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This study investigates the variations in stress, strain, and deformation of the Earth’s crust in Iran arising from tectonic movements and seismic activities. We employed the Kostrov and Molnar methods to quantify these parameters, focusing on the influence of different zoning techniques on the estimations. Analyzing data from 637 earthquakes (moment magnitudes > 5.5) spanning 1909 to 2016, we determined the directions of maximum pressure, tension, and seismic strain through two primary approaches: comprehensive zoning and individual earthquake analysis. Additionally, we assess horizontal shortening and vertical crustal adjustments. Our methodology involves three distinct strategies: individual earthquake analysis, 1° × 1° zoning, and tectonic zoning. The findings demonstrate that the choice of zoning method significantly affects the direction and magnitude of seismic strain estimations. Although both methods identified significant deformations in the Dasht Bayaz and Qaen regions of Eastern Iran, differences between the Kostrov and Molnar methods in estimating seismic strain are observed. The high Zagros region shows signs of crustal thickening, whereas the Zagros foreland exhibits crustal thinning. Intriguingly, Eastern Alborz indicates uplift, and Western Alborz suggests subsidence, offering an alternative view to the conventional tectonic understanding of the Alborz range. These results highlight the critical role of zoning in stress analyses and the disparities between widely used estimation techniques. They underscore the necessity of careful method selection and interpretation in geodynamic studies, particularly in seismically active regions like Iran.
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1 INTRODUCTION
The strain rate of the Earth’s crust can be estimated by a variety of methods, including seismic techniques that utilize earthquake mechanisms and GPS methods that track the displacement and velocity of the Earth’s crust. One significant advancement in this field was made in 1974 by Kostrov (Kostrov, 1974), who introduced an Equation for estimating both the magnitude and directions of seismic strain. This methodology has been widely adopted by researchers globally, including those in Iran, to assess seismic stress and strain. An example of its application can be seen in the work of Tesauro (Tesauro et al., 2006), who used this approach to estimate seismic and geodetic strains across Central Europe in blocks of 0.5° × 0.5°.
In Iran, researchers, including (Masson et al., 2005; Zolfaghari, 2009; Ansari and Zamani, 2014; Zarifi et al., 2014) have estimated the size and direction of the principle strains. Masson et al. (2005) utilized two seismic catalogs—Jackson et al. (1995) and the Harvard University Global Centroid Moment Tensor (GCMT) catalog—to estimate seismic stress and strain. Zolfaghari (Zolfaghari, 2009) estimated the seismic and geodetic strain rate in Alborz, considering historical earthquakes with magnitudes greater than 1.6. The data used by Zarifi et al. (2014) for these estimations extended up to 2013. Rashidi et al. (2019) employed the inversion of focal mechanism and geodetic data to achieve the strain rate and stress fields (Rashidi and Derakhshani, 2022). In Iran, given the unique characteristics of fault activity (Nemati and Derakhshani, 2021; Rashidi et al., 2023a; Mohammadi Nia et al., 2023) and earthquakes in each region, estimating the magnitude and direction of stress, strain, and displacement speed of the Earth’s crust is critically important (Derakhshani and Eslami, 2011). In our research, we calculated the directions of maximum pressure and tension, as well as the seismic strain rate, using both Kostrov and Molnar methods. Additionally, we measured the horizontal and vertical velocity of the Earth’s surface, analyzing 637 earthquakes with moment magnitudes greater than 5.5, spanning from 1909 to 2016. Our new estimates are distinct and have been compared with those of other researchers who used different data sets and zoning techniques.
In the Kostrov method, we are required to use large earthquakes (magnitude > 5.5), leading to the omission of smaller earthquakes. Although the seismic energy released by microearthquakes is not comparable to that of large earthquakes, it cannot be neglected. Consequently, the Molnar method was employed to account for microearthquakes, which contribute significantly to the seismic energy released in every seismic area. Another crucial aspect is the spatial distribution of seismic energy in tectonically active areas. Microearthquakes can affect a wider area, distributing seismic energy more broadly. A significant limitation of both methods is the unavailability of complete and reliable earthquake catalogs, which are essential for estimating and describing the total strain history of the area.
2 MATERIALS AND METHODS
The Kostrov method (Kostrov, 1974), as outlined in Eq. 1, is the primary method employed in this research to estimate the average seismic strain rate εij (in nanostrains per year) for a set of N earthquakes.
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In this Equation, μ represents the average shear modulus (3.3 × 1010 N/m2) in the continental crust, as detailed by Stein and Wysession (Stein and Wysession, 2009). The variable ν denotes the spatial volume of the crust affected by the considered earthquakes, while T refers to the time interval of the data collection. M represents the strain tensor, where M0n is its scalar component, and Mijn is the vector component, representing the tensor of the nth earthquake. The volume ν is calculated by multiplying the area of the selected block by the thickness of the seismogenic layer in each range. To estimate the magnitude of the seismic strain rate, only the scalar part of the tensor is required.
According to researchers such as Jackson et al. (1995), it is generally accepted that the selection of regular blocks in zoning methodologies should be viewed as a means for simplifying and averaging the application of Kostrov’s Equation. This implies that the dimensions of the selected blocks ought to encompass the length of most faults within the area under study. Moreover, the approach to tectonic zoning should, as far as possible, align with the tectonic features of the area, as illustrated in Figure 1A. However, it is important to note that triangular zoning, while potentially useful, may not align as closely with the area’s tectonics and fault lines. Additionally, data processing in triangular zones can be more challenging compared to square zoning.
[image: Figure 1]FIGURE 1 | (A) Map illustrating the mechanisms of earthquakes in Iran, as studied in this research. The map delineates 14 tectonic zones, identified based on seismic states, fault lines, and their respective mechanisms. The zones are labeled as follows: WA, Western Alborz; EA, Eastern Al-borz; AZ, Azarbaijan; KP, Kopeh Dagh; TB, Tabas; NZ, North Zagros; WZ, Western Zagros; CZ, Central Zagros; EZ, Eastern Zagros; SI, Sistan; KB, Kuhbanan-Bam; DB, Dasht-e-Bayaz; DR, Doroune, and MA, Makran. (B) Map showing seismic strain estimations based on 1° × 1° blocks. In this map, the color coding represents different strain rate ranges: brown for 0.01 to 0.1, light blue for 0.1 to 1, dark blue for 1 to 10, light green for 10 to 100, and dark green for 100 to 1,000 nstrain/yr. Areas without significant earthquake activity or with strain rates less than 0.01 nstrain/yr are marked in red. The error margins for these estimations are sourced from (Hessami et al., 2003).
In the context of Iran, the longest coseismic faults observed have a maximum length of 125 km, as noted by Berberian et al. (1999). This measurement is associated with the 1997 Zirkuh Qaen earthquake, which had a moment magnitude (MW) of 7.2.
Therefore, for this study, Iran and its surrounding areas were segmented into 336 blocks, each measuring 1º × 1º, as illustrated in the map shown in Figure 1B. However, aligning with the perspectives of other researchers like (Jenny et al., 2004), it’s also suggested that the dimensions of the selected blocks should encompass a uniform range, particularly from a geological standpoint. This contrasts with the approach of Ansari and Zamani (Ansari and Zamani, 2014), whose tectonic blocks are considerably larger and do not closely follow fault lines. Zarifi et al. (2014) have also explored this area of study. In our research, we have implemented and compared both of these approaches to understand their respective impacts and outcomes.
In this study, we focus on all significant earthquakes with a magnitude greater than 5.5 (M > 5.5) and shallow earthquakes with a depth of less than 25 km to estimate strain rate using the Kostrov method. To analyze the mechanisms of these earthquakes, we utilized two catalogs: one from Jackson et al. (1995), which includes 86 earthquakes, and the Harvard University Global Centroid Moment Tensor (GCMT) catalog, comprising 551 earthquakes. The latter encompasses earthquakes from two distinct periods: from 1909 to 1975, with moment magnitudes ranging from 6.0 to 7.4, and from 1976 to 2016, with moment magnitudes between 4.3 and 7.7.
Due to the small number of earthquakes with a depth of more than 30 km in Iran, our study’s methodologies have been specifically tailored for the shallow crust, limited to depths of less than 25 km. Consequently, certain significant seismic events, such as the 2013 Saravan Sistan earthquake (MW 7.7; depth ranging from 70 to 95 km, as per GCMT data), were not included in our data processing. This earthquake, characterized by a normal faulting mechanism, was attributed to the extensional forces on the Makran plate, which is known for its increasing subduction angle beneath the crust (Nemati, 2019; Derakhshani et al., 2023).
In this study, the depth of the seismogenic layer in Iran was assumed to have a maximum depth of 20 km. This assumption was based on the data from local seismic networks and waveform modeling, with specific references to Nemati et al. (2011) in the Alborz region, Hatzfeld et al. (2003) in the Zagros area, and Berberian et al. (1999) in eastern Iran. The earthquake data for the 336 small blocks were individually extracted using a Fortran program in a Linux environment. Subsequently, data processing for each block was conducted separately. The editing and processing stages utilized Excel and Origin software, respectively. Furthermore, all maps pertinent to this research were created using GMT software, as illustrated in Figure 1.
In this research, to estimate seismic strain rates, we employed two different zoning approaches: 1) For a general investigation based on tectonic zones, we considered occurred earthquakes, information about the tectonics of the study area, mechanisms of the faults, focal mechanisms of the earthquakes, seismic states, fault trends, and geological evidence presented in various studies, e.g., Zagros (Navabpour and Barrier, 2012), Kopeh Dagh (Hollingsworth et al., 2006); Alborz (Rashidi, 2021), Sistan (Ezati et al., 2022b, 2023; Rashidi et al., 2022), resulting in fourteen defined tectonic zones. 2) For detailed investigation, we segmented the study area into 336, 1° × 1° blocks. These tectonic zones encompass several 1° × 1° blocks; the blocks within different tectonic zones were examined, and then the zones were compared. In other research, e.g., Raeesi et al. (2017) and Masson et al. (2005), larger blocks (2° × 2°) have been used for seismicity analysis; however, as more detailed information has become available in recent years, we have opted for 1° × 1° blocks to enable a more detailed analysis of seismic stress and strain.
Masson et al. (2005) have noted more significant variations in the Alborz region compared to the Zagros region. Upon examining the map in Figure 1B, which covers Zagros, Alborz, and eastern Iran, it is evident that the area of Dasht-e-Beyaz and Abiz in the east of Iran (experiencing a maximum strain rate of 1,000 nstrain/year) undergoes more deformation than both the Alborz and Zagros regions. In Alborz, the level of deformation is observed to be higher than in Zagros. The deformations in Zagros are primarily confined to the crustal volume that generated the 1972 Qir-Karzin earthquake (MS 6.9) as documented by (Dewey and Grantz, 1973), and the 1977 Khorgo Bandar Abbas earthquake (MS 7.0) as described by (Berberian and Papastamatiou, 1978). This is indicated by the light green coloration in Figure 1B.
To ensure that smaller earthquakes (M < 5.5) are not overlooked, this study employs the Molnar method (Molnar, 1979) as a secondary approach. This method, which also incorporates smaller earthquakes, is used to estimate seismic strain using Eqs 2–4.
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In these Equations, the coefficients a, b, c, and d correspond to the Gutenberg-Richter Equation (Gutenberg and Richter, 1956) (Eq. 3), respectively. The coefficients for the Hanks and Kanamori (Hanks and Kanamori, 1979) Equation, which establishes the relationship between MW and M0 (Eq. 4), are 1.5 and 16.05. In Eq. 2, M0max refers to the largest seismic moment among earthquakes in a selected block.
For the application of the Molnar method, a comprehensive catalog that includes microearthquakes is necessary. To this end, the seismic catalog of the International Institute of Seismology and Earthquake Engineering of Iran (IIEES), which contains data on 23,331 earthquakes, was chosen. To standardize and harmonize the magnitudes of the earthquakes in this catalog, primarily comprised of mb, MS, and ML magnitudes, the relationships proposed by Nemati and Tatar (Nemati and Tatar, 2015) Eq. 5 were utilized in conjunction with Eq. 4. The details of this are illustrated in Figure 2.
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[image: Figure 2]FIGURE 2 | (A) Estimation of seismic strain rate using the Kostrov method; (B) Representation of both small and large earthquakes employed in the Molnar method; and (C) Seismic strain rates estimation across Iran’s tectonic blocks using the Molnar method, based on independently calculated components of the moment tensor of earthquakes. In panel (A), the strain rate ranges are depicted with different colors: light blue for 0 to 1, dark blue for 1 to 10, and green for 10 to 100 nstrain/yr. Similarly, in panel (C), the color coding is as follows: brown for a range of 0.01–0.1, light blue for 0.1 to 1, dark blue for 1 to 10, light green for 10 to 100, and dark green for 100 to 1,000 nstrain/yr, representing both contractional and extensional strains.
To accurately estimate strain using the Molnar method, it is necessary to first determine seismic parameters. Table 1 presents these parameters for the 14 tectonic areas of Iran, as delineated in Figure 1A. A key piece of information in this table is the magnitude of completeness (MC) for the data in each area. The MC can be readily identified from the Gutenberg-Richter (Gutenberg and Richter, 1956) diagram, where it corresponds to the first bend in the graph (Woessner and Wiemer, 2005).
TABLE 1 | Seismic Parameters of the 14 tectonic areas in Iran for strain estimation using the Molnar Method. This table includes several key columns: the name of each tectonic block, the total number of earthquakes recorded in that block, the absolute magnitude derived from the Gutenberg-Richter diagram (Gutenberg and Richter, 1956), the specific seismic parameters associated with each block, the standard deviation of the Gutenberg-Richter Equation as applied to each block, the standard error of the regression analysis (fitting) for the Equation, the maximum recorded magnitudes of earthquakes in each block, and the maximum scalar moment of the largest earthquake in each block.
[image: Table 1]As illustrated in Figures 2A–C, the areas shaded in light and dark blue represent regions where strain estimations are similar among the two methods. Notably, Molnar’s method yields a higher strain rate value for the Dasht-e-Beyaz area in Eastern Iran. Conversely, in the Northern Zagros region, this method estimates a lower strain rate, possibly due to the prevalence of micro-earthquakes as opposed to larger seismic events in this area.
An important limitation of the two methods could be magnitude transformation because the magnitudes in the utilized catalog must be unified. During magnitude transformation, due to fundamental differences between different magnitude scales it can affect the precision of the results, although this is not inevitable. Regarding the differences between the Kostrov and Molnar methods, it is crucial to note that the Kostrov method, which uses large earthquakes, accounts for the majority of the seismic energy released in a seismic area. It is significant that the seismic energy from a single large earthquake could equate to the total energy of a complete sequence of aftershocks from that earthquake in a seismic cycle (Nemati, 2014). Thus, the Kostrov method is more comprehensive in using the majority of localized seismic energy, while the Molnar method is useful for considering the distributed seismic energy in a tectonic area. A notable advantage of the Kostrov method is that it uses the seismic moment of large earthquakes obtained by mechanisms calculated mainly based on waveform modeling. Waveform modeling uses teleseismic waves, which do not accurately capture the anisotropy of the crust, unlike microearthquakes. Therefore, the Kostrov method could be better at reflecting the energy of seismic sources. The comparison of the two methods regarding input data demonstrates that the Kostrov method is better, as it can use more reliable and sufficiently long earthquake catalogs compared to the input data for the Molnar method. Recording microearthquakes requires a sufficiently dense seismic network, unavailable in the pre-instrumental era (1900–1964). During this period in seismology, we have more or less reliable data for large earthquakes but not for microearthquakes.
Assuming coaxiality between stress and strain, the direction of the compressional and tensional stresses in the Earth’s crust within a seismic area can be determined based on the orientation of pressure (P) and tension (T) vectors of earthquakes in that region. To achieve this, two sets of calculations are necessary:
1The resultant compressive and tensile stresses of earthquakes in each square block.
2The directions of these stresses estimated and compared for each earthquake individually, as delineated in Eqs 6, 7 (Stein and Wysession, 2009).
In these equations, S represents the strike direction, D denotes the dip, and R signifies the slip direction or rake of the seismic fault.
The equations for the tension (T) and pressure (P) vectors are defined as: 
[image: image]
[image: image]
In the Zagros and Eastern Iran regions, the orientation of the pressure vectors aligns with the direction of convergence between the Arabian and Eurasian plates (Ghanbarian et al., 2021). According to the research by Vernant et al. (2004), this convergence occurs at a rate of approximately 21 mm/year in Southern Iran, predominantly in a north-northeast direction (as shown in Figures 3A, B).
[image: Figure 3]FIGURE 3 | (A) The resultant axes of tension and pressure derived from earthquakes within each quadrangular block; (B) The tension and pressure axes corresponding to individual earthquakes. The faults are marked in red.
Our study has conducted a comparative analysis of the pressure and tension vectors across Iran (illustrated in Figure 3A), which are mapped using a 1º × 1º block arrangement. These vectors are juxtaposed against the geodetic strain vectors reported by (Raeesi et al., 2017), which are also depicted using the same block arrangement. Our comparison reveals that, except for the Makran and Alborz regions, there is a notable correlation between the orientations of the vectors in the two maps, indicating a general consistency in the directional alignment of tectonic movements and strain distribution across these regions.
3 CRUSTAL MOVEMENTS
To estimate the various components of the Earth’s crust displacement velocity, it is essential to analyze the different components of the seismic moment tensor of earthquakes (Mij in 1). The six independent components of this tensor can be calculated using Eqs 8–13, as described by Jackson et al. (1995), utilizing three key parameters: strike (S), dip (D), and slip direction (R) of the seismic fault. These parameters were sourced from (Jackson et al., 1995) and the GCMT catalog.
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Since the internal strain within the Earth’s crust partially manifests as displacement between crustal blocks, it is feasible to estimate the displacement velocity of the crust in various directions. This can be achieved by using the components of the strain tensor derived from the moment tensor of earthquakes, as outlined by (Jackson and McKenzie, 1988). They have also established equations linking the displacement velocity of the crust in different directions to the components of both the strain tensor and the moment tensor of earthquakes. Once the independent components of the earthquake moment tensor are determined using the aforementioned equations, the displacement speed of the crust in the horizontal and vertical directions can be estimated using Eqs 14, 15, as suggested by (Pondrelli et al., 1995).
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In these equations, x, y, and z represent the length and width (which are equal to one degree for regular blocks), and thickness of the selected block, respectively. Here, the thickness corresponds to that of the seismogenic layer for which the velocity is being estimated. Vh and Vz denote the horizontal and vertical rates of crustal displacement within the selected block, as illustrated in Figure 4. Since the dimensions of the blocks in Figures 4A, B are oriented in the north and east directions, x, y, and z correspond to the north, east, and vertical directions, respectively.
[image: Figure 4]FIGURE 4 | Estimation of the displacement speed of the crust in the main horizontal (A) and vertical (B) directions by using the independent components of the moment tensor of earthquakes. In panel (A), red, brown, light blue, dark blue and green colors indicate the speed range from 0.001 to 0.01, 0.01 to 0.1, 0.1 to 0.1, 0.1 to 10, and 10–12.6 mm per year, respectively, and also in panel (B), red, brown, light blue and dark blue colors indicate the speed range from 0.001 to 0.01, 0.01 to 0.1, 0.1 to 1.0, and 0.001 1–8.7 mm per year and the yellow color also indicates subsidence, which is between 0.001 and 9.1 mm per year. In these maps, the gray blocks are without earthquakes.
The maps presented in Figure 4 indicate that blocks #204 and #295 exhibit the highest rates of horizontal displacement. Specifically, block #204 was the site of the significant Tabas Golshan earthquake (MS 7.4) and its subsequent aftershocks (Berberian, 1979). This area shows pronounced horizontal displacement rates. Additionally, block #295 demonstrates the maximum horizontal displacement speed, which can be attributed to the compressive forces generated by the earthquakes in this region, as depicted in Figure 4A.
Berberian (Berberian, 1995) analyzed the active tectonics in the Zagros region, attributing the area’s geological features to the activity along two primary types of faults: the main longitudinal thrust faults and the transverse vertical faults. The longitudinal thrusts play a significant role in the region’s tectonic structure (Ghanbarian and Derakhshani, 2022). Additionally, the transverse vertical faults, exemplified by the Kazeroun and Sabzpoushan faults, contribute to the area’s geological complexity. The High Zagros region, in particular, has experienced uplift due to the activity along the High Zagros fault, evidenced by historical seismic events like the earthquake on 18 November 1226 AD, which had a magnitude of MW = 6.4 and a maximum intensity of I0 = VII.
Based on the current position of Paleozoic rocks along the high Zagros belt, Berberian (Berberian, 1995) estimated the cumulative amount of vertical displacement along this fault to be more than 6 km (Berberian, 1981). Although the mechanism of earthquakes does not confirm the thinning of the Earth’s crust in the subsidence of the Zagros foreland, Berberian (Berberian, 1981) has pointed out the uplift of the high Zagros since the Lower Miocene along the Zagros fault.
Other subsidences can also be seen on the western coast of Makran, eastern Jazmurian, northern Lut, southern coasts, and the central subsidence of the Caspian Sea, which is consistent with the tectonics of the mentioned areas. Thinning of the crust in the areas of Kopeh Dagh, western Alborz, and Talash, where we expect uplift and crustal deformation, is not consistent with the tectonics of those areas.
According to Figure 4B, red, brown, and blue colors can be interpreted as crustal uplift or subduction, and yellow color can also be interpreted as subsidence or thinning of the Earth’s crust in that area. Therefore, the uplifted Zagros area is associated with the uplift or subduction of the crust, and the Zagros foredeep is associated with the subsidence or thinning of the Earth’s crust, which is in fair agreement with the tectonics of the mentioned areas. Other subsidence can also be seen in the western coast of Makran, eastern Jazmurian, northern Lut, southern coasts, and the central subsidence of the Caspian Sea, which is consistent with the tectonics of the mentioned areas. Thinning of the crust in the areas of Kope Dagh, western Alborz, and Talash, where we expect uplift and crustal deformation, is not consistent with the tectonics of those areas.
4 DISCUSSION
The tectonic processes, such as crustal thinning and subsidence of certain zones, are not precisely timed. Using the methods in this research, we can only estimate stress, strain, and crustal velocity. While large blocks are beneficial for stress and strain estimation due to their compatibility with area tectonics, they introduce more errors due to the necessity of averaging.
The average stress, strain, and velocity values in blocks are attributed to specific points in different shaped blocks. This averaging assumes uniformity across a block, which is not entirely accurate. An optimal estimation balances the influences of tectonics, topography, and uniformity errors.
The estimated strain rate of 0.01–411 nstrain/yr in this research contrasts with Tesauro et al., 2006’s findings for Central Europe, likely due to differing tectonic regimes and data ranges. This discrepancy also reflects the variance in convergence rates between the Iran-Arabia and Africa-Europe regions.
Comparisons with other studies in Iran (Ansari and Zamani, 2014; Zarifi et al., 2014; Raeesi et al., 2017) reveal inconsistencies in estimated strain rates, likely due to different block classifications, earthquake counts, calculation methods, and data ranges.
The tectonic areas in this study were chosen based on seismotectonic perspectives, considering factors like fault directions, dominant mechanisms, and earthquake distributions. Notably, the direction of mountain ranges like Alborz and Zagros has not significantly changed, although Alborz shows a sinusoidal form.
Crustal deformations have been investigated using seismic stress and strain analysis in different research, such as tectonic stress and the spectra of seismic shear waves from earthquakes (BRUNE JN, 1970); horizontal stress orientations (Lund and Townend, 2007); active crustal deformation in tow seismogenic zones of the Pannonian region (Bus et al., 2009); crustal deformation map of Iran (Khorrami et al., 2019); Stress-strain characterization of seismic source fields (Jordan and Juarez, 2021); evolution of the Stress and Strain field and Seismic Inversion of fault zone (Khoshkholgh et al., 2022); active deformation Patterns in the Northern Birjand Mountains, Iran (Ezati et al., 2022a); tectonic Evolution of Fault Splays in the East Iran Orogen (Rashidi et al., 2023b); seismic strain and seismogenic stress regimes in the crust of the southern Tyrrhenian region (Neri et al., 2003).
The significant variation in strain rate estimations across different zoning methods suggests that intermediate zoning might provide a more accurate estimation. However, the zoning shape should be consistent with the area’s topography, and the block size must consider the length of coseismic faults.
Incorporating small earthquakes (M < 5.0) in strain estimation shows their significant contribution, challenging the convention of focusing only on larger earthquakes. This is the first time seismic strain in Iran has been estimated using Molnar’s method, which accounts for small earthquakes.
GPS data shows interseismic deformation, such as Figure 8 of (Zarifi et al., 2014), while the focal mechanism of earthquakes shows the seismic strain caused by the earthquakes. Hence, these two parameters are different from each other. GPS data processing is a common method for estimating Earth’s crust shortening. Discrepancies in velocity rates estimated by seismic data and actual tectonic movements in Iran, particularly in the Zagros foreland subsidence, may be attributed to salt layers in the sedimentary cover.
Talebian and Jackson’s research on Zagros (Talebian and Jackson, 2004) suggests most earthquake foci are within the sedimentary cover, possibly influenced by salt layers. This might explain the vertical displacement in this area.
In the regions where crustal thickening occurs, reverse faults with corresponding mechanisms are expected. Consequently, earthquake mechanisms, maximum stress directions, and seismic strains must be perpendicular to these reverse faults. Thus, the crustal thickening in the High Zagros region is attributed to the activity of the High Zagros reverse fault, as evidenced by historical seismic events like the earthquake on 18 November 1226 AD, which had a magnitude of MW = 6.4 and a maximum intensity of I0 = VII. In this region, the seismic strain rate is high, and the direction of seismic strain is perpendicular to the High Zagros reverse fault. The lithologic units of the High Zagros differ from those of the Zagros foreland. The latter includes salt layers in the sedimentary cover, which undergo ductile deformation. Consequently, in the Zagros foreland, deformation predominantly manifests as folding rather than fracturing (earthquakes); furthermore, in this region, the seismic strain rate values are low, and the magnitudes of earthquakes are generally moderate to low. This is due to the earthquakes occurring at a depth of 10 km; as their waves move toward the surface and encounter salt domes, their energy is reduced. Therefore, there is no crustal thickening in the Zagros foreland, and the return period of the earthquakes is very long. Thus, crustal thickening in the High Zagros results from high rates of seismic strain, while crustal thinning in the Zagros foreland is due to low rates of seismic strain.
5 CONCLUSION
In conclusion, this study offers valuable insights into the diverse tectonic and seismic dynamics of Iran. By categorizing the region into seven distinct parts based on the direction of tension, pressure, and crustal displacement velocities, we gain a deeper understanding of its complex geological landscape. These regions encompass the northeastern and southwestern Zagros belt, the northeastern and southwestern sectors of eastern Iran, the eastern and northeastern Kopeh Dagh, as well as the eastern and middle Alborz, along with the Talash region, which spans western and eastern Alborz, and Azerbaijan. This comprehensive categorization serves as a crucial tool for unraveling the intricate interplay of tectonics and seismicity in this geologically complex region.
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