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Abstract 

Postseismic surface deformation offers key insights into subsurface lithospheric rheology 

and earthquake fault behavior, yet geodetic data often fail to capture its full complexity. Here, 

we use satellite radar images to derive time series of three-dimensional surface displacements 

following the 2023 Kahramanmaraş (Türkiye) earthquakes. The results show strong spatial 

and temporal deformation asymmetry across the East Anatolian Fault with the stiffer 

Arabian lithosphere exhibiting slower deformation decay than the Anatolian side. The 

temporal asymmetry excludes elastic afterslip from being the main postseismic process and 

instead the postseismic response is dominated by asymmetric viscoelastic relaxation as well 

as poroelastic rebound. These findings underscore the importance of both temporal and 

three-dimensional spatial deformation data in advancing understanding of post-earthquake 

recovery processes and subsurface lithospheric structure. 

 

Introduction 

Postseismic processes following major earthquakes, including viscoelastic relaxation, poroelastic 

rebound, and afterslip, are of paramount importance for understanding lithospheric rheology, fault 

slip characteristics, and regional tectonic movements1-3. One of the most direct manifestations of 

these postseismic processes is surface deformation, which can be measured using geodetic 

techniques such as interferometric synthetic aperture radar (SAR, InSAR) and global navigation 

satellite system (GNSS). While different postseismic processes reflect the properties of the 

subsurface medium from distinct perspectives, the surface deformation measured results from a 

combination of all these different postseismic processes. Consequently, significant efforts have 

been made to distinguish between these processes. For instance, by leveraging prior information 

or simplified assumptions, studies often focus on a specific postseismic process while neglecting 

other secondary processes4-6. Alternatively, based on the spatiotemporal characteristics of the 

different postseismic processes, attempts have been made to sequentially separate these processes 

from the observed surface deformation7-9. However, accurately distinguishing between different 

postseismic processes remains highly challenging due to the often incomplete geodetic coverage 

of the affected area or the inability to reveal the full-dimensional (temporal and 3D spatial) surface 

deformation. This is particularly true for the highly complex 2023 Kahramanmaraş earthquakes10,11. 

The Kahramanmaraş earthquake sequence on February 6, 2023, comprised two major events with 
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magnitude 7.8 and 7.6, occurring at the boundary between the Arabian and Anatolian plates, i.e., 

on the East Anatolian fault (EAF) and Sürgü fault, respectively12. These two earthquakes were 

separated by only 9 hours in time and approximately 90 kilometers in distance, with a total fault 

rupture length extending 500 kilometers (Fig. 1). The seismic activity released the accumulated 

stress along EAF due to the westward extrusion of the Anatolian Plate13,14. The long-term tectonic 

evolution of Anatolian Plate has been interpreted by the westward tectonic escape driven by 

northward movement of Arabian Plate15,16, with the EAF acting as a key transform boundary 

accommodating this motion17-20. Later geodynamic models further suggested that this escape is 

sustained by large-scale mantle flow coupling westward slab pull in the Aegean Sea21-23. Across 

the EAF, the Arabian lithosphere collides into Anatolia at the EAF, and is thought to be relatively 

rigid and homogeneous24. Conversely, the Anatolian Plate has formed through multiple subduction 

and collision events, and is still deforming under a variety of tectonics processes from east to 

west25,26. Additionally, the pronounced lateral heterogeneity across the EAF is highlighted by the 

significant differences in the thickness of subsurface structural layers27-29 in the region’s seismic 

structure. These complex geological settings and the associated seismogenic faults suggest that the 

postseismic deformation pattern is highly intricate.  

In this study, we combined nearly two years of postseismic Sentinel-1 images with time-series 

InSAR30,31 and burst overlap interferometry (BOI)32,33 methods to capture the full-dimensional 

(temporal, east-west, north-south, and vertical) deformation following the earthquakes. The 

availability of such comprehensive surface deformation data enables discrimination of the distinct 

postseismic processes, i.e., viscoelastic relaxation in the lower crust and upper mantle, poroelastic 

rebound of the crust, and afterslip on and below the coseismic fault slip. This capacity stems from 

the dissimilar contributions of these mechanisms to different components of the surface 

deformation34, as well as from the notable temporal and spatial deformation asymmetry observed 

in this case.  
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Fig. 1. Tectonic setting around the 2023 Kahramanmaraş earthquakes. a Map of the 

magnitude 7.8 and 7.6 Kahramanmaraş earthquake surface ruptures (magenta lines)35 of February 

6, 2023. The mainshock epicenter locations (black stars), focal mechanism solutions (beach 

balls)36, and main faults (black lines) are shown. EAF, East Anatolian fault; NAF, North Anatolian 

fault; DSF, Dead Sea fault. b Elevation along profile A-A’ (shown in a) and the layered structures 

with corresponding viscoelastic parameters across the EAF used for our viscoelastic modeling. 𝜂𝑀 

and 𝜂𝐾 are the steady-state (Maxwell body) and transient (Kelvin body) viscosities of the Burgers 

modeling material, respectively, 𝜇𝐾  and 𝜇𝑀  are the corresponding shear modulus, and 𝛼  is the 

ratio between the effective and the unrelaxed shear modulus (i.e., 𝛼 = 𝜇𝐾/(𝜇𝐾 + 𝜇𝑀)), where 𝛼 =
1.0 is a pure Maxwell body37. c The tectonic plates around the 2023 Kahramanmaraş earthquakes. 

Grey arrows show the approximate horizontal plate movement relative to the Eurasian plate38. The 

shaded relief background map was derived from the shuttle radar topography mission (SRTM) 3-

arc seconds data39. 

Results 

Time series of three-dimensional postseismic displacements 

Using time-series InSAR and BOI methods, we obtained four relatively independent postseismic 

displacement observations with distinct geometric differences from both ascending and 

descending orbits in the line-of-sight (LOS) and azimuth directions (Materials and Methods). To 

ensure complete coverage of the deformation area, both ascending and descending datasets include 

three adjacent orbital tracks (each with a swath width of 250 km), with each track consisting of 4-

5 frames (Supplementary Fig. 1). The InSAR LOS observations (Supplementary Fig. 2) provide 

spatially continuous displacement maps in the east-west (EW) and vertical directions. The BOI 

observations, on the other hand, are only available in burst overlap areas (Supplementary Fig. 2), 

and the resulting north-south (NS) displacement is therefore not entirely spatially continuous. 
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Nevertheless, BOI complements InSAR by revealing the overall characteristics of postseismic 

deformation in the NS direction40,41. To remove secular interseismic tectonic signals from the 

postseismic displacement field, we also processed Sentinel-1 data from 2015-2023 using both 

time-series InSAR and BOI methods (Supplementary Fig. 3). Comparison with publicly available 

GNSS solutions42,43 exhibits root-mean-square (RMS) differences of 17 mm, 11 mm, and 11 mm 

between the GNSS and postseismic InSAR cumulative displacements in the EW, NS, and vertical 

directions, respectively (Supplementary Fig. 4).  

The postseismic three-dimensional (3D) displacements (Figs. 2a, 2c, and 2e) indicate that the 

deformation characteristics align well with the expected postseismic response from the left-lateral 

strike-slip earthquakes. Horizontal deformation dominates the postseismic surface displacement, 

reaching magnitudes of up to 15 cm within two years. Regarding the near-field horizontal 

deformation, most areas exhibit a smooth cross-fault transition (except at the northeastern ends of 

the two primary fault ruptures), suggesting a limited contribution from shallow afterslip. In terms 

of vertical deformation, a notable characteristic is the presence of extensive scale (~200 km) uplift 

and subsidence (~5 cm) respectively north and south of the EAF. Compared to the coseismic 

deformation35, the spatial extent of the postseismic deformation is significantly larger, suggesting 

a substantial contribution from processes deeper than the coseismic fault slip44.  

A pronounced spatiotemporal asymmetry is observed between the Arabian and Anatolian plates in 

the postseismic EW displacement field (Fig. 2). The mechanically weaker Anatolian plate exhibits 

higher and more spatially concentrated deformation, whereas on the Arabian side lower 

deformation is distributed over a broader area. To fit the temporal evolution of EW deformation, 

we applied a logarithmic function (i.e., 𝑑 = 𝑎 ∙ 𝑙𝑜𝑔10(1 + 𝑡/𝑇))45,46. The results reveal that the 

decay time 𝑇  (Figs. 2a and 2j) on the Arabian plate is systematically larger than that on the 

Anatolian side, implying that, compared to the Anatolian Plate, the postseismic deformation of the 

Arabian Plate originates from a more prolonged subsurface process.  
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Fig. 2. Observed and modeled surface displacements. a, c, and e are respectively the cumulative 

east-west (EW), north-south (NS), and vertical (Ver) displacements from February 2023 to 

December 2024. b, d, and f are the corresponding viscoelastic modeling displacements. Contours 

in a are the fitted logarithmic decay times from EW displacement time series highlighting slower 

postseismic motions on the Arabian side. The inset panel provides a zoom-in view of the green 

box with the limited shallow afterslip observed near the northeastern end of the ruptures. The 

displacements along profile A-A’ are shown in i and displacement time series of points BB’ are 

shown in j, highlight the spatial and temporal decay asymmetry of postseismic deformation across 

the East Anatolian Fault (EAF). SF, Sürgü fault. g is the vertical observation corrected for 

viscoelastic model displacements, where the viscoelastic prediction cancels out the vertical signals 

far away from the fault, leaving the residual vertical deformation concentrated in the near-field. h 

is the best fit of poroelastic model to g with the inset panel showing the correlation between g and 

h. The residual maps comparing the model predictions with the 3D observations are shown in 

Supplementary Fig. 5. The shaded relief background map was derived from the shuttle radar 

topography mission (SRTM) 3-arc seconds data39. 

Postseismic Modeling 
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Postseismic deformation that is spatially asymmetric across a fault could potentially be caused by 

elastic afterslip if the lithospheric structure of the two fault sides is different. However, the 

observed temporal asymmetry cannot be explained by elastic afterslip, as such afterslip would 

yield the same deformation decay times on both sides. For that reason, we model the postseismic 

deformation as a combination of viscoelastic relaxation and poroelastic rebound using the time 

series of 3D postseismic displacements. For the viscoelastic modeling, both EW and NS 

displacements are used. Given that near-field deformation could be influenced by shallow fault 

slip, we conducted an independent test by searching for the optimal model parameters using only 

data beyond 50 km (approximately twice the seismogenic depth47-49). The results indicate that the 

inclusion of near-field observations has an insignificant impact on the optimal model solution 

(Supplementary Figs. 6-7). In addition, observed vertical displacements were excluded from the 

viscoelastic modeling process, as they primarily stem from poroelastic rebound, a mechanism we 

subsequently address. While lower crustal relaxation can generate vertical deformation signals 

resembling those observed, prioritizing the fit to vertical deformation leads to a quite poor fit in 

the horizontal component (Supplementary Fig. 8).  

We accounted for viscoelastic relaxation in both the lower crust and upper mantle using 

information about the subsurface layered structure (Fig. 1b) derived from available seismic 

velocity data50. The shear-wave velocity 𝑣𝑠 profile beneath the Arabian Plate shows anomalously 

high values (~4.6 km/s) at 30-55 km depths24, suggesting a mechanically strong layer. We assigned 

a high viscosity of 1×10²⁰ Pa·s to this layer, having tested alternative viscosities and examined 

scenarios where the Arabian and Anatolian Plates share identical layered structures 

(Supplementary Fig. 9). These tests confirmed higher rigidity of this layer compared to adjacent 

strata. Through grid search optimization (Supplementary Fig. 6), we determined viscosities for 

other layers using the PSGRN/PSCMP software (Materials and Methods) (Fig. 1b), revealing that 

the Arabian Plate's lower crust (𝜂𝑀 = 1 × 1020 Pa·s) is substantially more rigid than the Anatolian 

Plate's ( 𝜂𝑀 = 2 × 1019 Pa · s, 𝜂𝐾 = 6 × 1018 Pa · s ). In the upper mantle, the steady-state 

viscosity 𝜂𝑀 is similar on both sides (𝜂𝑀 = 2 × 1018 Pa · s) except for the strong Arabian layer at 

30-55 km, but a lower transient viscosity (𝜂𝐾 = 2 × 1017 Pa · s) representing faster postseismic 

relaxation is found on the Anatolian side compared to the Arabian plate (𝜂𝐾 = 6 × 1017 Pa · s). 

This lateral heterogeneity in structure and viscosity correlates well with observed spatiotemporal 

asymmetry of EW displacements. The viscoelastic model predictions achieve an excellent fit to 

the EW and NS deformation fields, as well as their temporal evolution (Figs. 2 and Supplementary 

Fig. 10), confirming the validity of the viscoelastic model and suggesting a minimal contribution 

from afterslip (Supplementary Figs. 11-12). 

The viscoelastic model, while providing a good fit to horizontal deformation, still exhibits 

significant residuals in the vertical component (Fig. 2g). This indicates that poroelastic rebound 

also plays an important role in the postseismic deformation. Based on the coseismic slip model 

(Fig. 3a), we isolated the contribution of poroelastic rebound by computing the difference in 

forward-modeled vertical surface deformation under undrained and drained Poisson's ratios in the 

Green's function relating slip to surface displacement. Our analysis reveals that during the 

postseismic period, the highest correlation coefficient of 0.76 between model predictions and 

observations (Fig. 2h) is achieved when the difference in undrained and drained Poisson's ratios 

reaches 0.1-0.13 (Fig. 3d). Although the vertical residuals from the poroelastic rebound model 

remain non-negligible (Supplementary Fig. 5c), the model successfully captures the first-order 

pattern of the observed deformation.  
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Absolute values of Poisson’s ratio under undrained and drained conditions are usually considered 

in poroelastic rebound modeling4,51,52. However, we argue that specifying absolute values is 

unnecessary as long as the chosen value falls within a reasonable range (e.g., 0.2-0.35). Poroelastic 

rebound-induced vertical deformation is more sensitive to the change in Poisson’s ratio between 

the undrained and drained states than to their absolute values (Fig. 3c). While different assumptions 

regarding the undrained Poisson’s ratio could theoretically influence the estimated coseismic slip, 

and consequently the poroelastic deformation, we find this effect to be negligible (Fig. 3b). 

Furthermore, our poroelastic rebound modeling indicates lateral heterogeneity across the EAF, 

with Poisson’s ratio changes of 0.13 on the Arabian side and 0.1 on the Anatolian side (Fig. 3d). 

This contrast results in slightly larger poroelastic vertical rebound on the Arabian plate. A Poisson’s 

ratio change ∆𝜈 = 𝜈𝑢 − 𝜈𝑑 as large as 0.1-0.13 has rarely been reported in previous case studies, 

where typical variations are only about half that magnitude (~0.05)4,51. This suggests substantial 

coseismic and then postseismic change in crustal material properties in the region caused by these 

two large earthquakes, particularly within the stiffer Arabian plate.  

 

Fig. 3. The effect of coseismic undrained Poisson’s ratio 𝝂𝒖 on poroelastic modeling. a The 

coseismic strike-slip model35 used in the poroelastic modeling with 𝜈𝑢 = 0.30. b The change of 

slip values for different Poisson’s ratios 𝜈𝑢 relative to the slip value in a with 𝜈𝑢 = 0.30. c The 

misfit between observed vertical displacements and the poroelastic modeling prediction under 

different undrained Poisson’s ratios 𝜈𝑢 and Poisson’s ratio differences ∆𝜈. 𝜈𝑑 is the postseismic 
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drained Poisson’s ratio. For clarity, results of different 𝜈𝑢 in c are translated along y-axis. c clarifies 

that changes in Poisson’s ratio are more important than its absolute value. Noted that the misfit in 

panel c is computed using data from both sides of the East Anatolian Fault. d is similar to c, but 

the misfit is calculated separately for the Arabian and Anatolian sides to account for the lateral 

heterogeneity across the fault. 

Discussion 

While it is normally challenging to fully separate crustal afterslip from viscoelastic relaxation53, 

the spatiotemporal asymmetry (Figs. 2a, 2i and 2j) in our full-dimensional postseismic deformation 

results indicates viscoelastic relaxation is the dominant postseismic deformation mechanism for 

this event. As mentioned above, the spatial asymmetry could arise from either lateral variation in 

the viscosity of the lower crust and upper mantle, or from afterslip occurring within an elastic crust 

of heterogeneous stiffness. However, the observed asymmetric temporal decay of deformation is 

consistent only with contrasting viscosities across the fault, as elastic afterslip would generally 

induce simultaneous surface motion on both sides of the fault, resulting in symmetric decay. 

Therefore, the unique spatiotemporal asymmetric deformation pattern excludes afterslip from 

being the key postseismic process, in contrast to previously published results43, and strongly points 

to viscoelastic relaxation as the primary postseismic deformation mechanism.  

Previous studies of asymmetric deformation associated with large strike-slip earthquakes have 

predominantly focused on spatial asymmetries. Notable examples include the coseismic 

deformation of the 1997 Manyi and 1999 Hector Mine earthquakes54-56, and the postseismic 

deformation of the 2001 Kokoxili and 2021 Maduo events57-60. In these cases, observed 

asymmetries have commonly been attributed to variations in fault dip55,56 or contrasts in elastic 

properties across the fault54. Alternatively, based on limited geodetic displacement observations, 

differences in viscosity on either side of the fault have been proposed to explain the asymmetry, 

rather than afterslip, by leveraging the distinct temporal scales of afterslip and viscoelastic 

relaxation57,58. However, these studies have either overlooked the temporal asymmetry or been 

unable to analyze it due to limitations in available geodetic observations, highlighting the unique 

perspective offered by the case presented here through the full-dimensional postseismic 

deformation data. 

Furthermore, according to rate-and-state friction theory, afterslip typically occurs within the brittle 

upper crust at moderate temperatures (350-450°C)61,62. At greater depths, where temperatures are 

higher (i.e., in the lower crust and upper mantle), postseismic deformation is primarily governed 

by viscoelastic flow5,6,63. Numerous studies have also shown that afterslip is generally confined to 

the upper crust and transitional zones58,64,65. Although a kinematic afterslip model can achieve an 

adequate fit to the observed data (Supplementary Figs. 11 and 13), such a model has significant 

physical inconsistencies with unreasonable amounts of afterslip66 extending to depths of as much 

as 50 km without showing signs of decaying with depth (Supplementary Fig. 11c), despite that the 

lower crust extends to only ~40 km in this region. 

That being said, we do not entirely rule out some contributions of postseismic afterslip. Since 

afterslip and viscoelastic relaxation in the lower crust may produce similar surface deformation67, 

it is difficult to fully distinguish between them using geodetic observations within the first two 

years following an earthquake, especially when the lower-crustal contribution, from either afterslip 

or viscoelastic relaxation, is minor. In our viscoelastic model, the viscosity of the lower crust is an 

order of magnitude higher than that of the upper mantle, suggesting that the lower crust plays a 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

minimal role in postseismic surface deformation during the first two years. Even if all the lower-

crustal deformation was attributed to afterslip rather than viscoelastic relaxation, the lower-crustal 

contribution would be relatively minor (Supplementary Fig. 14) and the dominant postseismic 

signal within the first two years would still be primarily governed by upper mantle viscoelastic 

relaxation.  

Previous studies on the viscoelastic properties of the Anatolian Plate have primarily focused on 

the North Anatolian fault (NAF), largely associated to the series of major earthquakes that occurred 

there in the past century68,69. Studies of the 1999 Izmit earthquake indicate that the viscosity of the 

lower crust near the NAF is approximately 10¹⁹ Pa·s70,71, consistent in magnitude with our findings 

for the East Anatolian Fault (EAF) region. Studies of the upper mantle viscosity near the NAF, 

however, suggest that the viscosity is higher than that of the lower crust8, which contrasts our 

findings for the Anatolian Plate near the EAF, where the lower crust is stronger than the upper 

mantle. This difference may be attributed to the interaction between the Arabian and Anatolian 

plates near the EAF, which results in a softer and hotter asthenosphere in this region72-74. In 

comparison, fewer studies have focused on the viscoelastic properties of the Arabian Plate due to 

its relative stability75,76. Our results reveal a strong lower crust and uppermost mantle beneath the 

Arabian Plate, suggesting that as it moves northward, the softer Anatolian Plate gives way resulting 

in more deformation. These processes may also involve the delamination of rigid lithospheric 

segments and crustal flow77,78, contributing to localized surface uplift, the formation of the Eastern 

Anatolian Plateau, and the westward motion of the Anatolian Plate. 

In conclusion, we have utilized time-series of three-dimensional surface displacements derived 

from satellite SAR images to reliably demonstrate that the primary postseismic deformation 

mechanism following the 2023 Kahramanmaraş earthquakes is viscoelastic relaxation with notable 

contributions from poroelastic rebound, but with afterslip playing only a minor role. This 

distinction is enabled by full-dimensional (temporal and 3D spatial) surface deformation 

measurements and the observed temporal asymmetry in the deformation. Specifically, our findings 

reveal significant lateral heterogeneity in the subsurface structure of the EAF zone, with the 

Anatolian Plate exhibiting a softer lower crustal structure and faster transient relaxation of the 

upper mantle compared to the Arabian Plate. For major strike-slip earthquakes like the 2023 

Kahramanmaraş earthquakes occurring along plate boundaries, our comprehensive time-series of 

three-dimensional surface deformation analysis helps to clarify the dominant deformation 

mechanisms during the postseismic phase and provides valuable constraints on the subsurface 

rheological structure. 

Methods 

Interferometry of synthetic aperture radar images  

To capture the postseismic deformation from the 2023 Kahramanmaraş earthquakes, we employed 

time-series InSAR and BOI (Burst Overlap Interferometry) techniques to derive surface 

displacements along both the satellite line-of-sight (LOS) and azimuth directions. The Sentinel-1 

dataset used in this study includes three ascending and three descending tracks, each comprising 

4-5 frames. We utilized both short-temporal-baseline interferograms and interferograms with 

longer temporal baselines (around one year) but short spatial baselines (e.g., less than 15 meters) 

(Supplementary Fig. 15). Preprocessing steps, including SAR image co-registration, interferogram 

generation, and phase unwrapping, were performed using GAMMA software. 
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To derive the LOS displacement from time-series InSAR data with improved signal-to-noise ratio, 

we first applied a multi-looking process with a 30×10 (range×azimuth) window to the 

interferograms. An adaptive filtering technique was then used, with a filter factor of 0.4 and a 

window size of 64. Phase unwrapping was subsequently performed using the Minimum Cost Flow 

(MCF) method. After unwrapping, we employed the Small Baseline Subset (SBAS) technique to 

invert the time-series deformation for each satellite track. Due to differences in temporal sampling 

between tracks, the time reference of the time-series deformation for each track also varies. To 

unify the temporal reference across tracks and to account for possible period non-tectonics signals, 

we fitted each track's time-series deformation using the empirical function 𝑑 = 𝑎 ∗ 𝑙𝑜𝑔10(1 +
𝑡/𝑇1) + 𝑏 ∗ 𝑠𝑖𝑛(2𝜋𝑡/𝑇2 + ∅0) + 𝑐  (Supplementary Fig. 16). By removing the fitted sinusoidal 

component and the constant offset from the original displacement data, we isolate the postseismic 

displacement time series (blue markers), referenced to the moment immediately after the 

earthquake. Although early postseismic deformation tends to be large and difficult to fit accurately, 

our results show that the cumulative deformations from different tracks are generally consistent 

within overlapping regions and are also in good agreement with GNSS observations 

(Supplementary Fig. 4). This consistency supports the effectiveness of our processing strategy. To 

further derive east-west and vertical time-series deformation from ascending and descending LOS 

observations, we interpolated each track’s time-series data onto a unified temporal sampling grid 

(Supplementary Fig. 16). For each epoch, we then applied a simple least-squares method to 

estimate the east-west and vertical components by neglecting north-south deformation79. Previous 

studies have shown that while this approach yields accurate east-west deformation, the presence 

of true north-south deformation can introduce systematic errors into the derived vertical 

deformation80. This is one of the reasons we chose to use only east-west deformation in our 

viscoelastic modeling. To obtain more accurate vertical deformation fields, we corrected the 

vertical component using the modeled north-south deformation (Fig. 2d) from our viscoelastic 

forward model80.  

The BOI processing is generally similar to the workflow of time-series InSAR. After generating 

Single Look Complex (SLC) images from Sentinel-1 data in the Burst Overlap (BO) region using 

GAMMA software, we performed differential interferometric processing. For both forward- and 

backward-looking interferograms in the BO region, the same topographic phase was applied for 

terrain correction. Prior to differencing the forward- and backward-looking interferograms to 

obtain the BOI interferogram, we applied adaptive filtering to enhance the signal-to-noise ratio of 

the resulting BOI interferogram. Following the generation of the BOI interferogram, we employed 

the SBAS method to invert the time-series deformation along the azimuth direction. To derive the 

north-south (NS) deformation in the BO region, we corrected for the east-west (EW) displacement 

(i.e., Fig. 2a) in the BOI azimuth displacement based on the formula of BOI=sin(α)⋅EW+cos(α)⋅NS 

with α the azimuth angle of SAR satellite. 

The ascending and descending LOS and azimuth displacements derived from the above data 

processing contain both postseismic deformation and long-term secular deformation. To eliminate 

the influence of secular deformation on the analysis of the postseismic process, we obtained 

interseismic displacements by processing Sentinel-1 images spanning 2015 to 2023. The 

processing steps for the interseismic data were largely consistent with those used for the 

postseismic period. Notably, a Mw 6.8 earthquake occurred along the East Anatolian Fault (EAF) 

on January 24, 202081. To remove the coseismic deformation introduced by this event from the 

estimation of the interseismic deformation rate, we fitted the interseismic time series using a 

Heaviside step function (see Supplementary Fig. 17). In this analysis, we did not account for the 
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postseismic deformation from this event. Given the moderate magnitude of the earthquake and the 

relatively long duration of our time series (approximately 8 years), the postseismic deformation 

contribution of this 2020 event to the estimated interseismic rate can be reasonably neglected. After 

obtaining the LOS and azimuth interseismic displacement, we subtracted the secular components 

from the postseismic time series. Based on these corrected postseismic LOS and azimuthal 

measurements, we then calculated the postseismic east-west, north-south, and vertical 

displacements. 

Viscoelastic modeling 

We employed the PSGRN/PSCMP software37 to model postseismic viscoelastic relaxation. This 

software requires a coseismic slip model as the driving force for postseismic deformation and 

divides the subsurface structure into multiple layers with laterally homogeneous parameters for 

each layer. Consequently, conventional modeling using this software cannot account for the lateral 

heterogeneities in both subsurface layering and viscosity coefficients across our study region for 

this earthquake. Our strategy involves separately determining the viscosity coefficients for the 

Arabian Plate and Anatolian Plate on either side of the fault, while maintaining the software's 

default homogeneous subsurface structure configuration. Through our experiments, we found that 

when determining the optimal viscosity coefficient for the Arabian Plate, we configured the 

software's subsurface layering to match the Arabian Plate's structure (Fig 1b). This configuration 

yielded optimal fitting between the forward-modeled surface deformation field and observations 

in the Arabian Plate region (south of the EAF) (Supplementary Fig. 18e), although the fit was 

suboptimal in the Anatolian Plate region (north of the EAF). Similarly, when determining the 

optimal viscosity coefficient for the Anatolian Plate, we aligned the software's subsurface layering 

with the Anatolian Plate's structure (Fig. 1b), achieving optimal fitting between modeled and 

observed surface deformation in the Anatolian Plate region (Supplementary Fig. 18f), despite 

poorer fitting in the Arabian Plate region. Supplementary Fig. 18 demonstrates the comparison 

between observations and modeled values when optimal fitting is achieved for each plate 

respectively. The results show distinct differences in fitting quality across the fault, while 

demonstrating relatively consistent fitting within the target plate.  

To obtain a complete and optimal viscoelastic model-predicted deformation field, we spatially 

merged the deformation fields that achieved optimal fitting for the Arabian and Anatolian 

(Supplementary Figs. 18e and 18f). Specifically, we defined two normalized weight matrices, W₁ 

and W₂. For matrix W₁, the value is set to 1 at locations corresponding to the Arabian Plate (south 

of the EAF), decreases smoothly to 0 at locations north of the second seismic fault (i.e., Sürgü 

Fault), and transitions gradually between 1 and 0 in the intermediate region between the EAF and 

Sürgü Fault. The spatial characteristics of the W₁ matrix are illustrated in Supplementary Fig. 18b, 

and the W₂ matrix is simply defined as W₂=1-W₁ (Supplementary Fig. 18c). Let D₁ represent the 

optimal deformation field for the Arabian Plate region (Supplementary Fig. 18e) and D₂ the 

optimal deformation field for the Anatolian Plate (Supplementary Fig. 18f), the merged optimal 

deformation field D (Supplementary Fig. 18d) is then calculated through the weighted combination: 

D = W₁*D₁ + W₂*D₂ (where * denotes element-wise multiplication). Although we simply set the 

weighting factors between the two major earthquake ruptures to vary from 0 to 1, resulting in 

relatively larger modeling residuals within the transition region compared with areas outside the 

two major fault ruptures (Supplementary Fig. 5), the final merged displacement field is still able 

to capture the first-order postseismic deformation signals (Fig. 2). 

We employed a grid search approach to determine the optimal viscosity parameters for the lower 
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crust and upper mantle beneath both the Arabian and Anatolian plates. The search ranges and 

optimal values for each parameter are presented in Supplementary Tables 1 and 2. During the 

parameter optimization for both plates, we conducted forward modeling calculations for all 

possible parameter combinations to ensure comprehensive coverage of the parameter space. 

In this study, the use of laterally homogeneous viscoelastic models to approximate a heterogeneous 

lithospheric structure implicitly assumes that postseismic viscoelastic flow beneath one side of the 

fault has a negligible influence on surface deformation on the opposite side. While we could avoid 

this assumption by using 3D finite element models, such models are computationally expensive 

and not well suited for extensive parameter-space exploration. However, to validate the reliability 

of this assumption, we performed a series of independent finite element simulations (using 

PyLith82 see Supplementary Discussion 1) and demonstrate that the cross-fault influence of 

postseismic viscoelastic flow is negligible. 

Poroelastic modeling 

We use the coseismic slip model (Fig. 3a) and elastic half-space dislocation theory to compute 

vertical displacements associated with coseismic fault slip under undrained and drained Poisson’s 

ratios (𝑣𝑢 and 𝑣𝑑). The difference between the two vertical displacement fields is taken as the 

forward model of poroelastic rebound. We fix 𝑣𝑢 =0.3 and vary the Poisson’s ratio change 

∆𝜈 = 𝑣𝑢 − 𝑣𝑑  from 0.01 to 0.2 with an increment of 0.01. For each ∆𝜈 , we calculate the 

corresponding surface deformation field and compare the predicted and observed vertical 

displacements to identify the ∆𝜈 that best fits the observations. 

In addition, lateral heterogeneity in the crust across the fault may lead to different poroelastic 

rebound responses on the two sides of the fault. Therefore, we adopt a strategy similar to that used 

in our viscoelastic modeling, estimating the optimal Poisson’s ratio change on each side separately. 

This strategy is justified because, according to our poroelastic modeling framework, the 

poroelastic rebound deformation at a surface point depends only on the slip model, the location of 

the surface point, and the Poisson’s ratio of the medium between the fault and that point. In other 

words, the Poisson’s ratio on the opposite side of the fault has negligible effect on the rebound 

deformation on the side being evaluated. By independently comparing the predicted and observed 

rebound signals on both sides, we find that the optimal Poisson’s ratio change ∆𝜈 is 0.13 for the 

Arabian plate and 0.1 for the Anatolian plate (Fig. 3d). 

To quantitatively assess the sensitivity of Poisson’s ratio changes constrained by the current InSAR 

vertical deformation data, we perform a synthetic experiment. We get the vertical deformation 

signal (Supplementary Fig. 19a) of the poroelastic rebound by using the Poisson’s ratio change of 

0.12, and add spatially correlated noise (Supplementary Fig. 19b), with a fractal dimension of 2.2 

and an amplitude range of [-5 cm, 5 cm], to generate synthetic observations (Supplementary Fig. 

19c). This type of noise is commonly used to simulate atmospheric artifacts in InSAR data83 and 

can reasonably reproduce the residual signals present in real observations (Supplementary Fig. 5c). 

The chosen amplitude range ensures that the noise level is comparable to the misfit between the 

real data and model predictions (Fig. 3d). Applying the same search procedure as above yields one 

estimated Poisson’s ratio change; repeating this process 10,000 times results in a variance of 0.015 

for the estimated value (Supplementary Fig. 19d). We therefore conclude that the Poisson’s ratio 

change constrained by the current InSAR data is 0.121±0.015, corresponding to a relative 

uncertainty of 12%. 

Data availability 
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The Sentinel-1 data were downloaded from the Alaska Satellite Facility 

(https://vertex.daac.asf.alaska.edu/). The post-processed data presented in this study have been 

deposited in the Figsharedatabase at https://doi.org/10.6084/m9.figshare.29814851. The data 

supporting the findings of this study are provided in the Supplementary Information. 

Code availability 

All other calculation codes and examples used in this study are available on request from the 

corresponding author. 
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Editorial summary: 
This study derives 3D surface displacement time series after the 2023 
Kahramanmaraş earthquakes and shows that asymmetric temporal decay of 
deformation provides key evidence for contrasting viscoelastic relaxation as the 
dominant process. 
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