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Abstract

:

The extraction of high-accuracy co- and post-seismic deformation fields and inversions of seismic slip distributions is significant in the comprehension of seismogenic mechanisms. On 12 November 2017, a MW 7.3 earthquake occurred on the border between Iran and Iraq. To construct the co-seismic deformation field, Sentinel-1A synthetic aperture radar (SAR) images from three tracks were used. Based on a prior knowledge, least-squares iterative approximation was employed to construct the three-dimensional (3D) co-seismic deformation field. to derive a time series of 2D post-seismic deformation, the multidimensional small baseline subset (MSBAS) technique was use. Co-seismic deformation fields were asymmetric; the maximum relative displacement was nearly 90cm in the radar line-of-sight between two centers of co-seismic deformation. The 3D co-seismic deformation field showed southwestward horizontal motion and continuous subsidence-to-uplift variation from northeast to southwest. The two-dimensional (2D) post-seismic deformation time series showed a gradual decaying trend and good correspondence with the aftershock distribution. The main mechanism of post-seismic deformation was an afterslip of the post-seismic faults. We used the elastic half-space model to invert co-seismic deformation fields and obtain source parameters of the slip model. The maximum and average slips were 2.5 and 0.72 m, respectively. The average slip angle was 126.38° and the moment magnitude was MW 7.34. The results of this study will contribute to research on regional tectonic activities.
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1. Introduction


At 18:18 UTC on 12 November 2017, a MW 7.3 earthquake occurred at the border between Sulaymaniyah Province, Iraq and the Kermanshah Province, Iran (Figure 1; hereafter referred to as the Iran earthquake). This event killed more than 400 people and injured over 8000; more than 12,000 buildings were destroyed and there were serious economic losses [1]. Surface deformation is the most direct apparent phenomenon of earthquakes and it provides important information for studying the damage and fault structure. Interferometric synthetic aperture radar (InSAR) is a type of remote sensing geodetic technique that provides many advantages, including high spatial resolution, high precision, and continuous coverage over a wide area [2,3]. InSAR is an important tool for mapping earthquake-induced ground deformation and estimating source parameters [4,5,6].



After the Iran earthquake, many researchers used InSAR technology to study the co-seismic surface displacement and seismological structure. Kobayashi et al. [7] used ALOS-2 data to acquire the co-seismic line-of-sight (LOS) deformation field and inverted the source parameters. Through the use of ALOS-2 and Sentinel-1A data, Wang et al. [8] retrieved the three-dimensional (3D) co-seismic deformation fields. Feng et al. [9] derived the post-seismic surface deformation in the first month after the mainshock from Sentinel-1A data. Different researchers have presented solutions for the focal mechanism, as listed in Table 1 [9,10,11]. Although previous studies have monitored co-seismic deformation and inverted the co-seismic source parameters, they have significant differences in whether there are one or two slip centers in the earthquake.



Post-seismic deformation carries key information in understanding stress increases that are induced by the mainshock and the mechanism of aftershock triggering. However, few studies have focused on the post-seismic deformation and the relationship between the mainshock and aftershocks. In order to understand the focal mechanism of the Iran earthquake and to analyze post-seismic deformation characteristics, we collected Sentinel-1A data in both the ascending and descending modes within 220 days after the mainshock. First, the co-seismic deformation field was constructed using the differential interferometry synthetic aperture radar (D-InSAR) [12,13]. Second, to construct 3D co-seismic deformation fields, we used the least-squares iterative approximation algorithm based on a prior knowledge (hereafter referred to as the indirect solution) [14]. Third, we inverted the source geometries based on a Bayesian inversion and performed a linear inversion to retrieve the slip distribution [15]. Finally, a two-dimensional (2D) time series of the post-seismic deformation was constructed using the multidimensional small baseline subset (MSBAS) [16] technique, and the temporal evolution of the afterslip was compared with the aftershocks to examine the regional tectonic movement.




2. Geological Background


The Iran earthquake took place in the northwest Zagros fold-thrust belt, which has a series of fault structures that are dominated by an overthrust structure. As shown in Figure 1, the area has three main faults: the main Zagros Thrust Fault (MZF), the High Zagros Fault (HZF), and the Zagros Mountain Front Fault (MFF). This region of the Zagros Mountains formed due to the collision of the Arabian Plate with the Eurasian Plate; the Arabian Plate is moving towards the Eurasian Plate at an average convergence rate of 20–25 mm/year. It is one of the most seismically active intra-continental fold-and-thrust belts on Earth. Reverse and strike-slip faults partition the compressional structures in this range [17,18,19]. Yang et al. [20] demonstrated the future potential for earthquakes with larger magnitudes. Therefore, an in-depth study on the co- and post-seismic deformation characteristics of the Iran earthquake have great significance for clarifying the geometry and kinematics of structures in this region and assessing future seismic trends.




3. Methodology


3.1. Data used in this Study


In this study, Sentinel-1A SAR images from ascending and descending tracks covering the study area were collected. European Space Agency (ESA) launched the Sentinel-1A satellite, and SAR images were acquired in the terrain observation with progressive scans (TOPS) mode. The image coverage is outlined as white rectangles in Figure 1. Three interferograms from the ascending Path72 (hereafter referred to as A72), descending Path6 (hereafter referred to as D6), and descending Path79 (hereafter referred to as D79) were used to obtain the co-seismic deformation field; the details are provided in Table 2. For the post-seismic deformation time series, we collected a total of 35 SAR images from A72 and D6, which spanned 23 November 2017–15 June 2018 and 19 November 2017–11 June 2018, respectively. To remove the topographic phase, shuttle radar topography mission (SRTM) digital elevation model (DEM) with 30 m resolution (https://earthexplorer.usgs.gov/) was used. Precise orbits (https://qc.sentinel1.eo.esa.int) were used for orbital corrections.




3.2. Data Processing


Interferometric processing was performed with the GAMMA software. The two-pass InSAR method was utilized to produce co-seismic deformation interferograms [13,21]. To improve the signal-to-noise ratio (SNR), interferograms were multi-looked by a factor of 8 in range and 2 in azimuth to result in a ground resolution of about 29 × 28 m. The interferograms were filtered twice with an adaptive filter function that was based on the weighted power spectrum algorithm [22] with windows of 128 × 128 pixels and then 32 × 32 pixels. Phase unwrapping was performed with the minimum cost flow (MCF) algorithm based on the Delaunay triangulation [23]. A nonlinear least-squares adjustment of the observed phase over presumably stable areas was used to refine the nonlinear residual orbit error [24]. To minimize the topography-dependent effect of the atmospheric signal, the following linear model of the topographic height was applied in order to estimate and correct the tropospheric delay phase [25]:


φatmo=b0+b1*hgt(x,y)



(1)




where φatmo is the atmospheric delay phase, b0 and b1 are undetermined coefficients, and hgt(x,y) is the elevation. Before the delay phase is estimated, the deformation region needs to be masked.



In order to obtain the time series of the post-seismic deformation, we processed the images using the MSBAS technique that was proposed by Samsonov and D’Oreye [16]. This technique is derived from the original small baseline subset (SBAS) and it can compute 2D, east-west (EW), and vertical (UD) time-series deformations from ascending and descending tracks [16,26]. The 2D time-series deformation maps using multi-track InSAR datasets were obtained by inverting the following matrix:


(−cosθsinφAcosφAλL)(VEVU)=(∅^0)



(2)




where matrix A consists of time intervals between consecutive SAR acquisitions; θ and φ are the azimuth angle and incidence angle, respectively; L is a zeroth-, first-, or second-order difference operator; λ is a regularization parameter; VU and VE represent the UD and EW components of the ground deformation velocities, respectively; and, ∅^ represents the observed interferometric displacement.



All of the interferograms were produced from SAR scenes with temporal and perpendicular baselines of less than 120 days and 80 m, respectively. The differential interferograms were filtered and unwrapped using the same method that is described above for co-seismic processing. As shown in Figure 2, a total of 45 highly coherent interferograms were selected, 27 from the ascending track, and 18 from the descending tracks. Subsequently, the selected ascending and descending interferograms were geocoded and then resampled to a common grid. Finally, we used the MSBAS technique to compute the 2D time-series deformation from the temporally and spatially overlapping ascending and descending D-InSAR data (Figure 2).





4. Results and Analysis


4.1. Co-seismic Deformation Field


4.1.1. LOS Co-seismic Deformation Field


We processed the three selected interferograms (Table 2), and Figure 3 shows the LOS co-seismic deformation fields. A positive value indicates that the deformation in LOS was approaching the satellite; negative value indicates that deformation in LOS was moving away from the satellite. The three interferograms reveal clearly visible co-seismic deformation along the LOS. A72 showed a nearly circular LOS-direction uplift area with a diameter of about 70 km southwest of the epicenter, with a maximum deformation of about 90 cm. Northeast of the epicenter were fewer fringes with a deformation of 15 cm toward the satellite. D6 had co-seismic signals with a double elliptical pattern of deformation with maximum movements that were 50 and 38 cm toward and away from the satellite, respectively. D79 had a co-seismic deformation field that was consistent with that of D6, but the two patterns of deformation in the former were slightly larger, because the radar imaging geometries were different. The results from both the ascending and descending tracks reveal a clear co-seismic signal in the NNW direction, which is consistent with the direction of the strike angle that is given by the United States Geological Survey (USGS) and it is basically parallel with the MFF. Co-seismic deformation showed a continuous deformation pattern, which implies that the fault did not break the surface.




4.1.2. Three-dimensional Co-seismic Deformation Field


One limitation of InSAR is that it can only provide one-dimensional (1D) displacement measurements along the LOS; as such, ground deformation can be misjudged. For example, the Iran co-seismic deformation field along the LOS showed opposite signals northeast of the epicenter in the ascending and descending results. The 1D measurements are the projection of surface 3D deformation in the line of sight direction. According to the imaging geometry of SAR, the relationship between the 3D displacement and LOS displacement measurements can be described as [27]:


dlos=dNsinθsinφ−dEsinθcosφ+dUcosθ



(3)




where dlos is the LOS deformation that was obtained by D-InSAR; dN, dE, and dU are the surface deformation components in the NS (north-south), EW, and UD directions, respectively; and, θ and φ are the incidence and azimuth angles, respectively (Table 2).



There are three unknown parameters in Equation (3). In theory, any three independent displacement measurements are sufficient in resolving the 3D displacement. We constructed the following equation:


Fn×3×D3×1=dn×1



(4)




where dn×1 is the observation vector from the LOS observed displacement; D3×1 is composed by the surface deformation components in the NS, EW, and UD directions, respectively; and, Fn×3 is the coefficient matrix formed by the corresponding projection vectors. The direct solution only requires the inverse of Equation (4). Owing to the side-looking geometry of the SAR sensor and its near-polar orbiting satellite platform, InSAR measurements are extremely insensitive to the north-south component; error amplification can be found in the combination of multiple InSAR measurements from different viewing geometries and the most exaggerated errors are noticeable in the north-south component [27].



Fortunately, by using an indirect solution, we acquired three image pairs with different imaging geometries. We reconstructed the 3D deformation fields of the Iran earthquake [28]. Previously, the error amplification phenomenon of the direct solution was shown to be significantly decreased with the indirect solution [14]. Therefore, we were able to derive a more reliable 3D co-seismic deformation field. Meanwhile, the features of the co-seismic surface deformation were better characterized. The 3D component matrix equations were then reconstructed under constraint conditions:


Bn×3×D3×1+Wn×1=0



(5)




where Wn×1 is a constraint condition and Bn×3 is a conditional coefficient matrix. The indirect solution that was used in this study was the least-squares iterative solution to Equation (4) under the constraint of Equation (5). Based on the contribution of the 3D component to the LOS, the component with higher precision is selected as the constraint condition, and the values in the UD, EW, and NS directions are gradually iterated [28].



Figure 4 shows the derived 3D co-seismic deformation fields. Figure 4a shows that the two main displacement zones both had westward motions with maximum values of 52 and 45 cm southwest and northeast, respectively, of the epicenter. As shown in Figure 4b, ground uplift occurred southwest of the epicenter, with a maximum value of nearly 90 cm; ground subsidence occurred northeast of the epicenter with a maximum value of nearly 37 cm. Figure 4c shows an integrated southward motion. Overall, the 3D co-seismic deformation map shows a southwestward horizontal motion and continuous subsidence-to-uplift variation from the northeast to the southwest. The front edge of the subduction zone has a shallow dip angle. When the Iran earthquake occurred, the locked zone suddenly ruptured. The uplift zone was formed in front of the block near MFF, while the subsidence zone formed at the back end because of tension. Contrary to the Wenchuan event in 2008, the Iran earthquake caused both significant uplift and subsidence in the hanging wall.





4.2. Fault Geometry and Slip Distribution


The two-step inversion method was used to estimate the geometric parameters and slip distribution of the fault from three interferograms. First, we assumed that the earthquake was caused by a uniform slip and then performed an exhaustive search for the best-fit fault parameters. Subsequently, we divided the fault into sub-faults and used the linear inversion algorithm to estimate the slip that was distributed to each patch.



4.2.1. Uniform Slip Model


We used the open-source Geodetic Bayesian Inversion Software (GBIS; http://comet.nerc.ac.uk/gbis/) to apply nonlinear inversion to the fault geometry [29]. The inversion was carried out using a kinematic forward model as a rectangular dislocation source [30] with nine source model parameters: the length and width of the rectangular source, depth of the lower edge, dip angle with respect to the horizontal direction, strike angle of the horizontal edge with respect to the north direction, X and Y coordinates of the horizontal edge midpoint, strike-slip in the strike direction, and dip-slip in the dip direction. For the inversion, the optimal parameters and their uncertainties were estimated using the Markov chain Monte Carlo method (MCMC) that incorporated the Metropolis-Hastings algorithm [31,32]. Before the inversion, we subsampled the ascending and descending datasets with the quadtree method, and a total of 1887 data points were retained [33], which greatly reduced the computational complexity and enhanced the inversion accuracy.



Based on the fault geometry of the USGS results, we constrained the fault strike to vary from 180° to 360° and the dip angle to vary from 0° to 90° (https://earthexplorer.usgs.gov/). We set the iterations to 106, and the burn-in period of 3 × 104 iterations was removed [29]. Finally, the best-fit solution was resolved from the uniform slip mode and all of the model parameters were well constrained according to their uncertainties. Table 3 presents the inversion results, which revealed that the co-seismic surface deformation was caused by a fault with a length of 38.08–38.87 km, width of 17.15–18.18 km, dip of 16.39°–18°, and strike of 355.39°–356.71°. For the Iran earthquake, the slip direction was consistent with that of a thrust fault with a right lateral component, with 2.75–2.96 m in the dip direction and −3.61 to −3.3 m in the strike direction. The fault was deeper than it was wide, which implies that it did not break to the surface. If the rigidity modulus of the region is assumed to be 30 GPa, then the computed optimal solution presented a seismic moment that was equal to 9.1 × 1019 N·m, which corresponds to a moment magnitude of MW 7.27. The results are in agreement with an oblique thrust slip on a shallow NE dipping fault, as suggested by the USGS. Figure 5 and Figure 6 compare the observed displacements, models, and residuals from the best-fitting parameters based on a uniform slip for both the ascending and descending data. The residuals of the uniform slip model were generally less than 5 cm (Figure 5c and Figure 6c), which confirms that the model fit the observed deformation reasonably well. However, relatively large residual signals were identified southwest of the epicenter, which are later discussed in Section 5.1.




4.2.2. Distributed Slip Model


After the geometry of the seismological fault with uniform slip was determined based on Bayesian inversion, the motion parameters on the fault plane and the surface deformation were transformed into linear problems, and the co-seismic slip distribution was inversed by the steepest descent method (SDM) [34]. For the SDM inversion, parameters, such as the fault location, dip angle, and strike direction, were derived from the uniform slip model. In order to perform an exhaustive search in the potential space, we set a larger range and then expanded the fault along the strike direction and down the dip direction to 90 and 60 km, respectively, and it was divided into 18 along-strike and 12 down-dip patches, with areas of 5 × 5 km. To overcome the problem of the non-uniqueness and the instability of the inversion results, a smoothing constraint was applied to the slip distribution. Finally, we estimated the smoothing factor to be 0.03 by using an L-curve plot, as shown by the red star in Figure 7. We combined the ascending and descending observations and gave them the same weight. The thrust slip and right lateral components were allowed to freely vary on the fault plane. Subsequently, the slip on each patch was estimated with the SDM. The correlation coefficient between the observation and prediction was 98.6%. Figure 8 shows the projection of the distributed slip model on the ground. The heading of the arrow represents the slip vectors of each patch. The fault showed a thrust and slight right lateral slip motion. Along the strike, the rupture reached 80 km. The maximum slip was approximately 2.5 m, the macroscopic epicenter was at 45.97 °E, 34.76 °N, and the average rake angle and slip were 126.38° and 0.72 m, respectively. The geodetic moment that was based on the slip distribution was 1.16 × 1020 N·m, which corresponds to MW 7.34. This is comparable to the seismological estimates, which ranged from MW 7.3 (USGS) to MW 7.4 (GCMT), as given in Table 1. In this study, the results demonstrate that the presence of two asperities in the shallow and deep subsurface; these are compatible with the results of Feng et al. and Ding et al. [9,11]. In addition, some results from the previous publications indicate there is one slip center in Iran earthquake [10,35]. However, it was worth noting that the slip model of the USGS was altered from single centralized, slipping to two asperities (last updated 17 October 2018).





4.3. Two-dimensional Post-seismic Deformation Time Series


Post-seismic deformation following large earthquakes represents the redistribution of co-seismic stress changes in host rocks. Thus, continued study and geodetic observations are necessary in understanding the gestation of earthquakes and the detailed post-seismic deformation behaviors. In this study, we obtained the surface deformation within 220 days of the mainshock and investigated the spatial pattern of aftershocks, which is an important prerequisite for further understanding the nature of the causative fault. Previous studies have shown three possible post-seismic deformations after an earthquake: afterslip, poroelastic rebound, and viscoelastic relaxation [36,37]. All three factors likely play an important role: afterslip and poroelastic rebound in the near field and viscoelastic relaxation in the far field. Viscoelastic relaxation has a minor effect on near-field post-seismic displacement, especially in the short term [38]. Therefore, the effect of viscoelastic relaxation was not considered in this study.



According to the process that is described in Section 3.2, the UD and EW cumulative deformation maps were reconstructed with MSBAS. We selected eight dates of cumulative deformation in the UD and EW directions, as shown in Figure 9 and Figure 10, respectively. Cumulative post-seismic deformation increased with time. The time series of the 2D post-seismic deformation showed the same trend as the 3D co-seismic deformation in the directions of UD and EW (Figure 4a,b, Figure 9 and Figure 10). This similarity of co- and post-seismic interferograms suggests similar subsurface processes during both periods; specifically, it suggested that the dominant post-seismic process over the observation period was afterslip. As the same time, the references of [9] show that the poroelastic rebound had a minor effect for the Iran earthquake. Both co- and post-seismic deformation show two predominant patches. The post-seismic deformation steadily migrated to the southwest. Within 220 days of the mainshock, in the UD direction, the pattern of post-seismic deformation was distributed southwest of the epicenter, which is in contrast with the co-seismic deformation field (Figure 4a,b, Figure 9 and Figure 10). The maximum uplift displacement was 70 mm and the maximum subsidence was 35 mm. The southwestern patch accumulated larger afterslip when compared with the northeastern patch. In the EW direction, the two main displacement zones both had westward motions, with the maximum westward movement reaching approximately 45 mm. The mainshock changed the regional stress field, thus, the aftershocks occurred continuously. In order to reveal the relationship between afterslip and aftershocks, we collected the aftershock dataset (MW > 3.0) up to 220 days after the mainshock (from http://irsc.ut.ac.ir/bulletin.php). Figure 9h and Figure 10h plot the distribution of aftershocks; the aftershocks were concentrated in the MFF and they were consistent with afterslip deformation.



We extracted time-series deformation for three patches in order to analyze the characteristics of the time series for the post-seismic deformation (A, B, and C in Figure 9h and Figure 10h). Within 203 days of the mainshock, Patch A showed the cumulative deformation of −34 cm in the UD direction and −37 cm in the EW direction; Patch B showed cumulative deformation of 44 cm in the UD direction and −45 cm in the EW direction; and, Patch C was in the far-field area and the maximum deformation was 4 mm in the UD direction and −3 mm in the EW direction. Therefore, the uncertainty in the UD and EW directions can be assumed to be ±4 mm, which includes the atmospheric phase, temporal decorrelation, and so on. To understand the tendency of the post-seismic deformation, the data were fitted to the following logarithmic model [35,39]:


y=D+a×log10(1+t)



(6)




where D is the initial displacement of the mainshock (mm), y is the cumulative deformation (mm), t is the time after the earthquake (day), and a is the amplitude. The co-seismic interferometric pairs covered the post-seismic period (Table 2) and unified the co-seismic deformation values up to seven days after the mainshock. The co-seismic deformation was then set as the initial value of D in Equation (6). Figure 11 shows the fitting results of patches A and B as solid lines. The post-seismic cumulative deformation time series of Patch A contained co-seismic deformation values of 271 and −135 mm in the UD and EW directions, respectively, and that of Patch B contained co-seismic deformation values of 179 and −279 mm in the UD and EW direction, respectively. The frequency of aftershocks (>MW 3.0), which occurred frequently within 20 days (a total of 214 occurrences), but then decreased gradually, is shown in the histogram in Figure 11.



Conjoint analysis of co- and post-seismic displacement (Figure 11; divided by the seven days after the mainshock) showed that post-seismic displacement had the same direction of motion as the co-seismic displacement. The rate of afterslip was highest immediately after the mainshock, and then decreased with time. The cumulative deformation gradually increased. Together, these observations supported the scenario that afterslip on the fault plane was the most likely mechanism that is responsible for the near-field post-seismic deformation, rather than poroelastic rebound. The post-seismic displacement tendency of Patch A in the UD direction was opposite to that of the co-seismic motion (Figure 11a), which is discussed in Section 5.2. The fitted curve in Figure 11 shows that fault activity gradually decayed during the 220 days following the mainshock, but it did not stop. Similarly, the histogram in Figure 11 shows some aftershocks 200 days after the mainshock. The temporal evolution of afterslip and aftershocks of the Iran earthquake are consistent. With the deceleration of afterslip, the number of aftershocks fell, indicating a correlation between afterslip and the number of aftershocks. Our results are consistent with a previous study, which reported that afterslip governs the temporal evolution of aftershocks [40].





5. Discussion


5.1. Co-seismic Deformation


Our analysis of co-seismic deformation from both ascending and descending data (Figure 3) shows that patterns in the southwest are the same, while those for the northeast are diametrically opposite. This indicates that co-seismic deformation contained vertical and horizontal motions that were in line with the characteristics of a thrust slip with right lateral slip. The uniform slip model fits the observed deformation well. Relatively large residual signals were identified southwest of the epicenter (Figure 5c and Figure 6c), because the uniform slip model could not identify deformation that is caused by aftershocks. Generally, large earthquakes are followed by aftershocks in response to co-seismic stress changes. In the larger slip area, the original accumulated stress was fully released during the mainshock, and fewer aftershocks occurred in this area (Figure 8). The accumulated stress was gradually released by the aftershocks in the smaller slip area, as shown in Figure 8. The slip distribution was well constrained in the MFF, and the distribution of aftershocks was also close to the MFF. We have demonstrated that the MFF was responsible for the earthquake. The co-seismic interferograms that were derived from SAR data show a continuous deformation pattern, and the slip distribution was relatively small near the ground surface. These results indicate that the earthquake was a blind rupture event.




5.2. Post-seismic Deformation


We used the MSBAS technique to compute a time series of post-seismic 2D deformation during the 220 days following the mainshock. The co- and post-seismic slip tendencies (Figure 11) indicate that afterslip was the most likely mechanism that is responsible for the post-seismic deformation. Our results show that 3D co-seismic deformation was distributed on two sides of the epicenter in the UD and EW directions (Figure 4), while post-seismic deformation was southwest of the epicenter (Figure 9 and Figure 10). The position of the post-seismic uplift maximum was located southwest of the peak co-seismic slip (Figure 4b and Figure 9). Together, these might indicate that stress was relieved towards the MFF after the mainshock, and that the subduction process pushed up the front of the block near MFF. At the same time, the back block gradually subsided because of tension, and the subsidence area also moved to the front of the Zagros Mountains. Figure 11a shows that the post-seismic slip tendency of Patch A changed during the co- and post-seismic periods. This is expected, because part of the uplift was counteracted by the subsidence induced by the afterslip. Furthermore, we noticed that two earthquakes with MW 6.0 and MW 6.3 occurred around the epicenter on 25 August and 25 November 2018, respectively (Figure 9h and Figure 10h). Whether these two earthquakes were triggered by the mainshock will be the focus of future work. All of the signs indicate that seismic activity is intense near the MFF, and so closer attention should be paid to this region.





6. Conclusions


Based on Sentinel-1A SAR images from the ascending and descending tracks, we used the InSAR technique to study the co- and post-seismic deformations of the MW 7.3 Iran earthquake on 12 November 2017. We came to the following conclusions:

	
We acquired co-seismic deformation fields from three radar imaging geometries. Subsequently, we derived the 3D co-seismic deformation fields. The results show that the displacement field had a significant uplift of up to 90 cm southwest of the epicenter, a moderate subsidence of up to 15 cm northeast of the epicenter, and a southwestward horizontal motion. The data suggest that the Iran earthquake occurred at a shallow dip angle subduction zone that is located on the Eurasian Plate and that the MFF was responsible for the mainshock.



	
Our estimations of the strike, dip, and rake retrieved with a uniform slip and distributed slip agree with the USGS solution that is based on body waveform data. The uniform model reveals that co-seismic surface deformation was caused by a fault with a length of 38.5 km, width of 17.7 km, and strike and dip angles of 356° and 17°, respectively. The slip distribution showed that the maximum slip was approximately 2.5 m. The average rake angle and slip were 126.38° and 0.72m, respectively. If the rigidity modulus of the region is assumed to be 30 GPa, then the seismic moment based on the slip distribution was 1.16 × 1020 N·m, which is equivalent to Mw 7.34. This earthquake was a thrust fault event with a slight right lateral slip component.



	
The MSBAS technique was used to obtain the time series of the 2D post-seismic deformation. The results show that the post-seismic surface in the UD and EW directions was consistent with that of 3D co-seismic deformation. Uplift occurred in the southwest (around patch B), while subsidence occurred in the northeast (around patch A). The maximum uplift and subsidence were 70 and 35 mm, respectively. In the east-west direction, there was westward motion with a maximum of approximately 45 mm. During the remainder of November, 214 aftershocks of Mw > 3.0 occurred; subsequently, there were a few more seismic events. The fault activity in this area gradually fell during the 220 days after the mainshock. Afterslip was a dominant part of the near-field post-seismic displacement, which also governed the temporal evolution of the aftershocks.








Our study helps in understanding the characteristics of regional fault activity and providing reliable scientific information for risk assessment pertaining to aftershocks. The Coulomb failure criterion has become a crucial quantitative index for the investigation and interpretation of mainshock-aftershock dynamics. However, this study did not address the Coulomb stress or aftershock inversion; these will be the focus of our future studies.
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Figure 1. (a) Shaded relief map of the study area. The red star represents the location of the mainshock (from www.globalcmt.org; named by date of occurrence in the format YYYYMMDD). Red triangles indicate aftershocks (MW > 5.0). Yellow circles indicate aftershocks (MW > 3.0) up to 220 days after the mainshock (from http://irsc.ut.ac.ir/bulletin.php). The white rectangles mark the coverage of the synthetic aperture radar (SAR) images. The red line denotes the boundary between the Arabian plate and Eurasian plate. The black lines are faults (MZF: Main Zagros Fault, HZF: High Zagros Fault, MFF: Zagros Mountain Front Fault). (b) Magnified image of the area denoted by the red box in (a), where the red line denotes the border between Iraq and Iran. 
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Figure 2. Networks of post-seismic interference pairs from the (a) ascending and (b) descending tracks. For the multidimensional small baseline subset (MSBAS) analysis, 27 ascending and 18 descending track datasets were used, and the perpendicular baselines of all InSAR pairs were less than 80 m. 
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Figure 3. Co-seismic interferograms from the ascending and descending tracks. (a) A72, (b) D6, and (c) D79. Black lines are faults. The dotted polygon indicates the common area of the ascending and descending tracks. Red stars represent the epicenter. 
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Figure 4. Interferograms of three-dimensional (3D) co-seismic deformation. (a) east-west (EW) direction, positive and negative values represent eastward and westward movements, respectively. (b) Up-Down (UD) direction, positive and negative values represent uplift and subsidence movements, respectively. (c) North-south (NS) direction, positive and negative values represent northward and southward movements, respectively. Black lines are faults; red stars represent the epicenter. 
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Figure 5. Uniform slip results of the ascending track: (a) observed, (b) synthetic, and (c) residual interferograms. Red stars represent the epicenter. 
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Figure 6. Uniform slip result of the descending track: (a) observed, (b) synthetic, and (c) residual interferograms. Red stars represent the epicenter. 
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Figure 7. Curve representing the tradeoff between the model roughness and misfit. The red star indicates the location of the optimal smoothing parameter. 
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Figure 8. Slip distribution for the modeled seismic source. The cyan star is the epicenter. The purple circles indicate aftershocks (MW > 3.0) during the 220 days after the mainshock (from http://irsc.ut.ac.ir/bulletin.php). Black lines denote faults, HZF: High Zagros fault, MFF: Zagros Mountain Front Fault. 
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Figure 9. Time series of the cumulative up-down (UD) deformation from 19 November 2017 to 3 June 2018 (positive and negative values represent uplift and subsidence, respectively). The black circles indicate aftershocks (MW > 3.0) up to 220 days after the mainshock. The brown squares represent the selected feature patch. The two beach balls represent earthquakes > MW 5.0. Red stars represent the epicenter. 
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Figure 10. Time series of the cumulative horizontal east–west deformation from 19 November 2017 to 3 June 2018 (positive and negative values represent eastward and westward movements, respectively). The black circles indicate aftershocks (MW > 3.0) up to 220 days after the mainshock. The brown squares represent the selected feature patch. The two beach balls represent earthquakes > MW 5.0. Red stars represent the epicenter. 
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Figure 11. Time series of the cumulative deformation. (a) Up-Down (UD) and (b) EW deformation. Red indicates Patch A. blue indicates Patch B. and black indicates Patch C. The dotted line indicates co-seismic deformation. Points indicate the cumulative deformation time series of the post-seismic deformation. The solid line indicates the fit of the cumulative deformation time series to the post-seismic deformation. The left Y axis represents the deformation, the right Y axis represents the number of aftershocks, and the X axis represents the number of days after the mainshock. 
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Table 1. Focal mechanism solutions for the Iran earthquake.
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	Length (km)
	Width (km)
	Depth (km)
	Dip (°)
	Strike (°)
	Rake (°)
	Mean Slip (m)
	Lon (°)
	Lat (°)
	Magnitude (MW)





	USGS a
	80
	50
	19.0
	16
	351
	137
	3
	45.96
	34.91
	7.3



	GCMT b
	-
	-
	17.9
	11
	351
	140
	-
	45.84
	34.83
	7.4



	Vajedian et al.
	39
	16
	18.7
	17
	354
	141
	4
	-
	-
	7.29



	Feng et al.
	100
	80
	15
	14.5
	351
	136
	>1
	45.87
	34.73
	7.32



	Ding et al.
	48
	32
	15.8
	16.3
	354.7
	137
	6
	45.28
	34.69
	7.3







a United States Geological Survey. b Global Centroid Moment Tensor Catalogue.
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