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Supplementary Note 1 and 2 describe how the 2D and 3D co-seismic deformation fields are calculated from 20 

radar and optical images, Supplementary Note 3 details how the pre-stress tensor is inverted. Supplementary 21 

Table 1 summarizes the satellte  image information. Supplementary Table 2 lists prior distributions of fault 22 

geometry parameters,  Supplementary Table 3 is a 1-D velocity structure model and Supplementary Table 4 23 

summarizes the estimated dip angles for all segments. Supplementary Table 5 provides the mean fault strike 24 

from the slip model and the SHmax. Supplementary Figures 1-6 present co-seismic 3D deformation fileds 25 

and interferograms, while Supplementary Figures 7-11 show data aopted and results realted to Bayesian 26 

inversion. Supplementary Figures 12 -19 display data fits, sub-fault source time functions and Jackknife tests 27 

for the preferred kinematic models of the M7.8 and M7.5 events. Supplementary Figure 20 presents the data 28 

fits if only westward supershear is assumed for the M7.5 event. Supplementary Figures 21-24 demonstrate 29 

stress model and Supplementary Figure 25 illustrates NPF-EAF region with background information. 30 

Supplementary Figure 26 is the enlarged pre-stress tensors and fault-slip data for different zones. 31 



 32 
Supplementray Note 1. 2D horizontal deformation from subpixel correlation 33 
 34 

To determine the 2D horizontal deformation field, we used a subpixel correlation technique on optical images 35 

acquired before and after the M7.8 and M7.5 earthquakes. These orthorectified images were obtained from 36 

the European Space Agency’s Sentinel-2 satellite sensor that acquires images at 10 m pixel resolution. 37 

Specifically, the deformation maps were estimated from the images using the COSI-Corr software which 38 

uses a phase correlation scheme to estimate the sub-pixel shift of a subset of pixels under the assumption 39 

that a translation in the spatial domain is equivalent to a shift in phase 1,2. Here we used a correlation window 40 

with a dimension of 64×64 pixels and a step size of 16 pixels. This produces a 2D deformation map of the 41 

horizontal surface motion with a uniform pixel resolution of 160 m. 42 

 43 

We used right-looking C-band Sentinel-1 SAR images acquired before and after the M7.8 and M7.5 events 44 

to estimate radar amplitude pixel offsets. In total we used data from three tracks, two ascending (Track 14 45 

and 116) and one descending (Track 21) that were acquired in TOPS mode. Together these tracks cover the 46 

entire rupture constraining surface motion in the range and azimuthal (i.e., in-flight) directions. To estimate 47 

the pixels offsets we used the InSAR Scientific Computing Environment (ISCE-2) developed at the Jet 48 

Propulsion Lab to first co-register the reference and secondary single-look complex images (SLCs) 3. For 49 

cross-correlation we used a window of 64×64 pixels, a search distance of 20 pixels and a skip size of 32 50 

pixels, using the denseOffsets.py routine in ISCE. Following correlation, the pixel offsets are geocoded from 51 

radar to geographic co-ordinates. The variability for each of the radar offset results is listed in Supplementary 52 

Table 1, which is estimated from the variability in surface motion of a far-field stable region. 53 

 54 
Supplementray Note 2.  3D surface deformation from inversion of radar and optical pixel 55 
offsets  56 
 57 

To align the various datasets into the same co-ordinate system, the offsets are taken relative to a far-field 58 

stable point that is common to all tracks (37.0209° E, 37.0172° N) instead of using GNSS as there is 59 

insufficient station coverage located across each track. This gives a surface deformation result that is in a 60 

reference frame relative to the stable region. 61 

 62 

The 3D surface deformation (𝑚) is then estimated at each pixel from inverting the satellite pixel offsets (𝑑) 63 



with at least three independent look directions using a weighted least squares (WLS) approach, 𝑚 =64 

	&𝐺′𝑊𝐺)
!"
𝐺 ′𝑊𝑑	. The diagonal weighting matrix (𝑊) contains values that are the inverse of the variances 65 

of each dataset (with 1𝜎 uncertainty up to 0.2 m and 0.5 m for Sentinel-1 range and azimuths respectively, 66 

while we find uncertainty of 1𝜎 = 0.25 m and 0.31 cm for Sentinel-2 east-west and north-south components 67 

respectively, see Supplementary Table 1 for details). Measurements of the surface fault slip show very strong 68 

statistical agreement with measurements from other studies using similar pixel tracking geodetic imaging 69 

data (Supplementary Figure 3). 70 

 71 
Supplementray Note 3.  Prestress tensor inversion 72 

The 3D deviatoric stress tensor is estimated by inverting the focal mechanisms from Güvercin et al. 4 under 73 

the Wallace-Bott assumption that slip is parallel to the shear stress 5. The stress inversion gives the 74 

orientation and shape of the 3D deviatoric stress tensor but not its magnitude. The principal deviatoric 75 

stresses 𝜎", 𝜎#, 𝜎$	are ordered from most to least compressive. To resolve spatial variations of stress along 76 

the rupture we distinguish three zones along the M7.8 rupture (Supplementary Figure 21), making sure that 77 

each contains sufficient diversity of fault orientation to resolve the stress tensor according to the criteria 78 

given by Hardebeck and Hauksson 6. Where for all zones the angle of the slip vectors have an RMS > 30° 79 

from the average (see Supplementary Figure 22 which shows the distributions of each zone). To determine 80 

the nodal plane for our inversion for the stress tensors, we follow the approach of Vavryčuk 7 by using an 81 

iterative approach to pick nodal planes that are optimally aligned to the stress field that have the highest fault 82 

instability value. 83 

To invert the unit slip vectors for stress we use a L2 least squares inversion 8. To minimize overfitting of the 84 

data and to constrain stress to be spatially smooth along the rupture we use a damping constraint to the 85 

inversion that penalizes large changes of the stress orientation between neighboring zones (i.e., the gradients 86 

of the model vector between cells) 9. The uncertainties (see Supplementary Figure 22) of the stress model 87 

are then estimated from bootstrapping via random replacement of the original unit slip vectors 88 

(Supplementary Figure 23), and the angular misfits are shown in Supplementary Figure 24. 89 

 90 
 91 
 92 



Supplementary Table 1 Information of Sentinel-1 radar and Sentinel-2 optical images 93 

Satellite Sensor type orbit direction 

Track 
(T)/Relative 

orbit (RO) ID 
look 

direction 
𝟏𝝈 far-field 

(meters) 
Sentinel-1 radar descending T21 range 0.1 
Sentinel-1 radar descending T21 azimuth 0.4 
Sentinel-1 radar ascending T14 range 0.1 
Sentinel-1 radar ascending T14 azimuth 0.43 
Sentinel-1 radar ascending T116 range 0.18 
Sentinel-1 radar ascending T116 azimuth 0.53 
Sentinel-2 optical N/A RO121 east-west 0.25 
Sentinel-2 optical N/A RO 121 north-south 0.31 

 94 

Supplementary 2 Prior distributions of fault geometry parameters 95 

Model parameter Prior PDF 

Dip angle 𝑈(30°, 90°	) 

Width 𝑈(0.1	𝑘𝑚, 30	𝑘𝑚) 

Strike-slip 𝑈(−10	𝑚, 10	𝑚) 

Dip-slip 𝑈(−4	𝑚, 4	𝑚) 

 96 

 97 
Supplementary Table 3 The 1D velocity model used in this study 98 

Depth (km) Vp(km/s) Vs(km/s) 
0 3.88 2.04 
1 4.52 2.43 
2 5.62 3.03 
4 5.75 3.31 
6 5.85 3.38 
8 5.96 3.43 
10 6.00 3.44 
12 6.05 3.46 
16 6.32 3.62 
20 6.40 3.67 
25 6.83 3.92 
30 6.89 3.94 
37 7.80 4.40 
45 8.22 4.56 
60 8.30 4.61 

 99 
 100 



Supplementary Table 4 Dip angles for all fault segments 101 

Segment 

number 

Segment start 

position (Longitude, 

Latitude) 

Segment end 

position (Longitude, 

Latitude) 

Segment dip angle 

A1 36.16°E, 36.14°N 36.44°E, 36.68° 80±5° 

A2 36.44°E, 36.68°N 36.64°E, 37.10° 85±3° 

A3 36.64°E, 37.10°N 36.90°E, 37.40° 84 ±3°  

A4 36.90°E, 37.40°N 37.21°E, 37.53° 89±2° 

A5 37.21°E, 37.53°N 37.62°E, 37.78° 86±1° 

A6 37.62°E, 37.78°N 38.17°E, 37.98° 89±2° 

A7 38.17°E, 37.98°N 38.56°E, 38.10°N 89±4° 

A8 37.21°E, 37.53°N 37.06°E, 37.14°N 73° 

A9 37.62°E, 37.78°N 37.94°E, 37.83°N 90° 

B1 36.41°E, 37.98°N 36.73°E, 38.06°N 52±4° 

B2 36.73°E, 38.06°N 37.03°E, 38.05°N 69±2° 

B3 37.03°E, 38.05°N 37.35°E, 38.00°N 64±1° 

B4 37.35°E, 38.00°N 37.63°E, 37.98°N 72±2° 

B5 37.63°E, 37.98°N 38.10°E, 38.21°N 54±4° 

B6 36.73°E, 38.06°N 36.71°E, 37.86°N 54±3° 

Note: the dip angle estimates and uncertainties are given by the median and standard deviation of the sample 102 
distribution, respectively 103 

 104 
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Supplementary Table 5 Mean fault strike from the slip model and the SHmax 114 
 Southern Zone Central Zone Northern Zone 

SHmax (°) 355.7 2.8 20.6 
Mean fault strike (°) 22.6 47.9 67.2 
 115 
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 153 

Supplementary Figure 1. The optical (Sentinel-2) and radar (Sentinel-1) pixel offset data used to invert 154 

for the 3D surface deformation. The black arrows show the direction of motion measured from the pixel 155 

offset, and red shows the orbit direction (not shown for optical).  156 
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 167 

Supplementary Figure 2.  Co-seismic deformation and surface displacement comparisons. a) Co-168 

seismic east-west deformation inverted from the Sentinel-1 and Sentinel-2 satellite image offsets. b) 169 

Comparisons between the coseismic surface displacement from the 3D deformation geodetic imaging data 170 

(shown in Fig. 2a) and the GNSS records from University of Nevada Reno 10.  171 
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 195 

Supplementary Figure 3. Comparisons between fault slip measured from 3D surface displacement 196 

maps and other studies. Here we compare fault slip to that of Karabulut et al. 11, Ma et al. 12 12and a dataset 197 

from COMET 13 for the M7.8 mainshock (a) and the M7.5 aftershock (b). c) shows a correlation plot between 198 

our measurements of surface fault slip and that of previous studies with correlation coefficients show in the 199 

lower right.  200 

 201 
 202 



 203 
Supplementary Figure 4. Root Mean Square Error (RMSE) of the pixel offsets. a) shows RMSE at each 204 

pixel and b) summarizes the frequency distribution with 0.40 m as median for the entire region.  205 
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 220 

Supplementary Figure 5.  ALOS-2 ascending interferograms. ALOS-2 ascending original a) and filtered 221 

b) interferograms, c) shows the unwrapped interferograms without any phase wrapping or geoencoding. 222 
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 243 

Supplementary Figure 6.  ALOS-2 descending interferograms. ALOS-2 descending original a) and 244 

filtered b) interferograms, c) shows the unwrapped interferograms without any phase wrapping or 245 

geoencoding. 246 
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 265 

Supplementary Figure 7. ALOS-2 LOS displacement maps. ALOS-2 LOS displacement (positive toward 266 

satellite) maps from the ascending track (a) and the descending track (b), respectively. The green lines show 267 

the surface rupture traces inferred by the SAR 3D deformation. 268 
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 283 

 284 

Supplementary Figure 8.  Quadtrees for down-sampling ALOS-2 LOS displacement maps. Quadtrees 285 

applied for down-sampling ALOS-2 LOS displacement maps for the ascending track (a) and the descending 286 

track (b), respectively. The longitude and latitude have been shifted with respect to the reference point (35°287 

E, 36°N). 288 
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 307 

 308 

Supplementary Figure 9. 3-D view of fault geometry and uniform slip from different perspectives. 3-309 

D view of fault geometry and uniform slip on each segment, estimated by the medians of their posterior 310 

samples from the Bayesian inversion. N denotes the north direction. 311 
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 315 

Supplementary Figure 10. 3-D fault geometry, slip distribution, and aftershocks from different 316 

perspectives. 3-D view of the fault geometry color-coded with slip and the distribution of aftershocks (black 317 

dots, Ding et al., 2023). All segments are labeled. The black arrow indicates the north direction. Red stars 318 

represent hypocenters determined by the U.S. Geological Survey (USGS), GEOFOrschungsNetz 319 

(GEOFON), the Incorporated Research Institutions for Seismology (IRIS) and the Turkey Disaster and 320 

Emergency Management Authority (AFAD). 321 
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 325 

 326 
Supplementary Figure 11.  The fit to the data for the Bayesian inversion of the fault geometry. (a) The 327 

horizontal GNSS observations (blue) versus the corresponding model predictions (red). The ALOS-2 line-328 

of-sight observations (b and e), the corresponding model predictions (c and f), and the unmodeled residuals 329 

(d and g) from the ascending and descending tracks are color-coded in the same scale.  Fault segments are 330 

marked with black solid lines. AZ, azimuthal direction. LOS, line of sight. Positive pixel values indicate 331 

motion towards the satellite. 332 
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 334 

Supplementary Figure 12. Data fit against rupture speeds of the M7.8 event. Variance reduction (%) to 335 

high-rate GNSS waveforms, strong motion and GNSS offsets as a function of the maximum allowed rupture 336 

speed for the M7.8 event. 337 
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 360 

Supplementary Figure 13.  Data fit to the waveform data of the M7.8 event. GNSS (a) and strong 361 
motion (d) waveform observations (black) and fits (red) for the M7.8 event. For each plot, the numbers 362 
on the right show the peak amplitude values of the waveform. 363 
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 387 

Supplementary Figure 14.  Subfault source time functions for the M7.8 event. The red star denotes 388 

epicencter. a) represents the splay fault NPF and b) shows the main EAF strand. 389 
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 410 
 411 

Supplementary Figure 15.  Jackknife testing results of removing 20% of the datasets over 100 times 412 

for the M7.8 event. a) is the mean slip, b) shows slip standard deviation at 95% confidence interval and c) 413 

is coefficient of variation. The blue star denotes epicenter. 414 
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 435 

Supplementary Figure 16. Data fit against rupture speeds of the M7.5 event. Variance reduction (%) to 436 

high-rate GNSS waveforms, strong motion, GNSS offsets as a function of maximum allowed rupture speed 437 

for the 2023 M7.5 event. 438 
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 452 

 453 
Supplementary Figure 17.  Data fit to the waveform data of the M7.5 event. GNSS (a) and strong 454 

motion (b) waveform observations (black) and fits (red) for the M7.5 event. For each plot, the numbers 455 

on the right show the peak amplitude values of the waveform. 456 
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 476 

 477 

Supplementary Figure 18.  Subfault source time functions for the M7.5 event. The red star denotes 478 

epicencter. a) represents the N-S striking B6 fault and b) shows B1 to B5 main strand. 479 
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 506 

Supplementary Figure 19. Jackknife testing results of removing 20% of the datasets over 100 times 507 

for the M7.5 event. a) is the mean slip, b) shows slip standard deviation at 95% confidence interval and c) 508 

is coefficient of variation. Blue star denotes epicenter. 509 

 510 
 511 
 512 
 513 
 514 
 515 
 516 
 517 
 518 
 519 
 520 
 521 
 522 



 523 
 524 
 525 
 526 
 527 
 528 

 529 

Supplementary Figure 20.  Data fit to the waveform data of the M7.5 event at assumed bilateral 530 

rupture speeds. GNSS (a) and strong motion (b) waveform observations (black) and fits (red) for the 531 

M7.5 event assusming only supershear (5.4 km/s) to the westward of the epicenter and 2.8 km/s to the 532 

eastward of the epicener. 533 
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 555 

Supplementary Figure 21.   Four stress zones. Map illustrating the location and extent of the four stress 556 
zones (green and yellow lines), with the coseismic rupture traces mapped (red lines, from Reitman et al. 15) 557 
and focal mechanisms derived from Güvercin et al. 4.  558 
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 570 

Supplementary Figure 22. Histogram of the root mean squares (RMS) slip vector from the average 571 

orientation. Blue is the southern zone, orange is the central zone and yellow is the northern zone. This shows 572 

that each stress zone meets and exceeds the minimum requirement of having a 30° RMS difference from the 573 

mean mechanism orientation 6 .This demonstrates that each zone has a sufficient diversity in mechanism 574 

orientation that is required to reliably estimate the stress tensors. 575 
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 594 

 595 

Supplementary Figure 23. Illustration of the principal stresses and their uncertainties for the four 596 

zones (a, b, c, d) plotted in lower-hemisphere stereonets from 4000 bootstrap simulations. The colored 597 

regions show the probability density; we do not include bins that contain less than 20 model solutions from 598 

the bootstrap in order to show regions of stable solutions. Red triangle shows the direction of SHmax 16. 599 
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 617 

Supplementary Figure 24. Distributions showing the angular misfit between the predicted and 618 

observed focal mechanism from our stress tensor inversion for the three zones.  619 
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 638 

Supplementary Figure 25.  NPF-EAF region with background information. The aftershock locations 639 

color-coded with depth are provided by Ding et al. 14, The black line and arrow show the fault strike and 640 

𝑆𝐻𝑚𝑎𝑥 (N2.8°E), respectively. Red lines denote the mapped surface rupture traces. Red-blue background 641 

colors are the north-south surface displacements. Fault traces are from Reitman et al. 15.  642 
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 659 

Supplementary Figure 26.  Enlarged pre-stress tensors and fault-slip data for different zones. Colors 660 

show the fault instability. 661 
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