 5). Previous studies generally used 
10-20 IGS stations for datum definition. In this study, we 
used 33 IGS sites to increase redundancy and to obtain a 
more stable datum definition. The ITRF2014 coordinate 
and velocity field is obtained from the “igb14_comb.apr” file 
(Herring et al., 2018), where the ITRF, IGS, EPN, and NGS 
solutions were combined to realize ITRF2014 (the most 
recent update, MIT). This coordinate file is a combined 
coordinate and velocity list of the solutions of global and 
regional GNSS stations published by the above-mentioned 
institutions based on ITRF2014. Finally, the loosely 
constrained solution consisting of all campaigns is adjusted 
in the ITRF2014 datum with minimum constraints on the 
coordinates and velocities of 33 IGS stations. Statistics of 
the combination are presented in Table 3.

Table 1. Data sources and number of sites used in this study.

Data Source Number of Sites

Turkish National Fundamental GNSS Network (TNFGN) 608
Turkish Real-Time Kinematic GNSS Network (CORS-TR) 134
Campaign Sites, other 30
Turkish National Permanent GNSS Network (TNPGN) 20
TÜBİTAK Marmara Region Continuous Network (MAGNET) 10
Turkish National Sea Level Monitoring System (Tide Gauge Sites) 12
Bursa Metropolitan Municipality Water and Sewerage Administration (BUSKİ) 6
General Directorate of Sakarya Water and Sewerage Administration (SASKİ) 6
İstanbul Metropolitan Municipality Water and Sewerage Administration (İSKİ) 5
International GNSS Service (IGS) 5
Total 836
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Figure 3. The histogram of inter-station distance, calculated based on the average pairwise 
distance for 5-Nearest Neighboring stations, for all the sites used in this study. 

Figure 2. GNSS stations used in this study (The velocity solutions are given in Supplementary Table 1). Stations shown in orange are the 
new stations whose velocities are reported for the first time in this study, whereas black circles are the ones reported in previous studies.
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3.2. Velocity field in Eurasia plate fixed reference frame
No-net-rotation in which the surface integral of angular 
velocity is zero, is usually used as the constraint on 
defining a terrestrial reference frame in the presence of 
plate tectonics. ITRF velocities are defined with respect 
to the no-net-rotation and NUVEL-1A model and 
since ITRF2000 was initially aligned to the global NNR-
NUVEL-1A which also satisfies that condition (Altamimi 
et al., 2017). In practice, the ITRF2000 orientation time 
evolution was defined by minimizing its 3 rotation rates 

with respect to the NNR-NUVEL-1A plate motion model 
using the horizontal velocities of a polyhedron of core 
ITRF sites (Kreemer et al. 2006).  

It is more informative for crustal deformation studies 
to view the velocities in a plate-fixed reference frame such 
as Eurasia rather than viewing the velocities in a reference 
frame such as ITRF2014. 

Different approaches for defining a plate-fixed reference 
frame may produce consistent velocity fields and they may 
be sufficient enough to analyze tectonic deformation over 
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Figure 4. Distribution of period and number of epochs for campaign sites used in this study.

Table 2. Data analysis strategy.

Software GAMIT/GLOBK V10.70
Observations Double differenced phase
Orbits IGS final repro2 SP3’s
Elevation cut-off angle 3 degrees
Earth Orientation Parameters USNO bulletin b
Tropospheric Mapping Function Vienna (VMF1)
A Priori Troposphere Model gpt2_5.grd (global pressure temperature)
Tropospheric Delay Parameters Interval 2 h
Ocean Loading otl_FES2004.grid
Atmospheric Loading (tidal) ANU100826_grid.atl (grid)
Atmospheric Loading (nontidal) atmfilt_cm.YYYY (grid)
Magnetic Model IGRF12
Number of IGS stations included 33 stations
Antenna Phase Center Correction Absolute (IGS14)
Reference Frame Stabilization ITRF2014 (igb14_comb.apr, igb14_comb.eq)
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a region. But combining velocities from different studies 
requires caution because of the bias coming from different 
reference frame definitions. To compare or combine 
velocities from different sources, it is highly recommended 
to use the same strategy as the previous results or make 
appropriate transformations between the velocity fields.

In this study, to estimate velocities in a Eurasia plate 
fixed reference frame, we used residual velocities of 33 
IGS sites given in (Herring et al., 2018) derived from 
relative to Eurasia plate as defined by (Altamimi et al., 
2017) ITRF2014 plate motion model. The rotation vectors 

are estimated by GAMIT/GLOBK software. The relative 
rotation vector (Euler Pole) of Anatolia with respect 
to Eurasia with is given in Table 4, together with other 
published estimates. 

 After defining the plates, the Euler Pole is determined 
by selecting a set of stations in Anatolia and a set of stations 
in Eurasia homogeneously distributed. For the stability of 
the rotation vector, only continuous stations are used on 
both plates. As seen in Table 4 the 1-sigma uncertainties 
are lower than in the other studies.

4. Results and analysis
The velocity solution of the uniform processing of time-
series with respect to the Eurasia-fixed reference frame is 
plotted in Figure 6 and given in Supplementary Table 1 
with their associated standard deviations along with their 
relative correlations. While the realistic uncertainties of 
the velocity solutions were on the order of <1 mm/y, the 
post-fit RMS of reference frame sites were found to be 
±2.0 mm and ±0.57 mm/yr for coordinates and velocities 
respectively. 

The overall pattern in the velocity solution is in 
agreement with the previous solutions (e.g., Aktug 
et al., 2009; Kreemer et al. 2014), however, there are 
statistically significant deviations for overlapping stations 
(Supplementary Figure 1). This is due to the increased 
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Table 3. Statistics of the adjustment (N: North, E: East, U: Up 
components).

Positional Statistics (WRMS)
N
E
U

0.76 mm
1.04 mm
3.20 mm

Velocity Statistics (WRMS)
VN
VE
VU

0.31 mm/year 0.20 
mm/year
0.46 mm/year

RMS of Reference Station Coordinates 2.00 mm
RMS of Reference Station Velocities 0.57 mm/year

Figure 5. IGS stations used in the analysis.
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length of time series employed in our study. To better 
highlight the differences in our solution we interpolated 
the velocity solution into a regular 0.1° × 0.1° grid using 
splines (gmt gpsgridder; Wessel et al. 2019). We assume 
that the global model of Kreemer et al. (2014) provides 
a combination of the most up-to-date velocity solutions 
and has a good spatial coverage extending beyond the 
geographical focus of this paper. Figure 7 shows the 
difference between this study and Kreemer et al. (2014) 
for east and west components of the gridded velocity field 
(Figure 7A), as well as common sites (Figure 7B). There 
is an apparent misfit of >3 mm/y in the vicinity of NAF, 
locally reaching 5 mm/y. This result is most likely due to 
increased sampling of the near-fault region surrounding 
the NAF (see the next subsection; and Figure 9).

The differences in the north component are mostly 
localized in a large zone of central Anatolia, the 
easternmost part of NAF, and the southeastern part of the 
Sea of Marmara. The anomaly in central Anatolia is rather 
prominent. The significant differences in N-component 
do not spatially correlate with those for E-component. 
But this is not surprising, as the N-components are rather 

small (Figure 6), and any improvement in the velocity 
estimates will result in large deviations. As the period of 
observation and station density for the central Anatolian 
stations increased dramatically, we could resolve better the 
velocities there.

We used the mean of pair-wise distances for the five 
nearest neighbors. We limited our analysis to the region 
enclosed by the national borders of Turkey. Therefore, 
we cropped Kreemer et al.’s (2014) data to have the same 
spatial limits. As seen in Figure 8 the spatial resolution 
of our model increased with decreasing interstation 
differences. Furthermore, the distribution looks more 
symmetrical, that is the number of outlier stations is 
significantly reduced. 

Our study provides significantly improved coverage 
of the near-field and far-field around major faults. Near 
field and far-field are defined above as x < D/2 and x > 4D, 
respectively. This gives x < 7.5 km and x > 60 km for EAF 
and NAF. The upper bound for the far-field is taken to be 
100 km. We report one more station velocity in addition 
to the existing five near-field stations for EAF (Figure 
9a). Moreover, eight new station velocities are available 

Table 4. Euler vector of Anatolia relative to Eurasia and 1 sigma uncertainties.

Longitude °E σE Latitude °N σN Rate deg/Myr σR References

32.6 0.4 30.8 0.8 1.2 0.1 McClusky et al. (2000)
32.1 0.7 30.8 0.8 1.231 0.023 Reilinger et al. (2006)
32.643 0.004 26.880 0.017 0.84 0.001 This Study

26° 28° 30° 32° 34° 36° 38° 40° 42° 44°

36°

38°

40°

42°

20 ± 0.5 mm/yr

Figure 6. The final velocity solution in the Eurasia-fixed reference frame (with 95% confidence ellipses). The data is tabulated in 
Supplementary Table I.
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in the far-field, in addition to 16 existing stations. For the 
NAF, 14 new velocity estimates are available in the near 
field and 44 new velocity estimates are available in the far-
field (Figure 9b). As described below, these new estimates 
provide significant new constraints on the character of 
strain accumulation along the NAF and EAF.
4.1. Interseismic strain accumulation along NAF and 
EAF
Earthquake hazard analyses strongly depend on the spatial 
distribution of the strain accumulation rates along the 
active fault zones. Furthermore, the location, periodicity, 
and causes of aseismic creep are central to a quantitative 
seismic hazard assessment (see Avouac, 2015 for a 
review). Generally, the strain accumulation is modelled 
as dislocation in elastic half-space (Savage and Burford, 
1973). There are two parameters in this problem: slip rate 
and locking depth. Locking depth controls the extent of 
the strain on the surface induced by loading at depth. 
To demonstrate the spatial resolution of the new GNSS-
derived velocity field, we calculate strain accumulation 
over a series of profiles perpendicular to the East Anatolian 
Fault (EAF) and the North Anatolian Fault (NAF) (cf. 
Vernant, 2015 for a similar analysis carried out on the NAF 
and EAF). 

Strain accumulation inverse models have been applied 
to the North Anatolian Fault (NAF) and East Anatolian 
Fault (EAF), as constrained by the then-available GNSS 
data (McClusky et al., 2000; Cakir et al., 2005; Reilinger et 
al., 2006; Çakir et al., 2012; Tatar et al., 2012; Aktug et al., 
2013; Mahmoud et al., 2013; Cakir et al., 2014; Kreemer 
et al., 2014; Aktug et al., 2016; Aslan et al., 2019). In an 

inverse strain problem, the robustness of the solution 
critically depends on the observation capacity in the near 
field deformations (that is, determined by the locking 
depth) and the precise estimation of the far-field, often 
represented by the secular motions (e.g., the Euler pole). As 
shown in Figure 9, we significantly improved the number 
of near-fault observations and their accuracy with longer 
time series. Furthermore, the new data adequately samples 
far-field, thus it is often unnecessary to calculate relative 
motions for the far-field locations. Although ours is not an 
exhaustive analysis of strain accumulation, we show that 
the increased near-fault spatial coverage, precisions of far- 
and near-field observations and temporal span of GNSS 
time-series constrain the kinematics better in comparison 
to the previous studies (Table 5).

We chose two velocity models to demonstrate the 
improved spatial resolution of our model McClusky et al. 
(2000) and Kreemer et al. (2014), hereafter denoted by 
M2000 and K2014 respectively, instead of the many local 
studies. The regional model M2000 is restricted to pre-
1999 time-series, hence free from the postseismic effects 
of Mw7.4 İzmit and Mw7.2 Düzce earthquakes. The global 
model K2014, on the other hand, provides a combination 
of post-1999 velocity solutions and has a good spatial 
coverage extending beyond the geographical focus of 
this paper. Therefore, such a comparison facilitates the 
discussion on the temporal evolution of strain, comparing 
the pre and posttimes of 1999 events (e.g., profile NAF 11, 
Figure 10), and demonstrates the superior spatial resolution 
of our data set, compared to the previous models. 

Figure 10 (NAF) and Figure 11 (EAF) show the fault-
parallel component of the velocity vectors from this study, 

26° 28° 30° 32° 34° 36° 38° 40° 42° 44°

36°

38°

40°

42°

5 mm/yr

Figure 7A. The difference between the gridded N- and E-components of Kreemer et al. (2014) and this study.
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superimposed by data points tabulated in M2000 and 
K2014. The NAF and EAF profiles are constructed by 
projecting velocity vectors within a swath of 50 km and 
45 km, respectively (except Profile 12 (40 km) in Figure 
10 to avoid overlapping with Profile 11 in Figure 10). 
The length of profiles is taken to be 120 km for NAF and 
100 km for EAF, to incorporate sufficient near- and far-

field data points. To apply the strain accumulation model 
(Savage and Burford, 1973), we fixed the locking depth to 
16 km based on a homogeneous earthquake catalogue for 
Turkey (Tan, 2021) and focused on the variations of the 
strain accumulation rates, only. The deformation zone is 
estimated as twice the locking depth and depicted on all 
the profiles in Figures 10 and 11.

E-component

N-component

0 1 2 3 4 5

|Δvv| (mm a-1)
Figure 7B. The difference between the Kreemer et al. 2014 and this study for matching sites. Significant differences in the proximity of 
NAF and EAF suggest that the InSAR derived strain-rate field could be improved by using our solution.
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The main findings are listed below:
1.	 Figures 10 and 11 show the significant increase 

of data points compared to previously published velocities 
shown in Figure 1A, particularly for the deformation zone 
of EAF and the eastern half of the NAF. For example, 
profiles NAF01–07 include as much new data as (or more 
than) published (Figure 10).

2.	 The locked and creeping zones are identified. For 
example, if K2014 velocities were to be used then it would 
not be possible to resolve whether EAF is undergoing 
creep or not on profile EAF 1 (Figure 11, Bingol-Karlıova 
segment). On Profile EAF 02, (Figure 11, Palu segment), 
creep anomaly (Cavalié and Jonsson, 2014; Ergintav et 
al., 20181) is clear with the support of high precision 
creepmeter measurements in the near field zone while 
K2014 controls the half part of the profile with highly 
scattering data sets. 

3.	 The motion on the opposite sides of the faults 
beyond the deformation zone is adequately sampled, 
which was not available before (profiles NAF 01-10, 
Figure 10  on the Eurasian plate and profiles 02-05, Figure 
11  on the Arabian plate). In the absence of these “blind” 
zones, previous strain models used Euler-pole constrained 
velocities to calculate the strain accumulation (Walters et 
al., 2014; Weiss et al., 2020; Bletery et al., 2020, Güvercin 
1 Ergintav S, Çetin S, Selver S, Özdemir A, Çakır Z et al. (2018). New evidence for spatiotemporal fluctuations of slip rate on the East Anatolian Fault, 
Turkey from newly installed creep meters and seismological data. EGU General Assembly 2018. Geophysical Research Abstracts, Vol. 20, EGU2018-
9395-1, 2018.

et al., 2022), which might not reflect the true nature of the 
fault kinematics.

4.	 Based on our velocity field, the slip rate increases 
from the east (20 ∓ 1 mm/yr) to the west (26 ∓ 1.1 mm/
yr) along NAF–that is due to the increased rate of 
Anatolian motion towards the Hellenic Arc (McClusky 
et al., 2000). Similar results are presented in the literature 
(e.g., Reilienger et al., 2006, Özbakır et al., 2017), albeit the 
slip-rate variation is constrained by sparse data. Our data 
increase the spatial resolution in detail. Especially, new 
data in the near field (the profiles NAF 03-10, Figure 10) 
improve the spatial control in the near field dramatically. 
In previous studies, researchers tried to fill these gaps 
with imprecise PSInSAR data sets (Cakir et al., 2014). The 
standard deviation of this study is <1–1.5 mm/yr for these 
zones, whereas the published studies estimated three times 
larger standard deviations.

5.	 Along the EAF, the creeping segment seems to 
differentiate fault segments with uniform slip rates (The 
profiles EAF 03-05, Figure 11-Pütürge, Erkenek, Pazarcık 
segments) from the segment with elevated slip rates (The 
profile EAF 01, Figure 11). The creep on profile EAF 02 
has been previously measured using in-situ creep meters 
(Ergintav et al., 2018, Palu segment), whose amplitude is 
thus corroborated with this study.
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Figure 8. The histograms of inter-station distance, calculated based on the average pairwise distance for 5-Nearest Neighboring stations, 
(a) for Kreemer et al. (2014) stations, (b) for all the sites used in this study. 
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#New stations in the near-field/far-field : 1/8

#Existing stations in the near-field/far-field : 5/16

#New stations in the near-field/far-field : 14/44

#Existing stations in the near-field/far-field : 17/45

Figure 9A. The number of near- and far-field stations for the NAF.

Figure 9B. The number of near- and far-field stations for the EAF.
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Published slip-rates for the EAF based on GNSS 
reports 9-10 mm/yr for the whole fault zone (McClusky 
et al., 2000; Reilienger et al., 2006) whereas Cavalie and 
Jonsson (2014) suggested ~13 mm/yr from InSAR. This 
difference comes from the contribution of the near field 
InSAR data (<5 km), along the Pütürge-Palu segment. The 
estimation of Cavalié and Jonsson (2014) was affected by 
the creep zone with their limited data sets and estimated 
higher than the mean value of the previous ones.

6.	 The section of NAF at İsmetpaşa is the typical 
example of a creeping fault, which has been repeatedly 
identified by the local GNSS campaigns and some local 
networks (e.g., Bilham et al., 2016, and the references 
therein). The creep is also resolved in profile NAF 09 
(Figure 10), furthermore to the east we model creep in 
profile NAF 08 (Figure 10). The segment of NAF containing 
piercing points of both profiles corresponds to the surface 
rupture of the 1944 Ms7.2 Bolu-Gerede earthquake. Cetin 
et al. (2014) have previously resolved this creeping zone 
by using InSAR constrained slip model and suggested the 
creep is triggered by the 1944 earthquake. Thanks to the 
current GNSS velocity field, which is dense and updated, 
we can easily model far and near-fault with high accuracy. 

7.	 M2000 is the most valuable data set to compare 
pre-1999 loading and the present. The profile NAF 11 
(Figure 10) transects the epicentre of Mw 7.4 1999 İzmit 
earthquake, where the difference between pre-1999 
fault-parallel velocity and the present value is ~6 mm/y. 
Özarpacı et al. (2021) showed that the creep rate is 
decreasing and has not yet reached a steady-state, as is the 
case for İsmetpasa. This might be related either to the fault 
healing process or partial locking below the creeping zone. 

8.	 Profile 12 in Figure 10 marks the splitting zone 
of NAF in the Sea of the Marmara into the two branches 
(Northern and Southern segments). As the Sea of Marmara 
hinders GNSS observations here, we simplified this rather 
complicated zone with a single fault model. For convenience, 
this uncertain area is shaded in dark grey (Profile NAF 12, 
Figure 10) and estimated the total slip instead of focusing on 
the two branches in the near field. All three profiles crossing 
the Sea of Marmara yield slip-rates of 26 mm/yr (Figure 9, 
Profile NAF11-13), in agreement with Eurasia- Anatolia 
relative motion. This corroborates the earlier results that 
the Main Marmara Fault is responsible for accommodating 

the bulk of deformation and the faults in the south of the 
Sea of Marmara are not very active. Nevertheless, very low 
slip deficit rates do not preclude the occurrence of large 
earthquakes. Although our deduction is as good as the 
validity of the assumed 16 km locking depth, the choice 
of different locking depths does not result in significant 
changes in slip rates- as these values are well constrained 
(e.g., Wright et al. 2013).

9.	 Interestingly, the agreement of far-field data for 
M2000 and K2014 is outstanding. In Figure 10, the velocities 
predicted by M2000 and what we have solved in this study 
are very close to each other, especially in the fault-parallel 
velocities of the stations projecting to NAF12 and NAF13 
profiles. In other words, there has been no change in fault-
parallel velocities in the intervening 22 years. Whereas, the 
NAF zone is fanned out in the west and is a wide shear zone, 
with many small scale subparallel faults (Şengör et al. 2005). 
The absence of a significant velocity difference suggests the 
following interpretations: 

a.	 the faults here are either completely locked or 
there are no active faults here.

b.	 If these faults are locked, this might mean that the 
deformations of the 1999 İzmit and Düzce events are not 
distributed on the secondary faults in Anatolia or the slip 
partitioning is within the standard deviation of our data 
(~1.5 mm/yr).

10.	 The deviation from a single fault model is apparent 
in the southern part of the NAF06 profile, with misfits on 
the order of 2–3 mm/yr. We think that this misfit may be an 
indication of the strain partitioning between the main NAF 
and its splays, especially the Sungurlu fault.
4.2. Implications for InSAR velocity field
Interferometric Synthetic Aperture Radar (InSAR) satellites 
revolve on a polar orbit and thus are insensitive to crustal 
motion with predominantly northerly motions. The 
transformation of line-of-sight displacement to a description 
in east, north, and up is an underdetermined inverse 
problem that requires constraining the N-component of 
the velocity field–this comes from the GNSS velocity fields. 
The difference between the N-component of the gridded 
velocities of Kreemer et al. (2014) and this study is given in 
Figure 7, where significant differences in the proximity of 
NAF and EAF suggest InSAR derived strain-rate field could 
be improved by using our solution (e.g., Weiss et al., 2020).

Table 5. Average standard deviations of velocity fields.

σE σN References

1.529 1.467 McClusky et al. (2000)
1.030 0.949 Kreemer et al. (2014)
0.216 0.249 This Study
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5. Conclusions
In this study, we derived a new velocity field from up to 
28 years of campaign and continuous GNSS data, with 

an additional epoch at 186 campaign sites of Kurt et 
al. (2020). The velocity solutions are processed using 
unified processing for a single reference frame, allowing 

Figure 10. The fault-parallel (strike-slip) deformation rates for the NAF. (a) Fault-parallel GNSS velocities at a perpendicular distance 
from the surface trace of the fault at the midsection of each profile (solid circles) and the deformation expected for an infinitely long, 
vertical strike-slip fault in an elastic half-space for fixed (16 km) locking depth (red curves; Savage and Burford, 1973). The legend 
indicates the data sources and estimated model parameters. The axes scaling is fixed for facilitating comparison with the other plots. 
Inferred deformation zone related to strain loading is shaded in grey. The time series, which were recorded posterior to the publication 
of the sites shown in grey are all reprocessed. (b) Profile locations, and the active fault map of Turkey (Emre et al., 2013). Yellow stars 
mark the intersection of NAF with the profiles. 
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realistic uncertainties on the order of <1 mm/y. With this 
improvement, we report more precise estimates of strain 
accumulation along the NAF and EAF. Furthermore, the 
new observations we report should provide improved 
estimates of elastic dislocation parameters for secondary 

faults. We believe that an invaluable and up-to-date 
velocity field having unprecedented spatial coverage and 
resolution in this study will help researchers to understand 
the tectonic behavior and seismicity of Anatolia and 
surrounding regions.   

−15

−12 −9 −6 −3 0 3 6 9 12 15

v||  / mm/yr

slip rate = 25 ± 1.0 mm/yr
locking depth = 16 km

This Study

Kreemer et al. 2014

McClusky et al. 2000

NAF 09

creep depth = 6 ± 2.1 km
creep rate = 6 ± 0.8 mm/yr

−15

−12 −9 −6 −3 0 3 6 9 12 15

v||  / mm/yr

slip rate = 25 ± 0.8 mm/yr
locking depth = 16 km

This Study

Kreemer et al. 2014

McClusky et al. 2000

NAF 10

−12 −9 −6 −3 0 3 6 9 12 15

v||  / mm/yr

slip rate = 26 ± 0.6 mm/yr
locking depth = 16 km

This Study

Kreemer et al. 2014

McClusky et al. 2000

NAF 11

creep rate = 9 ± 0.9 mm/yr
creep depth = 6 ± 1.8 km

−15

−12 −9 −6 −3 0 3 6 9 12

v||  / mm/yr

−60
−40

−20
0

20
40

60
80

100
120

D
istance along profile / km

slip rate = 26 ± 1.1 mm/yr
locking depth = 16 km

This Study

Kreemer et al. 2014

McClusky et al. 2000

NAF 13

−15

−12 −9 −6 −3 0 3 6 9 12 15

v||  / mm/yr

This Study

Kreemer et al. 2014

McClusky et al. 2000

slip rate = 26 ± 0.9 mm/yr
locking depth = 16 km

NAF 12
−15

−12 −9 −6 −3 0 3 6 9 12 15

v||  / mm/yr

slip rate = 23 ± 1.8 mm/yr
locking depth = 16 km

This Study

Kreemer et al. 2014

McClusky et al. 2000

creep depth = 4 ± 1.5 km
creep rate = 4 ± 0.7 mm/yr

NAF 08

30˚ 35˚

40˚

0 km 125 km 250 km

B    l    a    c    k    s    e    a

20 mm +−0.5 mm (95% conf.)

PUBLISHED SITES

NEW SITES

NAF08
NAF09

NAF10
NAF11NAF12

NAF13

Figure 10. (Continued).



KURT et al. / Turkish J Earth Sci

290

40
˚

40˚

40˚

0 km 100 km 200 km

20 mm +−0.5 mm (95% conf.)
PUBLISHED SITES

NEW SITES

EAF 1EAF 2EAF 3
EAF 4

−15

−12 −9 −6 −3 0 3 6 9 12 15

v||  / mm/yr

slip rate = 10 ± 1.1 mm/yr
locking depth = 16 km

creep rate = 6 ± 1.2 mm/yr
creep depth = 7 ± 1.8 km

This Study

Kreemer et al. 2014

McClusky et al. 2000

EAF 1

−15

−12 −9 −6 −3 0 3 6 9 12 15

v||  / mm/yr

slip rate = 9.8 ± 0.9 mm/yr
locking depth = 16 km

This Study

Kreemer et al. 2014

McClusky et al. 2000

EAF 2

−15

−12 −9 −6 −3 0 3 6 9 12 15

v||  / mm/yr

slip rate = 9.8 ± 0.8 mm/yr
locking depth = 16 km

This Study

Kreemer et al. 2014

McClusky et al. 2000

EAF 3

−15

−12 −9 −6 −3 0 3 6 9 12 15

v||  / mm/yr

−100
−80

−60
−40

−20
0

20
40

60
80

100
D

istance along profile / km

slip rate = 9.7 ± 0.9 mm/yr
locking depth = 16 km

This Study

Kreemer et al. 2014

McClusky et al. 2000

EAF 4

Figure 11. The fault-parallel (strike-slip) deformation rates for the EAF. The details are the same as in Figure 10.
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