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Abstract Turkey, at the intersection of Eurasian, Arabian, and African plates, is characterized by spatially
heterogeneous fault behavior and experiences frequent destructive earthquakes. Here, we systematically
investigate present‐day kinematics and seismic hazards in Turkey using dense Global Navigation Satellite
System observations. We construct an objective block model using total variation regularization after building
an initial model integrating multi‐source data sets. Our model quantifies slip partitioning in the active fault
systems (e.g., 6.3 vs. 3.1 mm/yr between main and secondary branches of the East Anatolian fault zone) and
determines slip rates along geodetically identified tectonic boundaries (e.g., 4.0± 0.4 mm/yr contraction rate on
the Tercan fault). Concurrently, we calculate continuous strain‐rate field that reveals the concentrated
(e.g., North Anatolian fault zone [NAFZ]) and distributed strain (e.g., northeastern Turkey) across Turkey, as
well as intra‐plate tectonic transforms (e.g., notable compression along the Eldivan‐Elmadağ Pinched Crustal
Wedge [EPCW]). The contraction along the EPCW appears linked to localized stress rotation and large bending
of the NAFZ under long‐term Anatolian extrusion. Additionally, we find no geodetic evidence supporting two
previously proposed intraplate escape pathways: a strike‐slip system between the eastern Anatolian shear zone,
Antalya‐Kekova fault zone, and Pliny‐Strabo shear zone (PSSZ), or a linkage between the Fethiye‐Burdur fault
zone and PSSZ. Furthermore, using fault slip‐rates and block internal strain‐rates, we calculate on‐fault and off‐
fault moment accumulation rates across Turkey. We find close agreement between cumulative geodetic and
seismic moments, with sustained lower seismic rates relative to accumulation rates suggesting elevated potential
for major earthquakes.

Plain Language Summary The Anatolian region frequently experiences destructive earthquakes,
such as the devastating 2023 Turkey Mw 7.8 and 7.5 events, highlighting the importance of understanding how
the land deforms and accumulates stress. Using space geodetic data, we identify faults with detectable
deformation across Turkey and develop a model to estimate their motion rates. Our findings reveal that some
major faults individually absorb the vast majority of motion between tectonic plates, while some faults
participate through multi‐branched or distributed parallel structures. Additionally, fault motions differ across
Turkey, similar to how earthquake patterns vary regionally. Our calculations show that the annual energy
accumulation on major faults is equivalent to a magnitude 6.9 earthquake, and the total estimated energy
accumulation since 1900 broadly matches the actual seismic energy release. When the seismic moment release
rate is comparable to the geodetically inferred moment accumulation rate, the likelihood of major earthquakes is
low; conversely, a persistently lower release rate indicates elevated seismic hazard. These findings demonstrate
the value of incorporating ground deformation measurements into seismic hazard assessment for fault systems
in Turkey, and further development of advanced probabilistic seismic hazard models incorporating long‐term
earthquake catalogs is essential.

1. Introduction
The plate tectonic framework of the lithosphere beneath Turkey is characterized by the continental collision of the
Eurasian and Arabian plates in the northeast and subduction of the African oceanic lithosphere in the south and
west (McKenzie, 1970, 1972). Due to the ongoing Arabia‐Eurasia convergence and Aegean slab rollback, the
Anatolian microplate is escaping westward along two major strike‐slip boundaries (Figure 1a; e.g., Dewey &
Şengör, 1979; Faccenna et al., 2006; Reilinger et al., 1997; Şengör, 1979). The North Anatolian Fault Zone
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(NAFZ) formed by ca. 15‐11 Ma near Erzincan and propagated westward (e.g., Armijo et al., 1999; Şengör
et al., 2005), with the East Anatolian Fault Zone (EAFZ) developed at ca. 5 Ma, marking the creation of the
Anatolian microplate (e.g., Hempton, 1987; Whitney et al., 2023). Concurrently, complex interactions between
and within plates give rise to various fault systems and faulting styles across Anatolia under heterogeneous
stresses and time‐varying tectonic conditions (Figure 1b; e.g., Aktug et al., 2009, 2013a; Esat et al., 2021;
Mozafari et al., 2019; Van Hinsbergen et al., 2016; Whitney et al., 2023; Şengör et al., 2005). Consequently, the
Turkish region frequently experiences devastating earthquakes with diverse rupture mechanisms, causing cata-
strophic damage and heavy casualties (Figure 1a; Bikçe, 2016). This pronounced seismic risk, driven by ongoing
tectonic activities, necessitates present‐day kinematic studies and seismic hazard assessment across the region.

Starting with the earliest Global Positioning System (GPS) studies that provided evidence for Anatolia‐Eurasia
decoupling (e.g., Burc Oral et al., 1995; Straub & Kahle, 1994), measurements from Global Navigation Satel-
lite System (GNSS) have progressively revealed multi‐scale kinematic patterns across Anatolia over the past three
decades (e.g., Aktug et al., 2009; Esat et al., 2021; McClusky et al., 2000; Reilinger et al., 2006; Seyitoglu

Figure 1. (a) Tectonic setting of Turkey and surrounding regions. Active fault traces are from Zelenin et al. (2022) and Seyitoglu et al. (2022b). Blue ellipses indicate
creeping segments identified by Hussain et al. (2018) and Çakir et al. (2023) using Interferometric Synthetic Aperture Radar observations. Focal mechanisms are
sourced from the Global Centroid Moment Tensor catalog (https://www.globalcmt.org/) and Eyidogan et al. (1991) (the 1944 Mw 7.6 Bolu‐Gerede earthquake).
Abbreviations: NAFZ, North Anatolian Fault Zone; EAFZ, East Anatolian Fault Zone; BZSZ, Bitlis‐Zagros Suture Zone; DSFZ, Dead Sea Fault Zone; KTJ, Karlıova
Triple Junction; and HTJ, Hatay Triple Junction. Other abbreviations are shown in the inset figure at bottom right. (b) Neotectonic provinces of Turkey (Emre
et al., 2018; Seyitoglu et al., 2022a). Province and Fault Zone are abbreviated as “P.” and “F.Z.”, respectively. Additional abbreviations: EFZ, Eskişehir Fault Zone;
TFZ, Tuzgölü Fault Zone.
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et al., 2022a). Broad‐scale GNSS campaigns have constrained relative motions between adjacent plates and
upper‐bound slip rates along major boundary faults (i.e., NAFZ and EAFZ) in earlier studies (e.g., McClusky
et al., 2000; Reilinger et al., 1997). The first‐order velocity variations across Turkey have been further quantified
through tectonic block modeling (e.g., Nyst & Thatcher, 2004; Reilinger et al., 2006). In general, the vast majority
of the Turkish region rotates counterclockwise relative to Eurasia, with velocities increasing east‐to‐west from
∼15 mm/yr in the Arabian plate to ∼21 mm/yr in the Anatolian microplate, and reaching ∼33 mm/yr in the
Aegean microplate. This differential motion is primarily accommodated by 20–30 mm/yr of dextral strike‐slip
rate on the NAFZ, ∼10 mm/yr of sinistral strike‐slip on the EAFZ, and ∼20 mm/yr of extension across the
graben systems in western Turkey (Reilinger et al., 2006).

With the widespread application of regional‐scale GNSS networks and Interferometric Synthetic Aperture Radar
(InSAR) techniques, along‐fault variations in slip rates and complex deformation patterns across distinct tectonic
units have been investigated (e.g., Aktug et al., 2009, 2013a, 2013b, 2016; Barbot & Weiss, 2021; Cavalié &
Jónsson, 2014; Esat et al., 2021; Gezgin et al., 2022; Hussain et al., 2018; Özbey et al., 2021; Özkan et al., 2023).
For instance, along the NAFZ, InSAR reveals a westward slip‐rate increase from ∼22 mm/yr at the Karlıova
Triple Junction (KTJ) to ∼30 mm/yr near Istanbul (Figure 1a; Hussain et al., 2018). Continuing westward to the
Sea of Marmara, GNSS‐constrained block model revealed that lateral motion is partitioned to ∼25 mm/yr on the
northern branch and 3–6 mm/yr on the southern branch (Aktug et al., 2009). In central Turkey, the Central
Anatolian Fault Zone (CAFZ) exhibits sinistral strike‐slip rate of∼1 mm/yr, while the Tuzgölü and Eskişehir fault
zones act as tectonic boundaries separating the Central Anatolian Province and West Anatolian Extensional
Province, exhibiting dextral strike‐slip rates of ∼2–5 mm/yr and ∼1–6 mm/yr, respectively, as derived from
GNSS block models (Aktug et al., 2013a; Esat et al., 2021; Gezgin et al., 2022). Further west, extensional
deformation is distributed across graben systems, with the Denizli Basin showing the highest extension rate of
∼8–13 mm/yr (Aktug et al., 2009; Reilinger et al., 2006). GNSS‐constrained kinematic modeling and the latest
InSAR velocity field indicate that continuous deformation models or block models incorporating sufficient
structures can effectively interpret surface velocity changes in western Turkey (Aktug et al., 2009; Diercks
et al., 2024).

The progressive accumulation of GNSS data across Turkey has now produced a data set of sufficient density and
longevity that resolves deformation across scales, from plate‐boundary motions down to localized strain (Ergintav
et al., 2023; Seyitoglu et al., 2022a). Using densified GNSS observations and a simplified block model, Ergintav
et al. (2023) analyzed the concentrated and distributed strain across Anatolia under active plate interactions. By
developing a complex block model based on focal mechanisms, satellite imagery, and pseudo‐tectonic
(geologically meaningless) boundaries to interpret the GNSS velocity field from Kreemer et al. (2014), Seyi-
toglu et al. (2022a) refined the delineation of neotectonic provinces in Turkey (e.g., Anatolian Diagonal Shear
Province).

Nevertheless, in the process of gradually deciphering Anatolian kinematics, some regions exhibit unresolved
disagreements between geodetic solutions and geological investigations or seismicity levels. For instance,
geodetic modeling generally simplifies the southwestern section of the EAFZ to a single fault, estimating an
integrated slip rate of ∼10 mm/yr, while geological estimates indicate that there is a significant slip‐rate parti-
tioning, with the main and secondary branches of the EAFZ absorbing 2/3 (∼6 mm/yr) and 1/3 (∼3 mm/yr),
respectively (Duman & Emre, 2013). Özbey et al. (2024) resolved this controversy by incorporating the Malatya‐
Çardak fault as a block boundary, which is structurally inconsistent with the geologically mapped secondary
branch of the EAFZ. Similarly, block models around the KTJ commonly interpret the northern extension of the
EAFZ as the boundary of the East Anatolian compressional zone, conflicting with geological evidence that
suggests a more westerly boundary (Temiz et al., 2002; Şahin et al., 2019). These models also overlook the eastern
continuation of the NAFZ, where significant seismic activity occurs. In contrast, in northwestern Central Ana-
tolia, Esat et al. (2021) developed a dense block model constrained by GNSS data, revealing remarkably high
compression rates (>10 mm/yr) across the Eldivan‐Elmadağ Pinched Crustal Wedge (EPCW) that strikingly
contrast with the regional low seismicity. Furthermore, in systematic kinematic modeling of Anatolia, Ergintav
et al. (2023) oversimplified by not incorporating certain structures now known to be seismogenic, such as the fault
that generated the 2023 Mw 7.5 Elbistan earthquake (Figure 1a). Meanwhile, the overly complex model of
Seyitoglu et al. (2022a) produces some results that diverge from field observations, such as strike‐slip direction
along the Tuzgölü and Eskişehir faults.
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In this study, we aim to reconcile these inconsistencies and systematically investigate present‐day kinematics and
seismic hazards across Turkey through an objectively constrained block model based on dense GNSS observa-
tions. By integrating modeling strategies from previous studies, active fault database, and compiled earthquake
catalog, we construct an initial complex model. The total variation regularization (TVR) method is then applied to
optimize the model by eliminating boundaries lacking detectable strain localization. Furthermore, we comple-
ment the block model with strain‐rate fields to explore heterogeneous kinematics and deformation mechanisms.
Finally, by combining fault slip rates with block‐internal strain, we quantify both on‐fault and off‐fault moment
accumulation rates across Turkey and compare them with seismic moment release from earthquake catalogs.

2. Data
2.1. GNSS Velocity Field

We adopt the velocity field from Kurt et al. (2023) for kinematic analysis due to its unprecedented spatial density.
This data set is compiled from various research projects, including “The Turkish National Fundamental GPS
Network” (TNFGN; 608 stations), “The Turkish Real‐Time Kinematic GNSS Network” (CORS‐TR; 134 sta-
tions), and others (e.g., Turkish National Permanent GNSS Network, TNPGN), totaling 836 stations (Kurt
et al., 2023). The data set covers the period from 1992 to 2020, with varying observation durations and modes
across sites. All data are processed using homogeneous time series analysis, with uncertainties derived from a
first‐order Gauss‐Markov noise model, and referenced to a fixed Eurasian reference frame. For time series in
which earthquake events exist, only pre‐earthquake observations are used to derive velocity solutions. Notably,
whether the observed deformation along the prominent creeping segment of NAFZ reflects long‐term postseismic
effects or motion sustained over multiple seismic cycles remains unclear (e.g., Bilham et al., 2016; Hussain
et al., 2016; Jolivet et al., 2023). We will specifically account for these signals in subsequent kinematic modeling.
To further refine the block model constraints, sparse observations on Aegean Sea islands and anomalies are
removed, while 19 additional observations from Karakhanyan et al. (2013) and Djamour et al. (2011) in north-
eastern Turkey are incorporated. These additional observations are unified in reference by removing rotation
components derived from residuals of common sites with the original velocity field. For spatially overlapping
stations, those with longer observational time spans are retained.

Compared to the velocity field of Kurt et al. (2023), Ergintav et al. (2023) provided a sparser velocity solution yet
with reliable uncertainties using maximum likelihood estimation under a white‐plus‐flicker noise model (San-
tamaría‐Gómez et al., 2011; Williams et al., 2004). We therefore correct the uncertainties in Kurt et al. (2023) by
calculating the median differences in uncertainty at common stations between the two data sets, applying scaling
factors of 4.6 and 4.4 to the east and north components, respectively (Figure S1 in Supporting Information S1;
e.g., Wang et al., 2022). Meanwhile, to compensate for epistemic errors neglected in the uncertainty estimation,
we introduce an ad hoc minimum uncertainty σm to re‐estimate the uncertainties of horizontal components σí :

σí = (σm2 + σi2)
1/2 (1)

σi represents the original uncertainty; σm is assigned a value of 0.3 (e.g., Shen & Bird, 2022). This step also
ensures robust data weighting in kinematic inversion (e.g., Hammond et al., 2024). After quality control removing
observations above the 95th percentile uncertainty limit, the final GNSS velocity field contains 792 stations.

Figure 2a displays the velocity field with respect to the fixed Eurasian plate. The GNSS velocity vectors clearly
show the counterclockwise westward escape of the Anatolian microplate, with distinct velocity gradients and
rotations localized along plate boundaries.

2.2. Earthquake Catalog

Significant efforts have been made in previous studies to digitize and homogenize historical and instrumental
records, resulting in accessible databases of seismological observation products for Turkey (Stucchi et al., 2013;
Tan, 2021; Tan et al., 2008). Considering the limitations in parameter accuracy and catalog completeness of
historical earthquake records, only modern instrumental catalogs (1900–2025) are used in this study. We use two
modern earthquake databases: the “Turkish Homogenized Earthquake Catalog” (Turkish Homogenized Earth-
quake Catalogue (TURHEC), 1900–June 2021, Tan, 2021) and data from the Disaster and Emergency
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Management Authority (AFAD, July 2021–August 2025), to compile the entire earthquake catalog. We convert
local magnitude and surface‐wave magnitude in the AFAD catalog to equivalent moment magnitude using
empirical linear relations in Tan (2021) (Table S1 in Supporting Information S1). Then, the combined earthquake
catalog is declustered using the technique proposed by Gardner &Knopoff (1974) to ensure the data conforms to a
Poisson distribution. Records exceeding the maximum crustal thickness (∼50 km) are excluded (Akin, 2016).
Possible artificial events with magnitudes below 2.5 are also removed. In the end, 76,459 earthquake events are
retained. The compiled catalog exhibits a magnitude of completeness of Mw 5.9 (Figure S2 in Supporting In-
formation S1). Figure 2b displays the spatial distribution of earthquakes between 35.4°N and 42.7°N and
25.0°E–45.3°E, where the locations of major earthquakes show first‐order correlation with active tectonic
structures and fault systems.

3. Model and Methodology
3.1. Block Modeling

In the block modeling approach, we assume that active fault zones accumulate most of the tectonic deformation in
the region. An interconnected network of faults is used to form a series of quasi‐rigid blocks. By simultaneously
quantifying block motions and slip rates of faults acting as boundaries, we can capture large‐scale kinematic
characteristics in a systematic manner. In this context, objective and appropriate determination of block
boundaries and fault geometry parameters is essential.

Figure 2. (a) Global Navigation Satellite System horizontal velocities with 95% confidence levels relative to the fixed
Eurasian plate. Brown, red, and blue velocity vectors represent data from Kurt et al. (2023), Karakhanyan et al. (2013), and
Djamour et al. (2011), respectively. (b) Compiled earthquake catalog spanning 1900 to 2025. Gray dots show earthquakes
with Mw < 5.9, while colored dots denote events of Mw ≥ 5.9. Solid gray lines represent active faults (Zelenin et al., 2022).
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3.1.1. Determination of Initial Block Boundaries

In this stage, we integrate multi‐source observations to construct a set of boundaries for generating an initial block
model. Our modeling synthesizes strategies from previous studies, active fault database, and compiled earthquake
catalog, which can be organized into three steps as follows.

In the first step, we construct the preliminary block model referring to previous studies. In western Anatolia, we
define four approximately E‐W‐oriented boundaries corresponding to the Simav fault zone, Gediz graben, Büyük
Menderes graben, and Gökova graben, following Aktug et al. (2009). Additionally, the western Izmir‐Balıkesir
fault zone (Solak et al., 2024) and the eastern Fethiye‐Burdur fault zone (FBFZ; Aktug et al., 2009; Tiryakioğlu
et al., 2013) form approximately NE‐SW‐trending boundaries (Figure 1a). East of the FBFZ, a symmetric
boundary is incorporated to delineate the Isparta Angle (Tiryakioğlu et al., 2013). In northern Anatolia, block
boundaries are modeled based on the NAFZ and its two branches in the Sea of Marmara (Reilinger et al., 2006). In
north Central Anatolia, we define a triangle‐shaped block bounded by the Eskişehir fault zone and the Kırıkkale‐
Erbaa fault zone according to Esat et al. (2021). This block is further subdivided into three sub‐blocks based on the
intermittent traces of the EPCW and Beypazari blind thrust zone (Esat et al., 2021). The Abdüsselam pinched
crustal wedge is not treated as a separate boundary due to its proximity to the EPCW. To the east, we extend a
block bounded by the Tuzgölü fault zone, CAFZ, and a portion of the NAFZ. The boundary along the CAFZ
extends southwestward to the Ecemiş‐Deliler fault zone (Aktug et al., 2013a). The main branch of the EAFZ is
modeled as the boundary between the Anatolian microplate and the Arabian plate. In northeastern Turkey, block
boundaries are primarily defined along the Bitlis‐Zagros Suture Zone (BZSZ), the Çaldıran fault zone, and the
northeastern extension of the EAFZ (Djamour et al., 2011; Reilinger et al., 2006). The Lesser Caucasus region is
further subdivided into three smaller blocks following Karakhanyan et al. (2013).

In the second step, we align the surface strikes and nodes of active faults with geological field observations based
on the active fault database of Zelenin et al. (2022). The fault database of Zelenin et al. (2022) in Turkey is a
compilation of a series of databases, mainly from Emre et al. (2013) and Basili et al. (2013). For instance, we
reorient the block boundaries in western Turkey to correspond with the principal boundaries of the graben
systems. Additionally, we introduce extra block boundaries based on fault traces, such as secondary structures in
southeastern Turkey, including the Sürgü‐Çardak‐Savrun fault zone and the Malatya‐Ovacık fault zone. Several
segments of these block boundaries were ruptured during the 2023 earthquake doublet (Reitman et al., 2023).

In the third step, we further adjust the block boundaries with reference to the earthquake catalog and add the
necessary seismogenic faults as boundaries. For example, from a series of NE‐SW trending parallel fault zones in
northeastern Turkey, we select the segment with the highest seismicity as the northeastern extension of the EAFZ.
Additionally, we incorporate the Tercan fault and the North Anatolian Continuum fault zone as additional block
boundaries, allowing the complex deformation and frequent seismic activity around the KTJ to be interpreted
through the relative motions of four adjacent tectonic blocks (Figure 1a). Besides, we introduce an N‐S oriented
boundary within the Isparta Angle block, aligned with local linear seismicity (Nissen et al., 2022).

It should be noted that, considering potential location biases in the active fault database and earthquake catalog,
we validate the fit of near‐field GNSS data across faults during each boundary adjustment in the second and third
steps. In cases of conflicting data sets, we prioritize solutions consistent with GNSS observations. Accordingly,
the study area is tectonically separated into 25 blocks as shown in Figure 3.

3.1.2. Determination of Fault Dip and Locking Depth

The updated active fault database in Turkey provides referenceable fault dip records obtained from field surveys,
digital terrain analysis, and aerial photo interpretations (Emre et al., 2018; Zelenin et al., 2022). This information
allows us to appropriately determine the dip angles of the block boundaries with compressional and extensional
structures (Table S2 in Supporting Information S1). For boundaries that have the same dip direction but differ in
dip angles along the strike, an average dip is assigned.

To determine the optimal locking depth, we use both residual statistics estimation and seismic cutoff depth
methods. Initially, based on the studies of Hussain et al. (2018) and Bletery et al. (2020), we preset the locking
depths of the central and eastern segments of the NAFZ (from İzmit to the KTJ) and the northeastern segment of
the EAFZ (from Çelikhan to the KTJ) to 16 and 5 km, respectively. For creeping segments on both faults,
enforcing shallow locking or full creep in simplified block model proved ineffective (Figure S3 in Supporting
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Information S1). We thus adopt the same locking depths as adjacent segments, then remove outliers affected by
creep after the first inversion. For the outermost bounding faults of tectonic blocks, the locking depth is set to
0 km, indicating free‐slip conditions without strain accumulation. We then systematically evaluate the Root Mean
Square of residuals by varying the locking depth of other faults from 0 to 40 km in 1 km increments to search for
the global optimal locking depth. Concurrently, we calculate the 90% and 95% cut‐off depths of earthquakes. The
optimal locking depth derived from residual statistics is 12 km, slightly shallower than the 90% cutoff depth of
15 km (Figure 4a).

A uniform locking depth of 15 or 16 km was assumed in previous block models based on earthquake catalogs
(Ergintav et al., 2023; Seyitoglu et al., 2022a). To address the discrepancy between the residual‐based locking
depth and seismic cutoff depth, as well as to explore spatial variations of the seismogenic depth across Turkey, we
divide Turkey into eastern and western parts at ∼33°E. We first fixed the locking depth of faults in western
Turkey to the globally optimal value of 12 km and then re‐estimated the optimal locking depth for eastern Turkey,
obtaining 18 km (Figure 4b). Subsequently, we set the locking depth of faults in eastern Turkey to 18 km and re‐
evaluated the optimal locking depth for western Turkey, determining a shallower estimate of 9 km (Figure 4c).
The resulting east‐to‐west decrease in locking depth (18–9 km) from residual statistics agrees well with docu-
mented lithospheric evolution and crustal thickness variations (Akin, 2016; England et al., 2016). In contrast, the
90% seismic cutoff depth remains consistently around 15 km across all regions, likely constrained by the level of
instrumental accuracy or station density rather than true variations in seismogenic layer thickness (Figure 4).

Figure 3. The initial block model constructed for Turkey. Solid black lines indicate block boundaries that follow reliable
geological and geophysical evidence, and dashed brown lines indicate fault segments and pseudo boundaries outside Turkey.
Abbreviations in this figure are consistent with those in Figure 1.

Figure 4. Optimal locking depths determined from earthquake catalogs and residual statistics in (a) the entire Turkey, (b) eastern Turkey, and (c) western Turkey. The
histograms show the frequency distributions of the focal depths of earthquakes, with the dashed lines representing the 90% and 95% cut‐off depths. The circles show the
variations of Root Mean Square with the locking depths, and the purple circles indicate the optimal locking depths DL.
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3.1.3. TVR‐Optimized Block Model and Model Inversion

Assuming that the GNSS measurements are quasistatic nominally inter‐seismic velocities, the velocity VI can be
defined as:

VI = VB + VE + VR (2)

where VB and VE represent the surface velocities corresponding to block rotation and elastic strain accumulation
on faults, respectively (Meade & Loveless, 2009). VR represents residual velocity, reflecting the misfit between
observation and model prediction. In certain instances, the misfit may indicate activity of secondary structures or
unmodeled complex tectonic deformation (e.g., Wang et al., 2021).

The forward problem is further formulated as:

VI = Gm + VR = [GB − GE]Ω + VR (3)

in which GB represents coordinate and geometric conversions between Euler vectors Ω and surface velocity
components, GE combines the partial derivative matrix of elastic Green's functions (Okada, 1985) with the
projection matrix converting block‐differential motions to fault‐slip components.

The inverse problem can be solved in a weighted least squares sense:

mest = (GTWG)− 1GTWd (4)

W is the weighting matrix constructed from the GNSS velocity uncertainties. d is the observation matrix of GNSS
horizontal components.

The TVR strategy automatically filters out inactive structures by grouping blocks with similar rotation vectors
(e.g., Evans, 2022; Evans et al., 2015; Huang & Evans, 2019). Specifically, we simultaneously minimize the
L2‐norm of data residuals and the L1‐norm of rotation differences between adjacent blocks:

min(W
1
2‖Gm − d‖2 + λ‖Dm‖1) (5)

in which λ governs the strength of the regularization term, and D is a linear operator characterizing block ad-
jacency. The minimization in Equation 5 is performed using the convex optimization solver CVX (Grant &
Boyd, 2008, 2013). Note that TVR is employed solely to provide boundary retention references and is excluded
from the final inversion. In applying the algorithm, we divide Turkey into three overlapping regions to enable
cross‐validation of the results (Figure S4 in Supporting Information S1).

3.2. Continuous Strain Rate Field Derivation From Discrete GNSS Velocities

We use GNSS velocity vectors to calculate the strain rates and associated standard errors following the method of
Shen et al. (2015). To ensure spatial continuity of the strain rate field, aseismic creep observations previously
excluded during block modeling are reintegrated into the data set. The continuous strain‐rate field is obtained by
spatially weighted inversion of discrete GNSS horizontal components in a weighted least‐squares framework. The
covariance matrix includes the GNSS velocity uncertainties and the observation strength around the point to be
interpolated. The ith diagonal term ci is formulated as:

ci = σi2Si − 1 = σi2(LiZi)− 1 (6)

where σi2 represents the variance of the ith velocity vector, Li and Zi denote the distance function and the spatial
coverage function, respectively. The distance function is represented by the spatial smoothing parameter Ds and
the distance to the ith observation ΔRi:
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Li = exp(−
ΔRi2

Ds
2 ) (7)

Ds is adaptively adjusted by in situ data strength through the assignment of a threshold to∑iSi, which is set to 18
following Zhao et al. (2022) due to comparable observation densities in both studies. The spatial coverage
function is established through the Voronoi cells determined by the location of the observations:

Zi =
nSi

∑
n
k=1Sk

(8)

where Si is the area of Voronoi cell for the ith observation. n is the number of cells.

Accordingly, the weight matrix constructed from this covariance matrix would assign greater weights to stations
with shorter distances and larger spatial areas.

4. Results
4.1. Simplified Turkey Block Model Based on TVR Constraints

As shown in Figure 5, as the regularization strength increases, the number of blocks in Turkey progressively
decreases while the Mean Residual Velocity (MRV) rises. To balance model complexity and misfit level, we
selected the λ value where the MRV matches the systematic uncertainty of the observations (0.85 mm/yr; e.g.,

Figure 5. Variations in model fitting and block division with varying λ values. (a–c) Block numbers and Mean Residual Velocity (MRV) versus λ for eastern, western,
and central Anatolia, respectively. (d) The boundary retention percentage across λ values. Dashed lines indicate boundaries discarded when MRV matches data
uncertainty. All discarded boundaries had retention percentages below 50%.
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Huang & Evans, 2019). We also quantified the boundary retention percentage across all tested λ values, which
clearly demonstrate how TVR controls boundary selection and the relative importance of different boundaries.

In eastern Turkey, we removed block boundaries within the Lesser Caucasus region where corresponding
structures exhibited slip rates below 1 mm/yr in previous block models (Karakhanyan et al., 2013). We also
removed the linkage between the KTJ and the Northeast Anatolian fault zone (NEAFZ), replacing it with a new
boundary formed by the connection of the Tercan‐Askale fault zone to the NEAFZ, a configuration not previously
incorporated in block models to our knowledge. Additionally, the Malatya‐Ovacık fault zone was removed,
leaving the primary and secondary branches of the EAFZ to define the boundary between the Arabian and
Anatolian plates. Dating results constrain the slip rate of the Malatya‐Ovacık fault zone to only 1.0–1.1 mm/yr,
indicating its limited role in local strain accumulation (Sançar et al., 2020).

In central Anatolia, we removed the boundaries along the Eskişehir fault zone and the Beypazarı blind thrust zone.
The Eskişehir fault zone is generally recognized as an active dextral strike‐slip system, with slip‐rate reaching
∼5 mm/yr in the previous block model (Esat et al., 2021). The Beypazarı blind thrust zone exhibits a
compressional rate of ∼3 mm/yr (Esat et al., 2021). However, in western Turkey, we identified three low‐strain
boundaries, two of which are again along the Eskişehir fault zone and the Beypazarı blind thrust zone. Thus, the
activity of these faults requires further investigation.

The third proposed boundary for removal is the Gökova Graben, a well‐documented active structure with sig-
nificant seismicity (e.g., Yolsal‐Çevikbilen et al., 2014). Its identification as inactive likely results from sparse
geodetic coverage along its southern margin. We therefore retained this tectonically significant boundary despite
potential uncertainties in the inferred slip rate. Consequently, our final model employs 19 tectonic blocks to
interpret the surface velocity field across Turkey (Figure 5d).

4.2. Strain‐Rate Field

The GNSS‐derived strain‐rate field for Turkey is depicted in Figure 6, with (a) displaying the second invariant of
strain and the maximum shear strain rate, and (b) displaying the dilatation rate and the maximum/minimum
principal strain rates. The maximum shear strain‐rate field exhibits first‐order consistency with the results of
Weiss et al. (2020). Furthermore, the dense GNSS network constrains the N‐S deformation gradient, enabling
more robust estimates of uniform horizontal strain rates. In addition to capturing the E‐W strike‐slip motion along
the NAFZ, this data set also resolves the spatial transition in strain fields from the near N‐S strike‐slip component
at the Arabian‐Anatolian plate boundary to the N‐S extension in western Turkey.

High strain rates (exceeding 100 nstrain/yr) are observed along the NAFZ, indicating significant stress accu-
mulation due to the relative motion between the Anatolian microplate and the Eurasian plate. The maximum strain
rate reaches up to ∼250 nstrain/yr, with a significant proportion of shear strain (∼170 nstrain/yr) concentrated at
the Izmit creep zone. Furthermore, notable high values of strain rates (30–90 nstrain/yr) are observed in western
Anatolia, EAFZ, and East Anatolian Compression Province (Figure 6). These regional high‐strain features are
incorporated into corresponding major tectonic structures within our block model. Central Anatolia shows a low
strain rate below ∼20 nstrain/yr, demarcated by block boundaries from the higher strain domains in eastern and
western Turkey.

Additionally, we find that the directions of maximum shear strain rates in the strike‐slip fault systems agree well
with fault strikes, such as the nearly E‐W dextral strike‐slip along the NAFZ, the NE‐SW sinistral strike‐slip along
the EAFZ, and NW‐SE dextral and NE‐SW sinistral strike‐slip in the East Anatolian Compression Province
(Figure 6a).

Our results clearly show that western Turkey and northeastern Turkey are dominated by extension and
compression motions, respectively, with the maximum dilatation rate reaching ∼70 nstrain/yr and ∼− 35 nstrain/
yr. Obvious compression also exists in the West Taurides Thrust Fault (∼− 16 nstrain/yr) and the EPCW
(∼− 20 nstrain/yr), which is consistent with the tectonic setting and geophysical findings (Elitez & Yaltırak, 2023;
Esat et al., 2021). The EPCW also exhibits significantly higher shear strain rates compared to its surrounding
areas, which justifies its retention as a block boundary in our model. Central Turkey exhibits widespread
extension at a rate of ∼10 nstrain/yr (Figure 6b). In addition, the Büyük Menderes graben exhibits locally high
tensile strain rate of ∼90 nstrain/yr and shear strain rate of ∼55 nstrain/yr. In general, the Turkey region exhibits
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low internal strain surrounded by high peripheral strain, showing first‐order consistency with the distribution of
major earthquakes (Figure 2b).

4.3. Fault Slip Rates Derived From Block Modeling

The inverted strike‐slip and tensile/dip‐slip components of active fault motions are shown in Figure 7. The
complex slip partitioning indicates spatially heterogeneous kinematics across Turkey under multi‐plate in-
teractions. The dextral strike‐slip NAFZ, accommodating the majority of the relative motion between the
Eurasian and Anatolian plates, exhibits a slip rate ranging from 16.4 ± 0.5 to 26.2 ± 0.2 mm/yr (Figure 7a). The
fault zone bifurcates at both termini, with slip rates along the main branch exhibiting partial attenuation. To the
west, the NAFZ splits into two branches in the Sea of Marmara, with most strain accumulated on the northern
branch according to previous studies (Gasperini et al., 2011; Kurt et al., 2013). Our model indicates that the slip
rates of the northern and southern branches are 22.2 ± 0.3 mm/yr and ∼2–3 mm/yr, respectively. The estimated
slip rate of the northern branch is consistent with the geodetic slip rate of ∼25 mm/yr reported by Aktug
et al. (2009), and comparable to the late‐quaternary slip rate of ∼18.5 mm/yr derived from seismic reflection data
and geological models (Kurt et al., 2013). Moving eastward toward the KTJ, the slip rate of the NAFZ decreases
to 16.4 ± 0.5 mm/yr. This supports the eastward decreasing model proposed by Aktug, Dikmen, et al. (2013), but
is higher than their estimated rate of ∼12 mm/yr. In contrast, our result shows better agreement with the

Figure 6. Global Navigation Satellite System strain‐rate field for Turkey. Overlaying on the terrain are the second invariant
(a) and the dilatation rate (b) of horizontal strain. The solid black lines represent the retained block boundaries. In this figure,
the blue and purple bars in the crosses display the amplitudes and orientations of the dextral and sinistral maximum shear
strain‐rates, respectively. In this figure, the arrow pairs show the maximum and minimum principal strain rates, with the blue
and red arrows indicating extension and contraction, respectively. Abbreviations: EPCW, Eldivan‐Elmadağ pinched crustal
wedge.
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geomorphic estimates of 18 ± 3.5 mm/yr (Hubert‐Ferrari et al., 2002). The decaying slip rate appears to be
accommodated by the Tercan‐Askale fault zone, which shows a dextral slip rate of 4.0 ± 0.4 mm/yr. East of the
KTJ, the North Anatolian Continuum fault zone shows a dextral slip rate of 6.6± 0.6 mm/yr and a contraction rate
of 4.0 ± 0.7 mm/yr, indicating N‐S tectonic compression under continental collision. Similar kinematics are
observed along the Çaldıran fault, with a dextral strike‐slip rate of 5.5 ± 0.4 mm/yr and a compression rate of
1.5 ± 0.9 mm/yr (Figure 7).

The EAFZ is another major strike‐slip fault system in Turkey. Previous geodetic and geological studies suggested
that the EAFZ maintains a constant sinistral strike‐slip rate of ∼10 mm/yr north of Türkoglu, which then notably
decreases to ∼4 mm/yr in the southwest (Aktug et al., 2016; Reilinger et al., 2006; Yönlü et al., 2017; Özkan
et al., 2023). For instance, based on field investigations and geodetic data, Yönlü et al. (2017) proposed that the
fault slip east of Türkoglu (10 mm/yr) is transferred to the Cyprus arc (2–3 mm/yr) and the Dead Sea fault zone
(4.5 mm/yr), respectively. Our study confirms a significant shear partitioning at the junction of the EAFZ and the
Sürgü fault. The slip rate along the EAFZ decreases from 8.3 ± 0.3 to 6.3 ± 0.5 mm/yr, concurrently, the Sürgü‐
Çardak fault accommodates sinistral slip‐rate of 3.1 ± 0.6 mm/yr. The determined slip rate for the Sürgü‐Çardak
fault is consistent with geomorphic investigations (Duman & Emre, 2013) and the Seismic Source Character-
ization Model (Gülerce et al., 2017). These results suggest that secondary branch of the EAFZ absorbs a
considerable portion of the relative motion between the Arabian and Anatolian plates, shedding light on the
seismogenic mechanism of the 2023Mw 7.8 andMw 7.5 earthquake doublet (He et al., 2023; Jia et al., 2023). We
also determine a sinistral slip rate of 2.4 ± 0.3 mm/yr along the northern CAFZ, which rapidly decays to

Figure 7. Strike‐slip and tensile/dip‐slip rates of active faults in Turkey. Positive slip rates indicate (a) sinistral strike‐slip and
(b) extensional motions. White lines depict the block boundaries defined outside Turkey. Dashed lines denote boundaries
discarded by the total variation regularization algorithm.
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negligible levels along the Ecemiş fault. Field investigations reveal a slip rate of ∼1 mm/yr for the Ecemiş fault, a
value challenging to robustly detect with GNSS‐constrained block models (Yıldırım et al., 2016). Besides, sig-
nificant extension is observed along the CAFZ, decreasing from 4.0 ± 0.2 mm/yr in the northern segment to
2.5 ± 0.2 mm/yr in the southern segment.

To the northwest of the Eastern Anatolian shear zone lies the Central Anatolian province (Esat et al., 2021; Gezgin
et al., 2022; Seyitoglu et al., 2022a). Geological observations and focal mechanism solutions from previous
studies indicate that the Tuzgölü and Eskişehir fault zones are predominantly dextral strike‐slip motion with
relatively low seismicity (Seyitoglu et al., 2015). Our results indicate a right‐lateral slip rate of 1.5 ± 0.2 mm/yr
for the Tuzgölü fault zone, whereas the Eskişehir fault zone was excluded during block model construction. We
also determined a left‐lateral slip rate of 2.1± 0.3 mm/yr and a contraction rate of 0.9± 0.2 mm/yr for the EPCW.
Esat et al. (2021) developed a detailed block model in this domain and determined higher dextral slip rates of
∼5 mm/yr for the Tuzgölü fault zone and ∼6 mm/yr for the Eskişehir fault zone, along with a contraction rate of
12.5 ± 3.2 mm/yr for the EPCW. The slip rates reported by Esat et al. (2021) seem generally overestimated, such
as the maximum strike‐slip rate of the EPCW reaching 11.7 mm/yr, which is inconsistent with the historically low
seismic activity and regional InSAR observations (Weiss et al., 2020).

The graben system in western Anatolia is one of the most seismically active areas in the world, characterized by
widespread and rapid extension (Dewey & Şengör, 1979). Our results show that the regional extensional rate
increases rapidly from∼20 mm/yr at 29° latitude to ∼30 mm/yr at 27° latitude, falling within the range of 20 mm/
yr to 30 mm/yr documented by previous geodetic studies (Aktug et al., 2009; McClusky et al., 2000; Reilinger
et al., 2006). The FBFZ is dominated by extension, with rates decreasing from 4.2 ± 0.9 mm/yr in the northern
segment to 2.6 ± 1.2 mm/yr in the southern segment. Concurrently, the northern segment exhibits 2.2 ± 0.4 mm/
yr of dextral strike‐slip motion, while the southern segment shows 1.2 ± 0.3 mm/yr of sinistral strike‐slip
component. This strike‐slip transition pattern is consistent with previous block model results, though the
magnitude of southern segment motion is significantly lower than prior estimates of 5–8 mm/yr (Aktug
et al., 2009; Elitez et al., 2016; Tiryakioğlu et al., 2013).

4.4. Residual Analysis of Block Model Inversion

Beyond reliable slip rate estimates, our results also include some anomalous values. For instance, at the northern
termination of the EAFZ near its junction with the NAFZ, extension rates reach 8.2± 0.5 mm/yr. Further analysis
of residual spatial patterns may help elucidate these phenomena.

The spatial distribution and statistical analysis of model residuals are shown in Figure 8. The residuals display a
spatially random pattern (Figure 8a). Histogram analysis for the E‐W and N‐S components of the residuals in-
dicates that both components approximate a normal distribution, with means and standard deviations of − 0.11/
0.83 mm/yr for E‐W residuals and 0.08/0.91 mm/yr for N‐S residuals, respectively (Figure 8b). All blocks exhibit
the mean absolute residuals smaller than data uncertainties, except for the Sea of Marmara block (Figure 8c).
These suggest an overall good fit to the observations.

Meanwhile, approximately 10% of the residuals exceed the 95% confidence interval, with the maximum residual
(∼4.5 mm/yr) localized near the KTJ. East of this large residual, the extensional rate along the EAFZ reaches
8.3 ± 0.5 mm/yr. This motion would theoretically drive the stations westward, directly opposing the observed
residual direction. This implies that the heterogeneous deformation surrounding the KTJ challenges conventional
block‐model assumptions, reflecting instead the intricate kinematics of local fault networks (Figure 1a).

Additionally, significant residuals are observed west of the EPCW, bounded by the Abdüsselam pinched crustal
wedge, which was excluded from our block model (Figure 3). These large residuals appear to reflect local
deformation across discontinuous structures. Besides, some significant intra‐block residuals persist in western
and southeastern Turkey, possibly related to non‐tectonic processes (e.g., hydrology). These residuals remain
acceptable as they show no systematic spatial pattern compared to the well‐fit data.
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5. Discussion
5.1. Performance Analysis on the Constructed Block Model: Improvements and Limitations

Previous studies on block models for Turkey can be roughly categorized into two types: those focusing on local
tectonics (e.g., Aktug et al., 2009; Aktug et al., 2013a; Esat et al., 2021) and those addressing plate‐ or microplate‐
scale dynamics (e.g., Ergintav et al., 2023; Reilinger et al., 2006; Seyitoglu et al., 2022a). Our TVR‐optimized
model bridges this gap by simultaneously resolving both primary and secondary fault kinematics under a uni-
fied dynamic framework.

Conventional block models simplify the EAFZ as a single boundary, typically estimating slip rates of 9–10 mm/yr
along the northeastern segment (Figure S5 in Supporting Information S1; Aktug et al., 2016; Özkan et al., 2023;
Reilinger et al., 2006). While Özbey et al. (2024) recently proposed an alternative configuration incorporating the
Malatya‐Çardak fault, this geometry appears inconsistent with the known structural divergence of the main and
secondary EAFZ branches at Çelikhan as documented by Duman & Emre (2013). Our analysis using the TVR
optimization approach evaluated the Malatya, Sürgü and Çardak faults as potential block boundaries, ultimately
identifying the Malatya fault as inactive while confirming activity along the secondary EAFZ branch. The results
demonstrate clear slip partitioning along the EAFZ, with slip‐rates of 8.3 ± 0.3 mm/yr for the northeastern

Figure 8. Residual velocity distribution and statistics of the block model. (a) Spatial distribution of residual velocities, colored by amplitude. Residual vectors with
confidence ellipses indicate values exceeding the 95% confidence interval. (b) Histogram statistics of E‐W and N‐S residuals. μve and σve represent the mean and
standard deviation of the E‐W residuals, respectively. μvn and σvn represent the corresponding statistics of the N‐S residuals. (c) Histogram comparison of mean absolute
residuals (red) versus mean uncertainties (blue) for each block.
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segment transitioning to 3.1 ± 0.6 mm/yr on the secondary branch and 6.3 ± 0.5 mm/yr on the southwestern
segment.

Existing block models of the KTJ region consistently delineate three blocks bounded by the NAFZ, EAFZ, and
NEAFZ (Figure S6 in Supporting Information S1; Aktug, Dikmen, et al., 2013; Reilinger et al., 2006; Walters
et al., 2014). Our initial four‐block configuration introduced a new NAFZ‐NEAFZ connection through the Tercan
fault. The TVR inversion preserved the proposed Tercan fault boundary and discarded the KTJ‐NEAFZ
connection. This result agrees well with geological evidence identifying the Tercan fault's northeastward
extension as the boundary of the East Anatolian Compressional Province (Figure 1b), further supported by
concentrated seismicity along its trace compared to minimal activity between KTJ and NEAFZ (Figure 2b). East
of the KTJ, N‐S compression and E‐W shear under the Arabian‐Eurasian convergence are modeled onto the BZSZ
and the Çaldıran fault in previous models (e.g., Djamour et al., 2011; Reilinger et al., 2006). The derived geodetic
strike‐slip rate of ∼8–12 mm/yr for the Çaldıran fault is significantly higher than the geological slip rate of
∼3.27 mm/yr obtained from the offset of lithological contacts (Selçuk et al., 2016). Our TVR‐optimized model
reconciles this discrepancy by estimating 5.5± 0.4 mm/yr along the Çaldıran fault while simultaneously retaining
the seismically active North Anatolian Continuum fault as a block boundary, delivering a geologically consistent
solution that reduces seismic hazard uncertainties.

These findings demonstrate how oversimplified blockmodels may underestimate seismic hazards from secondary
faults (e.g., 2023 Mw 7.5 Elbistan earthquake) while exaggerating boundary fault hazards (Selçuk et al., 2016).
However, increased model complexity does not necessarily improve accuracy, as exemplified by the nine‐block
model of north Central Anatolia in Esat et al. (2021) (Figure S7 in Supporting Information S1). Their solution
determines >10 mm/yr compressional rate along the EPCW, accompanied by uniform extensional residuals on
both sides, indicating rate overestimation. Our simplified model excludes inactive Eskişehir fault and Beypazari
blind thrust zone, obtaining more plausible EPCW motion of 0.9 ± 0.2 mm/yr contraction with 2.1 ± 0.3 mm/yr
left‐lateral slip.

Early studies suggested that the kinematics in western Turkey could be explained by a few rigid blocks, with intra‐
block strain rates (∼30–50 nstrain/yr) being 1–2 orders of magnitude lower than those across microplate
boundaries (∼500–1,000 nstrain/yr) (Nyst & Thatcher, 2004; Reilinger et al., 2006). As the number of GNSS
observations increased, microplate‐scale inversions showed obvious residuals near some active faults (Aktug
et al., 2009; Ergintav et al., 2023). Aktug et al. (2009) concluded that a block model with a scale smaller than
∼50 km or a continuum model with a distributed strain rate of 50 nstrain/yr can properly interpret the GNSS
velocity field. This interpretation is further supported by high‐spatial‐resolution InSAR observations (Diercks
et al., 2024). Our block model builds on Aktug et al. (2009), with the TVR algorithm preserving all original
boundaries. Nevertheless, significant inversion residuals persist, indicating that internal strain cannot be
neglected, particularly for regional seismic hazard assessments.

5.2. Regional Seismic Activities and Tectonic Implications

The large‐scope and dense GNSS observations in Turkey offer a unique opportunity to systematically analyze the
intricate tectonic structures and deformation patterns on a national scale. By integrating focal mechanisms, active
fault motions, and continuous strain rates, we further analyze the deformation mechanisms and kinematics of the
main active structures across Turkey (Figure 9).

The collision and convergence between the Arabian and Eurasian plates have induced large‐scale deformation in
northeastern Turkey, forming a series of conjugate structures across the Turkish‐Iranian Plateau (Figure 1). The
coexistence of strike‐slip and thrust mechanisms in this region indicates that, in addition to the dominant N‐S
compression, NW‐SE‐oriented faults also accommodate a significant portion of the convergence through
strike‐slip motion, as evidenced by the maximum shear strain field. Similar large‐scale deformation patterns are
observed in western Turkey, manifested by widespread normal‐faulting earthquakes, extensional strain fields, and
active graben development. The prevalence of strike‐slip mechanisms along the NAFZ‐EAFZ system reveals
their essential role in accommodating Anatolian lateral movement. Orientations of the maximum shear of sec-
ondary structures in eastern Anatolia show a good agreement with those along the EAFZ, demonstrating a
common shared driving force (Figure 6a). Moreover, our block modeling results suggest that the structures,
including the CAFZ and Çardak‐Savrun fault, are dominated by sinistral strike‐slip movement (Figure 7a). This
implies that the extensive deformation within Anatolian microplate from the Arabia‐Eurasia convergence extends
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as far west as the CAFZ. Furthermore, we find that the slip rate of the entire sinistral system decreases from
∼12 mm/yr in the northeast to∼9 mm/yr in the southwest. However, further west to the Ecemiş‐Deliler fault zone,
no notable strike‐slip component can be detected (Figure 7a). This finding contradicts the view of Seyitoglu
et al. (2022b) that a tectonic escape channel is formed between the strike‐slip system in eastern Anatolia and the
Antalya‐Kekova fault zone and Pliny‐Strabo fault zone to its west through two restraining stepovers (Figure 9).

An alternative yet debatable view is that the Pliny‐Strabo fault zone structurally links with the FBFZ, constituting
a coupled escape structure (Elitez et al., 2016; Elitez & Yaltırak, 2016, 2023). The Pliny‐Strabo fault zone has
been well‐determined as a sinistral shear zone resulting from slab tearing in previous studies (Figure 9; Berk
Biryol et al., 2011; Özbakır et al., 2013). The controversy regarding the FBFZ arises from discrepancies between
geodetically observed sinistral strike‐slip motion (typically defined via block modeling or velocity difference
analysis) and normal faulting mechanisms in the earthquake catalog. The limitations of block modeling in western
Turkey have been discussed in the preceding chapter. While the velocity difference approach adopted by Elitez
et al. (2016) notably neglected rotational components in the velocity vectors, which is particularly significant in
western Turkey, resulting in an overestimation to 8–10 mm/yr. The supporting tectonic interpretation is that the
FBFZ acts as a strike‐slip transition area to accommodate the Hellenic retreat in the west and Taurides thrusting in
the east (Elitez & Yaltırak, 2023). We further investigate local tectonic interactions based on the regional
principal strain‐rate field (Figure S8 in Supporting Information S1). The strain‐rate field clearly shows that the
Taurides thrusting only affects the local strain rotation, while the FBFZ is primarily controlled by uniaxial
extension and lacks tectonic stresses that form strike‐slip motion (Figure S8 in Supporting Information S1). These
findings are consistent with the implications from focal mechanism investigations of recent earthquakes in Nissen

Figure 9. Schematic diagram of active tectonic structures in Turkey and surrounding regions. The focal mechanism solutions
are from Global Centroid Moment Tensor (https://www.globalcmt.org), over the period from January 1976 to December
2023, with magnitude greater than Mw 5.0. The depth contour data for the subducting slab is obtained from the Slab2 model
(Hayes et al., 2018). The thick gray lines show strike‐slip fault zones forming a large conjugate strike‐slip system across
Turkey. The thick pink lines mark sinistral shear zones in eastern Anatolia and along the PSSZ. Gray arrows denote plate
motion directions. The purple arrow indicates the intraplate stress rotation zone. Red and blue arrow pairs represent
extensional and compressional strains, respectively. The green arrow indicates the high‐angle indentation by Arabia into the
Anatolian microplate. Abbreviations: N, normal; S, strike‐slip; R, reverse; FBFZ, Fethiye‐Burdur Fault Zone; PSSZ, Pliny‐
Strabo Shear Zone; AKFZ, Antalya‐Kekova Fault Zone; EPCW, Eldivan‐Elmadağ Pinched Crustal Wedge; NAFZ, North
Anatolian Fault Zone; EAFZ, East Anatolian Fault Zone; and DSFZ, Dead Sea Fault Zone.
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et al. (2022), demonstrating the absence of strike‐slip continuity between the FBFZ and Pliny‐Strabo fault zone to
form an escape pathway.

The westward escape of the Anatolian microplate is also accompanied by intra‐plate stress rotation, with the
tectonic transform in north Central Anatolia being particularly noticeable (Figures 6 and 7). As shown in Figures 6
and 7, this tectonic domain is characterized by sinistral shear accompanied by extension along the CAFZ,
compression in the EPCW, and extension combined with dextral strike‐slip along the Simav fault zone, pro-
gressing from east to west. The regional principal strain rates show counterclockwise rotation along the trajectory
of the purple solid line in Figure 9. This indicates that the wide‐spread deformation within Anatolia microplate
from the Eurasian‐Arabian convergence terminated near the CAFZ, while the EPCW and Simav fault zone, which
continue to cross westward, are mainly influenced by the lateral interaction between Eurasia and Anatolia and the
rollback of the Aegean slab. Esat et al. (2021) suggested that the contraction in the EPCW may result from a
complex interaction between nearly N‐S contraction in eastern Anatolia and N‐S extension in western Anatolia.
However, we find that the principal strain‐rate components around the EPCW are significantly greater than the
strain‐rate values on its eastern and western sides, indicating that regional compression is not only an adjustment
to stress differences between the two sides. Furthermore, we observe that the EPCW is located ∼125 km
southwest of the maximum bend (∼37°) of the NAFZ. Barbot & Weiss (2021) proposed that the high kinematic
compatibility between the bend and the overall rotation of Anatolia results in the absence of conjugate structures
or topographic variations. This view contradicts the angular discrepancy between the velocity vectors and the
strike of the NAFZ and ignores the temporal heterogeneity of strain during the evolution of the NAFZ. Here, the
compression observed along the EPCW matches the strain concentration expected to be formed by a restraining
bend (Cunningham & Mann, 2007). Moreover, we find that the distance between EPCW and maximum bending
(∼125 km) is close to the distance between Erzincan and the KTJ (∼130 km). The passage between Erzincan and
KTJ is a manifestation of the migration from the EAFZ and its predecessors (Bozkurt, 2001). This implies that the
contraction in the EPCW could be the tectonic response to the bend during the formation and westward movement
of the escape system, like the conjugate structures at Erzincan and the KTJ and the western and eastern Transverse
Ranges at the big bend of the San Andreas Fault (Barbot & Weiss, 2021; Daout et al., 2016). Concurrently, the
rapid extrusion of Anatolia drove the progressive development of parallel thrust belts in northern Central Ana-
tolia, while simultaneously inhibiting the stable localization of strain necessary to generate obvious topography.
In contrast, southward away from the NAFZ, the fault system consistently exhibits extensional deformation. For
instance, the Tuzgölü fault zone accommodates∼1.6 mm/yr of extension, which likely accounts for the formation
of Lake Tuz within its hanging wall.

5.3. On‐Fault and Off‐Fault Moment Accumulation Rates Across Turkey

To systematically assess seismic hazard across Turkey, we estimate moment accumulation rates both on and off
faults by integrating block‐modeled slip rates with continuous strain‐rates. Based on the geometry of major block
boundaries, we tessellate the Turkey region into multiple triangular patches with a ∼40 km sampling interval
along faults. We can therefore quantify moment accumulation rates for individual fault segments and block
patches. Specifically, the on‐fault moment rate can be estimated using Ṁon = μwlS, where μ is the shear modulus
of the rocks (set to 3.2 × 1010 N/m2 following Simão et al. (2016)). w and l represent the fault width and length,
respectively. S denotes the fault slip rate (e.g., Bird & Liu, 2007). The off‐fault moment rate can be estimated
using Ṁoff = 2μHsA[Max(|εHmax|, |εHmin|, |εHmax + εHmin|)], where εHmax and εHmin represent the maximum and
minimum principal strain rates extracted from the strain tensor, respectively (Savage & Simpson, 1997). We
assign a strain tensor to each tectonic block by calculating the mean internal strain within regions far away from
major faults. Hs is the thickness of the seismogenic layer. A denotes the area of each patch. The relevant fault
parameters are consistent with those defined in the block model.

The estimated on‐ and off‐fault moment rates are shown in Figure 10. We further overlay the block inversion
residuals to account for potential deformation signals that might otherwise be overlooked. Our results show that
the segments with moment rates exceeding 1.5 × 1017 Nm/yr are mostly located along the NAFZ and its eastern
continuation, correlating well with high seismicity along this fault system. Moderately high moment rates
(>1017 Nm/yr) occur along the Çaldıran fault, Tercan fault, southeastern segment of the EAFZ, and normal fault
systems in western Turkey. These faults also exhibit high seismic activity, though less intense than the NAFZ.
Other faults with low moment rates exhibit minimal seismic activity, such as secondary faults within the central
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Turkey. Significant off‐fault deformation is observed in northeastern Turkey, western Turkey, and near the
restraining bend of the NAFZ in central Turkey, where obvious block inversion residuals are also found
(Figure 10). Other regions in central and eastern Turkey exhibit limited off‐fault deformation, with corre-
spondingly minor block inversion residuals. Notable internal block deformation in western Turkey is consistent
with sporadic seismic activity. Pronounced seismicity exists between the CAFZ and the Kirikkale‐Erbaa fault
zone. The linear alignment of these earthquakes reveals the structural complexity of this block interior, as evi-
denced by its parallel fault systems (Figure 1). Nevertheless, GNSS‐constrained block model shows good fit, with
homogeneous and low‐magnitude internal strain (Figures 6 and 8). Further seismic hazard assessment integrating
focal mechanisms and field investigations is essential for this region.

The total on‐fault and off‐fault moment rates are 2.44× 1019 Nm/yr and 1.82× 1016 Nm/yr, respectively, differing
by three orders of magnitude. Based on the moment‐magnitude relationship (Hanks & Kanamori, 1979), the
annual on‐fault energy accumulation is equivalent to an Mw 6.9 earthquake, whereas the off‐fault energy cor-
responds to an Mw 4.8 event.

The comparison between earthquake released moment and geodetic‐inferred moment accumulation serves to
validate the effectiveness of our moment‐rate model for regional seismic hazard assessment. Using the compiled
earthquake catalog, we calculate a cumulative seismic moment release of 2.95 × 1021 Nm since 1900 (Figure 11).
Given the dominant contribution of large earthquakes to energy release estimates, we also calculate the total
moment by adopting USGS‐reported magnitudes for earthquakes withMw≥ 7.5, obtaining 3.48× 1021 Nm. Over
the same period, the on‐fault and off‐fault geodetic moment accumulation totals 3.05 × 1021 Nm, which is
consistent with the seismic release magnitude (Figure 11).

The temporal evolution of cumulative seismic moment release exhibits a characteristic step‐like pattern, with
each step corresponding to the occurrence of a major earthquake (Figure 11). This release process maintains a
0.96 correlation with the geodetically‐derived moment accumulation. Our analysis reveals a period of ∼30 years
from 1945 to 1976 showing steady energy release at a rate consistent with the geodetically derived moment
accumulation rate. Notably, periods lasting about 20 years with significantly reduced moment release preceded
the 1939–1944 earthquake sequence, the 1999 Mw 7.6 event, and the 2023 earthquake doublet, with release rates
markedly lower than the stable rate from 1945 to 1976. These findings suggest that tectonic quiescence may
indicate elevated major earthquake potential, while stable moderate‐magnitude energy release corresponds to
lower risk. Our analysis underscores the critical need to incorporate a systematic moment deficit perspective into
seismic hazard evaluation frameworks. Moving forward, we propose developing next‐generation probabilistic
seismic hazard models for Turkey by integrating earthquake catalogs, geodetic observations, and regional fault
kinematics to enhance predictive capability (e.g., Bird et al., 2010, 2015; Shen & Bird, 2022).

Figure 10. Moment accumulation rate distribution across Turkey. On‐fault moment rates are estimated from block‐modeled
slip rates, while intra‐block rates are derived from continuous strain rate field. The earthquake catalog spans 1900–2025 with
Mw ≥ 5.9. Contours indicate the magnitude of block inversion residuals.
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6. Conclusions
In this study, we investigated present‐day kinematics and seismic hazards in Turkey using dense GNSS obser-
vations. By incorporating multi‐source data sets and TVR optimization, we constructed an elastic block model
comprising 19 blocks to characterize the tectonic deformation across Turkey. Our analysis revealed that the data‐
driven TVR block modeling demonstrates robust performance, effectively incorporating essential secondary
faults while maintaining model simplicity. We identified contrasting deformation patterns at plate boundaries,
characterized by localized strain accumulation along the NAFZ and partitioned slip transfer within fault systems
across northeastern Turkey and the EAFZ. The compression in the EPCW and its adjacent parallel thrust belts
appears linked to large bending of the NAFZ during long‐term and rapid Anatolian extrusion. We found negli-
gible left‐lateral strike‐slip motion along the Ecemiş‐Deliler fault zone, indicating its failure to integrate with the
AKFZ into a coherent tectonic escape system, while the FBFZ lacks the tectonic stress regime required to form an
onshore strike‐slip connection with the PSFZ. Furthermore, the geodetically inferred cumulative moment
accumulation since 1900 broadly balances the released seismic moment. When the seismic moment release rate
remains persistently lower than the accumulation rate for an extended period, it may suggest heightened potential
for major earthquakes. These findings collectively provide an improved kinematic framework that enhances our
understanding of Anatolian fault‐system behavior and enables improved seismic hazard assessment by charac-
terizing strain accumulation and release patterns for Turkey. Our study highlights the necessity of integrating
geodetic observations with long‐term seismic catalogs to develop advanced probabilistic seismic hazard models
for Turkey.
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Availability Statement
Modern earthquake catalogs used in this study can be downloaded from https://sites.google.com/site/xonurtan/tu
rhec and https://deprem.afad.gov.tr/event‐catalog. The online version of the active fault database used in this

Figure 11. Comparison between earthquake released moment and geodetic‐inferred accumulated moment. Colored dotted
line shows cumulative moment release (Mw ≥ 5.9) from 1900 to 2025 using the compiled earthquake catalog. Gray dotted
line represents cumulative release adopting USGS‐reported magnitudes for earthquakes with Mw ≥ 7.5. Solid line shows
geodetic‐inferred moment (Pearson correlation coefficient = 0.96 with the colored dotted line).
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study can be accessed at http://neotec.ginras.ru/index/mapbox/database_map.html. The code for the strain‐rate
calculation is available at http://scec.ess.ucla.edu/~zshen/visr/. The integrated GNSS velocity field, compiled
earthquake catalog, and software used for block modeling can be downloaded from Zenodo (Sun, 2025).
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