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Abstract
In this paper, seismicity parameters in the Persian Plateau are estimated and represented as colored maps. We depict the b-value variations as an indication of either changing material properties, or the heterogeneity of the stress field in this region. The lower b-values in some regions indicate that the seismic energy release in these areas is mostly provided by large magnitude earthquakes. Yet the b-value around northern CentralIran and Eastern Alborz seems to be near unity, which implies that the seismic energy release is compatible for larger and smaller earthquakes. We also compared our results with some existing seismological information on Iran. Regarding attenuation: low-Q (high attenuation) regions approximately correspond to relatively lower b-value regions, and areas with nearly medium/high b-values correspond to high-velocity anomaly zones inferred from tomographic inversions. Meanwhile, regions associated with thrust and strike-slip faulting was associated with low/medium b-values. The higher b-values in NW Iran agree with the regional extensional tectonics and low/medium b-values were in agreement with regional compressional/strike-slip tectonics. In terms of geodynamics, this may be interpreted as an indication of a weak crust in NW Iran versus stronger crust (zones under stress) in other parts.
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1. Introduction
The Persian Plateau is under the influence of multiple convergences between the African, Indian and Eurasian plates, which has resulted in high mountain ranges along its northern (Alborz), northeastern (Kopeh-Dagh) and southwestern (Zagros) boundaries, and lower, rugged mountains along its eastern margins (East Iran). The seismicity pattern in the Persian Plateau represents a non-uniform distribution concentrated along the active fold and thrust mountain belts surrounding relatively aseismic undeformed rigid and stable blocks (Berberian, 2005). Catastrophic earthquakes are among the features of this plateau seismicity (Fig. 1). Several urban and industrial complexes have been developed near mountain foothills that are usually located near active faults, so even medium-sized earthquakes along such faults have destroyed many cities during historical and recent times (Ambraseys and Melville, 1982; Berberian, 1995). Interactions between reverse and strike-slip faults have been revealed by several clusters of events (Berberian and Yeats, 1999). Coseismic rupture studies are mainly realized by teleseismic modeling that usually uses segmentation of rupture in time and space (e.g. studies on Rudbar, Golbaf and Zirkuh earthquakes).[image: A40623_2015_650080863_Fig1.jpg]
Fig. 1.Epicentral distribution of the earthquakes (Mn ≥ 3.5; depth ≥ 50 km) in the Persian Plateau from early 1996 to early 2013 and before declustering the events (events from IGUT). Gray triangles are IGUT seismic stations.




The nature of a spatial-temporal distribution of earthquake occurrence is a complicated phenomenon with complex nonlinear dynamics, so seismicity parameters (“a” and “b” values) can help reveal some aspects of the complexities. Gutenberg and Richter have shown that seismicity parameters may follow a power law. The a-value depends on the size distribution, and the time and volume window considered, and is a measure of seismic activity. The b-value is a tectonic parameter which indicates a measure of the relative abundance of greater to smaller earthquakes, and the stress and material conditions in the focal depth (Mogi, 1962; Scholz, 1968). As the b-value plays a key rule in present seismic hazard study theories and procedures, the results will be very useful for seismic hazard analysis in Iran.
In this study, we have only considered events after 1996, so it may be helpful to take a look at the development and installation of seismic stations in Iran. Several seismic stations have been in operation in Iran from the early sixties to monitor seismicity for seismic hazard studies. Mash-had, Shiraz, Tabriz and Tehran stations were among the first seismic stations in the country. Later, the events recorded by the Iranian Long Period Array (ILPA) have also been used to study regional seismicity. The ILPA comprises seven stations equipped with broadband seismometers located southwest of Tehran (Akasheh et al., 1976). ILPA data was not appropriate for studying the precise seismicity all around Iran because it enclosed only a 30-km-diameter circular area, and other sparsely distributed stations suffered the same problem. After the 1990 catastrophic Rud-bar earthquake, the Institute of Geophysics of the University of Tehran decided to provide a better station coverage over Iran. Since late 1995, several stations have been installed in different regions of the country based on digital technology and radio transmission. Each station is equipped with three-component short-period seismometers, digitizer and transmitter. Continuous data are sent by radio links to the central station, where they are time-stamped and a STA/LTA algorithm detects the events and stores them on permanent storage media. The recorded events of these stations can be extracted from the IGUT (Institute of Geophysics, University of Tehran) for further processings and constructing regional catalogues.

2. Tectonic Settings
The seismicity of the Persian Plateau has been studied by many different authors (Wilson, 1930; Niazi and Bas-ford, 1968; Nowroozi, 1971, 1972, 1976; McKenzie, 1972; Kaila etal., 1974; Berberian, 1981, 1995; Shoja-Taheri and Niazi, 1981; Ambraseys and Melville, 1982; Ahmadi et al., 1989; Engdahl et al., 2006). This Plateau is located within the continental collision between the African and Eurasian plates, and includes recent volcanic activity, high mountain ranges and active faults. The collision between these two plates has uplifted mountain ranges like the Alborz and Za-gros. This Plateau has undergone different mountain building phases that is characterized by concurrent magmatism and metamorphism, especially within the early Paleozoic, middle Triassic, early Jurassic and early Cretaceous (Berberian, 1981; Sengor etal, 1988).
The approximate rate of convergence between Arabia-Eurasia has been estimated to be about 30 mm/yr at longitude 50°E and 40 mm/yr at longitude 60°E (Jackson, 1992; DeMets et al., 1994; Chu and Gordon, 1998). Vernant et al. (2004) suggested that the deformation is about 20 mm/yr for the last Ma (Zagros: 10 mm/yr, Alborz: 8 mm/yr and eastern-Iran: 16 mm/yr). Regional convergence is partitioned into a shortening perpendicular to the strike of the folds and faults, while active deformation is not uniformly distributed and consists of shortening, thickening, reverse and strike-slip faulting plus subduction of the oceanic crust. On the other hand, a large part of the shortening is taken up in mountain building (Alborz, Zagros and Kopeh-Dagh) and earthquakes, and some is accommodated in Central-Iran. One can roughly divide the active faults of Iran into reverse and strike-slip faults. Active faults in Iran are mainly short-length compressive faults located within active fold-thrust border zones plus strike-slip faults seen over narrow zones accompanied with reverse sub-faults. This is an example of the complex tectonic behavior of the reverse and strike-slip faults. The main features revealed by focal mechanism solutions are consistent with strike-slip and compressive motions (Fig. 2). Around Zagros, the reverse solutions are dominant, while in Alborz, Kopeh-Dagh and Central-Iran, strike-slip solutions start to grow in number. The focal depth of earthquakes in Iran are mainly within 5–20 km (upper continental crust), although, in the regions associated with subduction (e.g. Makran), one would expect deeper earthquakes (Engdahl et al., 2006).[image: A40623_2015_650080863_Fig2.jpg]
Fig. 2.Distribution of the CMT solutions in the Persian Plateau (events from GlobalCMT, Mw > 6.0).





3. Data and Method
The frequency-magnitude relation (Gutenberg and Richter, 1944) is one of the well-documented empirical relations in earthquake seismology that represents the frequency of occurrence of earthquakes as a function of magnitude:[image: A40623_2015_Article_650080863_Equ1.gif]

 (1)

where N is the cumulative number of earthquakes with a magnitude larger than the magnitude of completeness (Mc), and the a-value (seismic activity) and the b-value (size distribution) are constants to be determined (the magnitude scale that is used in this study is the Nuttli magnitude: Mn; Nuttli, 1973). The a-value is a measure of seismic activity and depends on the largest seismic magnitude, the observation period length, and the size and stress level of the area. The b-value is the slope of the regression line, which is a constant, and which determines the rate of change in frequency of the earthquakes with increasing magnitude. Two well-known methods have been suggested for b-value estimations: the least squares and maximum likelihood methods. The least squares method (Pacheco and Sykes, 1992; Okal and Kirby, 1995; Scholz, 1997; Main, 2000; Lopez Pineda and Rebollar, 2005) is a method the application of which has no statistical foundation (Page, 1968; Bender, 1983). Sandri and Marzocchi (2007) numerically and analytically studied the biases introduced by the accumulation, logarithmic transformation and measurement errors resulting from this method. They showed that the method provides a great underestimation of the uncertainty and a significant bias (that also highly depend on the data size) in the estimation of the b-value, both for the binned and cumulative form of Eq. (1). Moreover, the effect of the measurement errors seems to be less significant than the bias introduced by the logarithmic transformation. Yet, the maximum likelihood method (Aki, 1965) has been extensively used for the estimation of the b-value (Eq. (2)). Marzocchi and Sandri (2003) found that Aki’s formula, which assumes the magnitude to be a continuous random variable, leads to a significant bias in the estimation of the b-value, and a significant underestimation of its uncertainty. They show, however, that the corrected formula (the binned magnitudes; as employed in this paper by zmap) will strongly reduce the biases of the b-value and its uncertainty; however, the influence of the measurement errors appears negligible compared to the effects of the binned magnitudes:[image: A40623_2015_Article_650080863_Equ2.gif]

 (2)

where Mmean denotes the mean magnitude, and Mmin the minimum magnitude, of the employed catalogue. The uncertainty limit of this estimation is given by Eq. (3) as proposed by Shi and Bolt (1982):[image: A40623_2015_Article_650080863_Equ3.gif]

 (3)

where n is the total number of the events of the catalogue.
Considering the sparse distribution of local seismic stations (as mentioned in the Introduction) and the different errors associated with global earthquake catalogues (e.g. different magnitude scales, magnitude conversions, locations, etc… ) it was decided to consider the Wiemer and Wyss (2002) suggestion to select a starting time for the seismicity parameter estimation. The suitable starting time to maximize the number of events is selected to be ts = 1996. The hypocentral depths of the events have been limited to crustal earthquakes (depth ≥ 50 km) and all events have been binned in ΔMn = 0.1. The original data that were extracted from the IGUT catalogue (from early 1996 to early 2013) have been declustered by the method proposed by Reasenberg (1985). From 81152 events in the raw catalog, 24234 events were identified as mainshocks and the remaining 70.14% of events were considered to be clustered events. Considering that the Persian Plateau shows a nonuniform seismic activity, in order to study the spatial variations of the seismicity parameters, the whole area was divided into 0.5 × 0.5 degree grids. All parameters (a and b values and Mc) were calculated at the center of each grid point by considering the nearest 100 events, and only those earthquakes of magnitude greater than the magnitude of completeness (Mc) for each grid point. The b-value, the significant b-values, the a-value, and the magnitude of completeness, were mapped for the events before, and after, declustering and presented as colored maps (Figs. 3 and 4).[image: A40623_2015_650080863_Fig3.jpg]
Fig. 3.Seismicity parameters map in the Persian Plateau before declustering the events: (a) magnitude of completeness (Mc); (b) a-value; (c) b-value; (d) significant b-values.
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Fig. 4.Seismicity parameters map in the Persian Plateau after declustering the events: (a) magnitude of completeness (Mc); (b) a-value; (c) b-value; (d) significant b-values.





4. Results
As evident from Figs. 3 and 4, the seismicity parameter maps before, and after, declustering provide comparable results. The magnitude of completeness maps show that it is around Mn = 2.5 for inner parts of the Plateau and about Mn = 3.0 for outer parts (Figs. 3(a) and 4(a)). The a-value maps (Figs. 3(b) and 4(b)) indicate that values generally larger than 4.5 that may be taken as high seismicity rates in the Persian Plateau and surrounding area. The b-value estimations are about 0.8 to 0.9 for inner regions, and lower than 0.8 for outer regions, of this Plateau (Figs. 3(c) and 4(c)). Based on Figs. 3(d) and 4(d) that represent significant b-value maps according to Wiemer and Schorlemmer (2007) the b-values are generally lower than unity and there is no significant difference between b-values. The lower b-values in some regions indicate that the seismic energy release in these areas is mostly provided by large magnitude earthquakes. Yet the b-value around northern Central-Iran and Eastern Alborz seems to be near unity which implies that the seismic energy release is compatible for larger and smaller earthquakes.

5. Discussions
Several studies have revealed spatial variations in the frequency-magnitude distribution of different tectonic regimes (Wyss et al., 1997; Wiemer and Wyss, 1997). Some studies have indicated spatial and the temporal changes in the b-value before large earthquakes (Murase, 2004; Nakaya, 2006). Material heterogeneity and thermal gradients (Mogi, 1962; Warren and Latham, 1970) may also cause changes in b-values. Wyss et al. (2001) showed that a low-velocity zone started around a volume with a high b-value in the subducting slab at 140 to 150 km in depth and suggested that this may be an indication of magma generation at high b-value anomalies. The b-value of the deep earthquake zones of Alaska and New Zealand is high at a 95 km depth (Wiemer and Benoit, 1996). This observation was interpreted as being due to high pore pressure in this depth range, due to dehydration in the subducting slab. Therefore, high b-value anomalies may be found in a descending slab. The low-velocity zone in a mantle wedge was thought to be a path of magma ascent in northeastern Japan (Nakajima et al., 2001). Several studies have shown that the b-value is different for small and large earthquakes (Hamilton and McCloskey, 1997; Ikeya and Huang, 1997). High and low shear stresses may cause earthquakes having low and high b-values (Wyss, 1973; Schorlemmer et al., 2005). Along the creeping zone of the San-Andreas fault, earthquakes have high b-values which may indicate a low stress (high pore pressure). Other observations propose that the spatial variation in the b-value of aftershocks is related to the rupture process of the main shock (Bayrak and Oz-turk, 2004). Almost all seismic hazard studies which are reflected in seismic hazard maps rely on b-value calculations, so temporal and spatial variations in the b-value will affect existing seismic hazard maps (Schorlemmer et al., 2005).
Different regions in the Persian Plateau experience a significant variation of heterogeneity laterally and vertically, but it seems that vertical tectonics, caused by the convergence between Arabia and Eurasia, is controlling the seis-micity of Iran. Tectonic adjustment between different structural features (mountains, hills, valleys, etc… ) has been increasing the seismic activity in various regions of the same Plateau. Although the seismicity of the Persian Plateau has not been deeply studied (to provide clear seismogenesis results) so as to provide sufficient information for clarifying the mechanisms for b-value variations, we can state that the different stress regimes are among the main reasons for the changes in seismicity parameters within different regions of this Plateau.

6. Conclusions
The uneven distribution of the a-value may clearly be an indication of the wide fluctuations of stress level and heterogeneity in the crust of the Persian Plateau. Large a-value regions (i.e. Alborz, Central-Iran, Kopeh-Dagh and Zagros) may be considered for greater rock fracture densities caused by strong structural movements and/or a low rheological strength of the crust causing brittle failure at lower stress levels. Higher a-values may also be related to the mutual tectonic adjustment between Zagros with the African Plate, and/or Alborz-Kopeh-Dagh with the Eurasian Plate. Lower a-values are also related to lower heterogeneities/fracturing of the crust caused by the tectonic processes of eastern Iran against the Indian Plate, and/or Azarbaijan against the Caucasian Plate.
Based on the range of the computed measures, the Plateau can be divided into low (b ≤ 1.0) and high (b > 1.0) zones. Higher b-values can possibly be accounted for by low strength rocks that experience brittle failure at lower stress levels. They can also represent a relatively low stress in the seismogenic zones caused by episodic changes in the state of the tectonic coupling in each region. Lower b-values usually indicate areas including strike-slip and reverse faulting (Narteau et al., 2009) which is compatible with the typical features of the tectonics of Iran. An important result based on the b-value estimations (Figs. 3(c), 3(d), 4(c) and 4(d)) is that these values in Alborz, Azarbaijan, East and Central-Iran, Kopeh-Dagh and Zagros are around low values (b ≤ 1.0). Evidently these regions are those associated with thrust and strike slip faulting that tends to be under higher stress regimes (Schorlemmer et al., 2005). The world-wide subduction zones show b-values having a low value in a range from 0.53 to 0.74 (Bayrak et al., 2002) and this has been found to be the same in Makran. Masson et al. (2006) provide an explanation for the extensional tectonics in NW Iran based on a dense GPS network installed there. We interpret the b-values (Figs. 3(c) and 4(c)) in Azarbaijan and the surrounding area to be due to this extensional deformation. Meanwhile, the low/medium b-values in other parts of the Persian Plateau are under the influence of the convergence of tectonic forces from the African, Indian, and Eurasian Plates, presented regionally by thrust and strike-slip deformations. In terms of geodynamics, therefore, this configuration depicts a weak crust in NW Iran while other parts show a relatively stronger crust which is under higher compressional/sliding forces. Accordingly, it can be concluded that these values are closely related to the existing high deformation in the Persian Plateau.
Some of the existing seismological information enable us to compare our results with them. Comparing our b-value map (Figs. 3(c) and 4(c)) with the LgQ attenuation map of Pasyanos et al. (2009) reveals that low-Q (high attenuation) regions approximately correspond to relatively lower b-values, and vise versa. Koulakov (2011), and Alinaghi et al. (2007), demonstrated body and shear wave anomalies beneath Iran along different cross-sections resulted from tomographic inversions. The high-velocity anomalies of their cross-sections and maps are almost in agreement with medium/high b-value areas of this study (Figs. 3(c) and 4(c)).
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