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Abstract The February 2023 Turkey-Syria Earthquake doublet ruptured multiple segments of the East
Anatolian Fault (EAF) Zone. Dominating seismicity focal mechanism shifted dramatically from strike-slip to
normal-faulting after the doublet. To better understand this shift, here we derived a comprehensive 3D co-
seismic displacement field and performed the stress analysis. Abundant space geodetic data were used to
generate high-resolution 3D surface displacement, which provide tight constraints on fault geometry, slip
distribution and stress field. Together with stress inversion from aftershock focal mechanisms, we show that the
principal stress direction rotation in the region with the most normal-faulting aftershocks is the staggering 29°.
The induced heterogenous stress may explain the shift of the dominant focal mechanism toward normal faulting.
We suggest that the extensional horsetail splay faults, likely formed through geologic time scale related to the
releasing bend on the EAF, are the hosts of most of the normal faulting aftershocks.

Plain Language Summary Sudden dislocation of two sides of a fault, or the rupture of rocks,
produces an earthquake. The dislocation direction relative to the fault traces reflects the direction of stress that
are responsible for the earthquake. When dislocation direction is parallel to the fault strike, the earthquake is
termed as strike-slip type, and termed as normal-faulting type when they are perpendicular. A remarkable
feature for the 2023 Turkey-Syria Mw7.8 & 7.7 earthquake doublet is that, background seismicity shifted
dramatically from strike-slip to normal type of faulting after the doublet. To unravel the physical process
resulted in this feature, we use space geodetic measurements to derive the surface displacements and stress field
associated with the doublet. The derived stress field shows a staggering 29° rotation occurred in a horsetail splay
fault structure where many normal-faulting earthquakes happened. The large stress rotation indicates the
doublet released considerable stress and may result in a heterogeneous stress field due to the stress change. The
combination of the identified horsetail structure and stress rotation can help better explain the occurrence of
pervasive normal-faulting earthquakes.

1. Introduction

Earthquakes, manifested as sudden shear dislocation across the fault, play a pivotal role in releasing tectonic
stresses accumulated within the Earth's crust at interseismic period. The dislocation process is often depicted by
the double-couple force model (Kasahara, 1981). In accordance with this model, stress drop mostly occurs in the
shear direction (shear stress) parallel with the fault interface, with no or little stress drop in the fault normal
direction. Consequently, stress rotation, a change of the principal stress direction relative to that before the
earthquake, accommodate the altered stress state (Michael, 1987). Precise stress rotation is critical to understand
the absolute stress level and the future seismic hazard (X. Wang & Zhan, 2020).

Here we show a noteworthy instance of stress rotation, the 5 February 2023, Turkey-Syria Mw7.8 & 7.7 doublet.
The Mw7.8 event first ruptured multiple fault segments along the East Anatolian Fault (EAF) system. Nine hours
later, the Mw7.7 event took place to the northeast of the Mw7.8 epicenter, located within the Anatolian plate. The
EAF is a left-lateral transform-type plate boundary, yet many normal-faulting aftershocks emerged in this region
(see Figures 1b—1d). Normal-faulting events have increased from only 16% of earthquakes occurred in the last
4 decades before the doublet (as early as the first available mechanism in GCMT catalog) to 48% (Mw?7.8) and
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45% (Mw7.7) of the aftershock catalog (Figure 1d). In contrast, strike-slip events decreased from 76% of all focal
mechanisms before the doublet to 34% (Mw7.8) and 37% (Mw7.7) of the aftershock catalog. Changes in
earthquake types before and after earthquakes requires great stress change/rotation (Bohnhoff et al., 2006), due to
the co-seismic slip on the faults (King et al., 1994).

Remarkably, the 2023 Mw7.8 & 7.7 doublet marked the first seismic occurrence of such magnitude in the area
since 1114 (Figure 1a) (Carena et al., 2023; Gallovi€ et al., 2020; Pousse-Beltran et al., 2020). The northern part of
the EAF, owing to the relative motion between the Anatolian and Arabian plates, stands recognized as a pivotal
seismogenic zone capable of giving rise to formidable earthquakes (Giivercin et al., 2022; Turkelli et al., 2003).
However, the ~130-year silence of the southern part of the EAF broken by this Mw7.8 event has brought
awareness again to the fact that faults characterized by distributed relatively low strain rate also harbor the po-
tential to generate significant seismic events (K. Wang et al., 2021). The active tectonic in this region are pre-
dominantly characterized by strike-slip motion, but the intricate interplay of factors such as crustal thickening,
rotational effects, variations of the EAF geometry (Vanacore et al., 2013), and the intricate interaction of strain
between primary and secondary faults collectively pose a challenge in deciphering the underlying structural
configurations of background stress in the presence of low strain rates (Cakir et al., 2023; Reilinger et al., 2006;
Weiss et al., 2020; Zhao et al., 2021).

Here we use space geodetic observations to constrain the fault geometry, slip distribution and stress field asso-
ciated with the doublet, to shed some new lights on the stress change/rotation and their relationship with dramatic
seismicity focal mechanism variation. We first derive complete high resolution 3-dimensional (3D) surface
displacements using abundant space geodetic data and multiple state-of-the-art data processing techniques, then
we invert for detailed fault geometry and slip distribution directly using 3D displacement field. This is followed
by stress analysis caused by the co-seismic slip of the doublet. Finally, we propose a fault model and stress field
that accommodates both co-seismic slip and the focal mechanism changes to the normal faulting dominating
aftershocks.

2. Observations and Methods
2.1. Space Geodetic Data and Processing

The doublet was extremely well recorded by the Sentinel-1/2 and ALOS-2 satellites, with multiple images ac-
quired before and after the doublet. To process these data, we applied five different techniques in the data pro-
cessing, including Interferometric Synthetic Aperture Radar (InSAR), Range Split Spectrum Interferometry
(RSSI), Multiple Aperture Interferometry (MAI), Burst Overlap Interferometry (BOI) and Pixel Offset Tracking
(POT). InSAR and RSSI are to capture the displacements in the range direction, which is sensitive to the motion in
the East-West (EW) and vertical directions. We applied these two techniques in Sentinel-1 Terrain Observation
with Progressive Scan (TOPS) data and ALOS-2 data (Stripmap and ScanSAR mode). BOI and MAI are to obtain
the displacement maps in the radar azimuth direction, which is sensitive to the North-South (NS) motion. BOI can
be only applied in the TOPS data due to its requirement of high doppler centroid frequency difference between
consecutive radar bursts (De Zan & Guarnieri, 2006). We only performed MAI on the ScanSAR data by the
advantage of its large azimuth Doppler frequency difference between consecutive bursts. POT data can obtain the
displacements both in range and azimuth direction. We applied it in TOPS, Stripmap and Sentinel-2 optical data.
Note that POT for Sentinel-2 data directly derives the NS and EW displacements instead of the range and azimuth
direction for radar data. See Texts S1.1-S1.5 and Tables S1 and S2 in Supporting Information S1 for the detailed
data and method description. We obtained a total of 36 displacement maps (Figure S1 in Supporting Informa-
tion S1). With these data sensitive to different directions, we can further derive 3D co-seismic surface
displacements.

2.2. The Derivation of 3D Displacement Fields

An important goal of getting geodetic observations for earthquakes is to use them for slip model inversions.
However, with 36 displacement images, as derived in Section 2.1, the amount of data used in the inversion is
enormous, even though each image is down-sampled to a few thousands of data points, which is usually necessary
to preserve the resolution on sufficient details. In addition, it is also very difficult to properly assign weighting
factors between various displacement images in the inversion. To reduce the size of the data set in the inversion

MA ET AL.

20of 11

85U8017 SUOWILLIOD 3A1IR1D 3(edl|dde 8L Ag pauienob a1 sajole YO ‘8sn 0 seinJ 10} AR1q1T8UIUO /8|1 LD (SUORIPUOD-PLE-SWIBIAL0D" A3 1M Afelq1[eulUO//SdNy) SUORIPUD Pue swiia | 8y} 88S *[7202/70/80] Uo ArigiTauluo AB|IM ‘ ALISHIAINN T¥IID0TONHOTL ONVANVN Aq 882/0T 19€202/620T 0T/10p/w0d Ao |mAreiq putjuosqndnfe;/sdny wouy papeojumod ‘9 %20z ‘L008r6T



A7 |

MNI i

Geophysical Research Letters 10.1029/2023GL107788

A 36° 37 38° B-1 B-2
‘©
o
£ 6%
5 Sep 2007-Feb 2023
(before doublet)
Normal Jhrust .
fadeihe 1V \Nq1ogasep AR L S\ e%
] D-3(' Feb 2023-Jun 2023 D-p . Feb2023-Jun 2023
(Mw?7.7 region after doublet) (Mw?7.8 region after doublet)

Figure 1. The background of the study area. (a) Aftershocks, simplified fault trace, and historical earthquakes. (b-1, b-2) Focal mechanisms related to the main shock
before and after the earthquake doublet. (c-1, c-2) Focal mechanisms related to the second shock. (d-1) The classified earthquakes for (b-1) and (c-1). (d-2) The
classified earthquakes for (b-2). (d-3) The classified earthquakes for (c-2). Aftershocks are in gray dots. Fault traces are in red lines. Focal mechanisms are from https://
deprem.afad.gov.tr/event-focal-mechanism.

and avoid weighting selection, as well as to have a more intuitive visualization of the deformation, it is pivotal to
calculate robust and comprehensive 3D displacement fields for the doublet.

To this end, we employed the Strain Model and Variance Component Estimation (SM-VCE) toolbox (J. Liu
et al., 2022) based on the 36 observations. The SM-VCE method incorporates strain model to account for the
spatial correlation of adjacent points’ displacements as well as the employment of VCE algorithm to weight
multiple observations. During the derivation, prior weight is not required since the VCE can automatically weight
different observations through iterations. The only input parameter is the square sliding window size. Here, we
use 15 pixels (~150 m) as in previous studies (J. Liu et al., 2019; Wei et al., 2022), which is determined based on
the tradeoff between the accuracy and the computational burden. During calculation, we exclude the inhomo-
geneous points to the other side of the fault (Hu et al., 2021), to ensure that the opposite displacements on both
sides of the fault will not affect each other in the derivation.

2.3. Fault Geometry and Geodetic Slip Inversion

Based on the clear capture of sharp near-fault displacement contrast, it is straightforward to determine the strike of
each fault segment. Consequently, we use 28 fault segments to approximate the along strike fault geometry
variation of the doublet. We adopt a resolution-based mesh algorithm to reduce the displacement into sparse
points (Lohman & Barnhart, 2010; Lohman & Simons, 2005). The location of data samples was determined
through an initial geodetic inversion, where all fault segments were assumed to be vertical. The resolution cells
obtained from this process were populated with mean values from the original 3D displacements. To ensure an
accurate representation of slip distribution near the Earth's surface, we increased the density of offsets data around
the fault traces, which is particularly critical to resolve the shallowest part of the rupture. Specifically, we sampled
the near-field offset data starting from the minimum resolution of ~250 m (see Figure S5 in Supporting Infor-
mation S1), considering a patch size of 1 km by 1 km at the shallowest depth (Jin & Fialko, 2020).

To constrain more detailed fault geometry, that is, the dipping angle (include dip direction) of each fault segment,
we adopted a tailored Markov Chain Monte Carlo approach to invert the resampled data. We targeted the dipping
angle of 28 segments and utilized 128 parallel chains to capture their probability distribution. Post 10,000
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iterations, all dipping angles stabilized, yielding the resulting fault geometry. Rectangular segments approxi-
mating fault geometry were then set to 30 km depth. Each segment was subdivided into smaller slip patches, with
the along strike size increase from 1 km gradually in the down-dip direction. This growth followed a geometric
progression with a 1.3 incremental ratio, ensuring consistent model resolution with increasing depth (X. Xu
et al., 2016).

Subsequently, strike-slip and dip-slip Green's functions were computed for each resampled point (Okada, 1985).
We set the relative weight of the displacements between each direction to the same values. The weight for each
direction is the standard deviation values of all sampled points in each triangle. While the strike slip component
adhered to a positivity constraint (e.g., no opposite slip direction), no restrictions were placed on the dip slip
component. Nevertheless, dip slip smoothing was enhanced to twice of that for strike slip to mitigate spatially
oscillating slip patterns (Jin & Fialko, 2020). Furthermore, distance-based constraints were introduced for
neighboring patches and intersecting segments (X. Xu et al., 2016). The bottom layer of fault segments is con-
strained by a soft zero slip boundary conditions, while the patches nearly surface remained unconstrained. Ul-
timately, constrained linear square was employed to solve the slip distribution, facilitating accurate determination
of slip distribution.

2.4. The Derivation of Local Stress Field Through Near Field Displacements

With the 3D displacement fields, we employed a 3D deviatoric stress tensor inversion technique to derive the
associated stress field. This method operates under the assumption that slip is parallel to the shear stress, as in
accordance with the Wallace-Bott hypothesis (Michael, 1984). Through it, we were able to ascertain the orien-
tation of the stress tensor across three dimensions. Notably, similar methodologies have applied in the analysis of
the 2010 Mw7.1 El-Mayor Cucapah and the 2019 Ridgecrest earthquake sequences, where field surface obser-
vations were employed as well (Fletcher et al., 2016; Milliner et al., 2022).

We leveraged 3D displacement maps and calculated the near fault (<500 m) rupture at a regular along strike
interval of 100 m (Figure S15 in Supporting Information S1). To incorporate the spatial heterogeneities of stress
along the rupture, we partitioned the rupture into discrete segments corresponding to individual seismic events
(Figure S16 in Supporting Information S1), and subsequently delineated their respective trajectories. Within each
segment, at least 30 slip vectors are required to ensure a diverse spectrum of fault orientations that is pivotal for a
robust determination of the stress tensor. Our stress inversion procedure hinged upon the L1 norm minimization,
as inherited from Milliner et al. (2022), which exhibits reduced sensitivity to anomalies relative to the conven-
tional L2 norm. To prevent overfitting and enhance stress coherence along the rupture, an empirical damping
constraint was added during the inversion. This penalized stress orientation shifts between nearby sections,
enhancing overall stress consistency. To assess stress model uncertainties, we used bootstrapping, which involved
iteratively replacing slip vectors and recalculating the stress tensor, yielding variations for uncertainty estimates
and model evaluation.

3. Results and Discussions
3.1. 3D Co-Seismic Displacements

Figures 2a—2c presents 3D displacements, in an intuitive North, East, Up convention, same to global navigation
satellite system (GNSS) displacements. Results reveal a small root-mean-square error (Figure S2 in Supporting
Information S1), under 10 cm overall across three directions, correlating highly at a coefficient of 0.95 with GNSS
displacements (Figure S3 in Supporting Information S1). The described horizontal shift showcases Arabian Plate
rotation northward and Anatolian Plate westward trend (Altamimi et al., 2017). An important feature of the
derived 3D displacement fields is nearly continuous data points across the faults, which is rarely available for the
historical events, except recent ones (e.g., Maduo and Ridgecrest). In these 3D displacements, we capture clearly
multiple fault ruptures particularly in the dominating EW displacement, marking major surface ruptures along
Amanos, Pazarcik, Erkenek, Cardak, and Savrun Faults (Figures 2a and 2b). The surface rupture traces we derived
align well with field surveys (Reitman et al., 2023). Co-seismic horizontal displacement of the doublet mainly
features left-lateral strike-slip motion, with at least six major fault bends/branches (Figure 2). Sizable slips were
identified along Pazarcik (Mw7.8) and Cardak (Mw7.7) Faults. Asymmetric horizontal motion across faults
(arrow contrast near fault in Figure 2a), and more heterogenous vertical deformation highlights both complex
fault geometry and slip distribution.
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Figure 2. 3D displacements. (a) Vertical displacement. Arrows represent the horizontal displacements. The rectangle area inset represents the fault kink. (b, c) East-West
(EW) and North-South (NS) displacements. The black solid lines are the simple fault trace.

For instance, at the Amanos segment's kink (Figure 2a zoom-in), vertical motion clearly shifts from subsidence at
the west of the fault to uplift at the east, suggesting strong compression (extension) at the concave (convex) side of
the kink. Similar geometry induced compression (extension) can also be observed for other kinks of the Mw7.8
event. However, the vertical deformation pattern outlines stronger subsidence near the Savrun Fault (the releasing
bend of Cardak Fault) and its branches can't be explained in the same way. This pronounced subsidence requires
larger normal slip component on the Savrun Fault system (Mw7.7) than the Mw7.8 event. This larger normal slip
indicates a higher level of extensional stress within the Anatolian plate, likely associated with the distributed
deformation propagating from the releasing bend on EAF. This contrast between the strength of normal-faulting
component between the doublet also suggests regional stress complexity near the Cardak Fault's terminus,
possibly forming these extensional horsetail splay structures. Besides kinks and branches, relatively smooth fault
strike variation along with more heterogeneous variation of subsidence or uplift due to dipping angle and rake
direction changes, providing key constraints for detailed fault geometry and slip distribution in the inversion.

3.2. Fault Geometry and Slip Distribution

Figures S6-S7 in Supporting Information S1 and Figures 3a and 3b present the inverted fault geometry and slip
distribution. The inferred fault geometry shows that most of the fault segments along the EAF exhibit westward
dipping. The Cardak and Savrun Faults exhibit northward dipping and have relatively shallow dipping angles
along with its branch, which is highly consistent with the well-constrained locations of aftershocks (Figure 3a)
(Ding et al., 2023). The Cardak and Savrun Faults oriented nearly perpendicular to the plate motion direction of
the Anatolian Plate motion and therefore may have experienced significant horizontal strain. A combination of
slip acting on the fault plane and distributed deformation off fault due to this long-lived horizontal strain can cause
such shallow dipping angles (Johnson, 2018). In comparison, variations in the dipping angle of the mainshock
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Figure 3. Slip distribution, relative horizontal displacements, and stress fields. (a) 2D slip distribution and seismicity. (b) Derived fault geometry and 3D slip distribution.
(c) Stress field. (d-1-d-5) Faults slip along the strike direction.

fault may be related to changes in fault strike relative to the movement direction of the Arabian Plate. Along the
Amanos Fault, where the fault strike is more parallel to the large-scale plate motion, the fault is near vertical,
while the Pazarcik and Erkenek Faults show stronger northwest dipping geometry where their strikes rotate ~25°
clockwise relative to Amanos Fault.

The slip model effectively accounts for 3D displacements (Figure S10 in Supporting Information S1), reducing
variance by ~95%. Average residual displacements in EW, NS, and UD directions are 7.2, 6.3, and 4.1 cm,
respectively. Slip distribution exhibits multiple major asperities along total fault length of ~500 km, similar to
previous models (Barbot et al., 2023; Okuwaki et al., 2023). The Mw7.8 event's slip pattern comprises at least six
asperities, with the most prominent one on the Pazarcik segment, aligned with the reported supershear segment
(Melgar et al., 2023; Okuwaki et al., 2023). The Erkenek segment to the north displays deeper (~20 vs. 10 km)
slip than the Amanos segment to the south, suggesting variation of locking depth along the EAF. However,
northward slip halted abruptly at a restraining bend with a sharp dipping change, highlighting potential
geometrical rupture arrest. For Mw7.7 event, two major asperities emerge: one on the Savrun segment (matching
supershear segment (Jia et al., 2023; C. Liu et al., 2023; L. Xu et al., 2023)) and another on the Cardak segment.
On the releasing bend to the northeast of the epicenter, the slip amplitude is much lower, possibly due to sig-
nificant strike change, inducing stress field that does not support large rupture. This could also be understood as
that this fault segment is more parallel with the EAF, where substantial slip already took place in the Mw7.8 event
(Erkenek segment).

Checkerboard tests and pseudo-resolution matrix spatial structure (Text S2 and Figures S8 and S9 in Supporting
Information S1) demonstrate robust and detailed inversion resolution, affirming slip asperity reliability. Com-
plementary spatial feature could be observed between slip and aftershock distribution (Figure 3d), particularly on
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the Erkenek segment. The southern sections of the Mw7.8 event exhibit a shallower seismogenic zone, possibly
linked to a more heterogeneous stress distribution that may not be uniformly released as observed in the northern
regions. Therefore, we observe weaker complementary distribution between slip and aftershocks. Notably, our
slip model does not show shallow slip deficit (Figure S11 in Supporting Information S1), not like in the pre-
liminary report (Barbot et al., 2023). This is likely because we used much more robust near fault data in the slip
inversion. Enhanced near-field observations, including Stripmap, ScanSAR MALI, and optical POT results, allow
us to resolve these key observations much better (Figures S12 and S14 in Supporting Information S1). The lack of
near-field observations and the regularization of shallow patch interactions in the inversion may give rise to a false
impression of shallow slip deficit (Jiang et al., 2013). The slip of larger shallow patches corresponds to dis-
placements further away from the fault, so larger shallow patch size can suppress this false impression even
without very near-field constraints (Figures S13 and S14 in Supporting Information S1). However, to obtain a
finer slip distribution of shallow patches, near-field observations are necessary.

3.3. Stress Fields and the Extensional Horsetail Splay Fault Structure

Figure 3c illustrates stress field directions computed from near-field co-seismic displacements (Figure S15 in
Supporting Information S1). The results illustrate that EAF's maximum principal stress (o;) direction derived
from stress inversion (Figures S17 and S18 in Supporting Information S1) shifted from —33° to 22° (clockwise
from north), mirroring latitudinal transition in plate motion. ¢, direction along the rupture of the Mw7.7 changed
from 14° eastwards to 55° westwards, reflecting substantial stress variation within the Anatolian Plate as the
distance increase away from the EAF. ¢, direction of 14° at releasing bend aligns with that near the Erkenek fault,
suggesting the stress field here is dominated by the plate boundary, this is consistent with earlier interpretation of
the slip amplitude on these fault segments. Stress inversion was also conducted on the aftershock focal mecha-
nisms to deduce principal stress directions, revealing background stress after the mainshocks (Figure S19 in
Supporting Information S1). Due to aftershock productivity and focal mechanism availability, less certain results
emerged in sparsely distributed focal mechanism regions. As a result, we only obtain stable principal stress di-
rections in three areas (m, p, n in Figure 4a). Remarkably, these areas align with the three regions displaying the
large coseismic slip. Therefore, we can compare the stress fields associated with the coseismic rupture and af-
tershocks to reveal the stress change/rotation due to the mainshocks in these three regions.

Assuming co-seismic background stress direction aligns with local tectonic stress (Milliner et al., 2022), Savrun
Fault's stress rotation angle is calculated as —29° (Figure 4a, p region). Following a relation derived from a 2D
stress analysis (Hardebeck & Hauksson, 2001), stress drop ratio depends on the rotation angle of o, and the angle
between o, and fault strike (inset plot in Figure 4a). The values we derive for region p suggests ~89% release of
deviatoric stress. In comparison, region n stress rotation angle is just —2°, but it also released around 65% of the
deviatoric stress, due to near 45° angle between ¢, and fault strike. In this case stress rotation angle is much more
sensitive to stress drop ratio. In region m, —18° stress rotation indicates approximately 72% deviatoric stress
release. The level of stress rotation is actually much larger than that reported in the 2019 Ridgecrest earthquakes
(X. Wang & Zhan, 2020), as the slip amplitude of Turkey doublet is larger. Using the derived stress drop ratios
and stress drop, the absolute pre-stress amplitude could be further derived. Based on coseismic slip models, the
average coseismic stress drop in three box regions (m, n and p in Figure 4a), are calculated as 7.2, 7.0, and
8.6 MPa, respectively, and therefore the corresponding pre-stresses are 10, 10.8, and 9.7 MPa. Indeed, pre-
stresses estimated in this way are much lower than the lithostatic stress at a few km depth, suggesting either
weak fault zones and/or high pore fluid pressure.

The geometry and slip direction (rake) of faults in region p (Figure 4a), where maximum stress rotation took
place, offer further insights into large number of normal-faulting aftershocks. Note that here the fault traces are
color-coded by their average rake angle. The Savrun Fault, shaped as a horsetail, transitions from strike-slip to
slight normal-faulting westwards, and to almost pure normal-faulting on the branching fault. We attribute this
geometry and rake changes to the extensional horsetail splay faults (Kim & Sanderson, 2006), which are branches
produced at the tip of a strike-slip fault, typically manifesting as either normal faults or thrust faults, depending on
the stress concentration characteristics at the fault branch. Stress concentration at fault tips leads to damage zones,
which could be classified into three areas (Figure 4b) (Scholz et al., 1993): the shearing structure ahead of the
rupture front, the compressional quadrant to the right side of a left-lateral fault (or the left side for a right-lateral
fault), and the dilatational quadrant to the left side of the fault (or the right side for a right-lateral fault). Within the
dilatational quadrant, extensional horsetail splay faults are commonly observed (Kim et al., 2004). They branch
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Figure 4. (a) o, directions and stress drop ratios. Short purple and gray lines in the main plot mean the P axes of focal mechanisms before and after the doublet,
respectively. Orange and pink arrows are results from 3D co-seismic displacements and aftershock focal mechanisms, respectively. (b) The conceptional model for three
components of a left-lateral fault, modified from Scholz et al. (1993). (c) The conceptional model for the extensional horsetail splays and their 3D shape.

from the main fault, bending towards the o, direction, often adopting a wedge shape (Kim & Sanderson, 2006).
With fault strikes more parallelly to the o, (P-axis) direction, T-axis orients nearly perpendicular to fault strike
(e.g., region p). This background stress often generates normal-faulting earthquakes (Bohnhoff et al., 2006),
matches with observations in region p. The extensional stress field could also be inferred from the 3D
displacement (Figure 2a) where the horizontal displacement showed larger eastward motion to the eastern side of
the branching fault than that to the western side. A conceptual model is presented in Figure 4c to illustrate the
interpreted extensional horsetail splay faults in a 3D view.

The characteristics of strike-slip and normal-faulting behavior of both the mainshocks and aftershocks may
represent a regular way of leasing long-term accumulated stress. However, there are some differences between the
doublet. For the Mw7.8 event, the mainshock rupture shows pure strike-slip on near vertical faults, but its af-
tershocks are dominated by normal faulting events, likely related to the releasing bends of the EAF. In contrast,
the Mw7.7 mainshock rupture shows substantial normal component with shallower dipping angles, followed by
larger number of normal faulting aftershocks in a horsetail splay fault system. But since the slip rates of the faults
inside the Anatolian plate (e.g., Mw7.7 event) are low, this area does not show much background seismicity, the
normal faulting events there mostly occurred after big strike-slip earthquakes as aftershocks.

4. Conclusions

In this study, we address a question of why normal-faulting aftershocks are frequently observed in the strike-slip
fault system of the February 2023 Turkey-Syria earthquake doublet. Using a wide range of space geodetic data,
we have performed a comprehensive analysis on the 3D displacements, slip inversion and stress analysis. Our
results show that the three regions with rich aftershocks and large coseismic slip release considerable deviatoric
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stress. The maximum stress rotation angle among the Savrun Fault even reached a staggering 29°. From the slip
model of the Savrun Fault and its branch fault identified as extensional horsetail splay fault structure, we have
captured their obvious normal-faulting characteristics. It indicates that the Savrun Fault and its branch fault are
inherently capable of producing normal-faulting earthquakes, whereas the co-seismic stress rotation may enhance
the normal-faulting characteristics there. This may be a microcosm of the whole region. Due to fault geometry and
stress concentration, the strike-slip fault system may have the ability to generate normal-faulting earthquakes, and
co-seismic stress rotation may aggravate their occurrence.

Data Availability Statement

Focal mechanisms data can be freely downloaded from https://deprem.afad.gov.tr/event-focal-mechanism. The
simple fault trace and ruptured trace can be obtained from Reitman et al. (2023). Most of figures were drawn by
Generic Mapping Tools 6.4.0 software (https://www.generic-mapping-tools.org/download/; Wessel et al., 2019).
SMVCE software can be download from https://gip.csu.edu.cn/radar/gongkaicontent.jsp?urltype=news.News-
ContentUrl&wbtreeid=1137&wbnewsid=3072, and the unzip code will be sent to the email address filled.
CtSent toolbox for Sentinel-1 interferometric processing used in this paper can be downloaded from Zenodo
(Ma, 2021). Codes for unwrapping operation can be downloaded from Zenodo (Ma, 2024). Our 3D displacement
maps and slip distribution can be downloaded from Zenodo (Ma et al., 2023).
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