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Abstract 

In this study, we use the results of seismic anisotropy as inferred from shear wave splitting 

analyses of SKS phases to propose a geodynamical model of the Arabia-Eurasia collision 

zone. A detailed analysis of the 202 non-null splitting and 196 null splitting measurements 

obtained from a dense temporary network are utilized to investigate the possibility of lateral 

and vertical variations in the anisotropic parameters and the hypothesis of a dipping 

anisotropic layer. A 2D geodynamical model of the western part of the collision zone is 

constructed. The preferred 2D model suggests that the belt-parallel orientation of fast axes in 

the western Zagros originates from a lithospheric transpressional deformation. The plate 

motion-parallel pattern in central Iran and western Alborz coincides with the decrease in the 

lithospheric thickness. Thus, we believe this trend has its origin in the asthenosphere. A 

combination of the keel effect of the thickened Zagros lithosphere, the asthenospheric edge-

driven convection flow and the lithospheric deformation in the shear zones can cause the 

NW-SE oriented splitting pattern reported in some parts of central Iran. The asthenospheric 

flow beneath the thinner lithosphere to the south of the Bitlis suture in northern Iraq is likely 

the causative mechanism for our observed plate motion-parallel splittings there. The variation 

of the convergence obliquity along the Alborz and Zagros inferred from analysis of geodetic 

data implies that a change in the pattern of lithospheric deformation and the consequent 

anisotropy is expected.  

1 Introduction 

There are various methods to investigate the seismic anisotropy of the upper mantle, 

amongst them, the splitting analysis of the core refracted shear wave phases is one of the 

most commonly used. Linking the anisotropic structure with the strain fabric of the 

deforming medium under the seismic stations is the ultimate goal of shear wave splitting 

analysis. Lattice Preferred Orientation (LPO) of anisotropic minerals and Shape Preferred 

Orientation (SPO) of aligned cracks are two principal mechanisms for shear wave splitting. In 

the oceanic regions, the general global agreement between the observed uniform seismic 

anisotropy with the plate motion vectors implies that anisotropy in the oceans originates from 

the asthenospheric flow field. In the continents, anisotropic patterns are much more 

complicated and vary on short spatial scales (Long and Becker, 2010). Considering the fact 

that the continents have thicker lithosphere in comparison with the oceans, significant 

contribution from the continental mantle lithosphere to shear wave splitting is expected. 

Shear wave splitting observations in convergent margins have some of the most complicated 

patterns. In subduction and collision zones, more often than not both the lithospheric 

deformation and the asthenospheric flow field contribute to the observed anisotropy. 

The subduction of the Paleo-Tethys and the Neo-Tethys ocean basins under Eurasia 

and the subsequent collision of Arabia with Eurasia over a very long geological time span 

have resulted in the formation of a geodynamic assemblage in the Iran region composed of 

the Zagros, Alborz and Kopet Dagh fold-and-thrust belts, the Sanandaj-Sirjan (SSZ) and 

Urmieh-Dhokhtar (UDMA) magmatic arcs, and the central and eastern Iran micro-continental 

blocks (Figure 1). The Zagros collision started in the Oligocene. It first affected the SSZ, and 

progressively moved south to the High Zagros during the Miocene, and since the Pliocene it 

has reached its peak in the Fold-and-Thrust Belt (Alavi, 1994; Agard et al., 2011; 

Mouthereau et al., 2012). The SSZ and UDMA Neo-Tethyan volcanic arc structures 

developed during the Mesozoic and the Cenozoic, respectively, as the dynamics of the 

subduction zone changed during the course of time (Agard et al., 2011). The Arabia-Eurasia 

collision zone is a natural laboratory for the study of the geodynamics of the continental 
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collision and lithospheric/asthenospheric deformation during the early stages of mountain 

building.  

There has been a limited number of studies on seismic anisotropy in the Arabia-

Eurasia collision zone, and in particular in the Iranian plateau. The first major study was by 

Kaviani et al. (2009). They used the shear wave splitting of the core refracted phases and 

reported a complicated pattern composed of null measurements in the main mountain belts 

(i.e. Zagros, Alborz and Kopet Dagh), and a predominantly NW-SE trend of fast-axes in 

central Iran that rotates to a NE-SW direction in northeast Iran. Sadidkhouy et al. (2008) 

studied mantle anisotropy in central Alborz and observed a NE-SW directed anisotropy at 

stations very close to the NW-SE trending and/or null observations of Kaviani et al. (2009). 

Studies by Arvin et al. (2014) in NW Iran and Moradi et al. (2015) in western Alborz also 

showed a dominant NE-SW trend of the fast-axes. Sadeghi-Bagherabadi et al. (2018) 

reported non-null station average measurements with fast-axes subparallel to the trend of the 

mountain range in the Zagros (NW-SE) (Figure 1). In the Alborz they obtained NE-SW 

directed fast-axes at a sharp angle to the strike of the mountains there, in accordance with the 

works of Sadidkhouy et al. (2008), Arvin et al. (2014), and Moradi et al. (2015). Sadeghi-

Bagherabadi et al. (2018) proposed that both the lithospheric and the asthenospheric mantle 

contribute to the SKS splitting observations in Iran and the relative contribution of each layer 

in a given region is determined by the thickness of the lithosphere. Moreover, results of 

several studies on Pn velocity structure (Al-Lazki et al., 2014; Lü et al., 2012) including a 

recent anisotropic Pn tomography with Moho depth correction (Lü et al., 2017)  provide 

valuable clues to define the lithospheric anisotropy in the region. 

Most of the above-mentioned studies agree that in Iran the values of the average delay 

times between the fast and slow birefringent waves, are about 1 sec throughout the region and 

do not show significant variations. On the other hand, the average fast polarization 

orientations dramatically vary when crossing from one tectonic block into another. In this 

paper we expand on the work of Sadeghi-Bagherabadi et al. (2018) by presenting the entire 

set of individual measurements, detecting and analyzing the variations in the measurements, 

and investigating the origin and source layers of the observed anisotropic domains. We also 

speculate about the reasons for the changes in the fast polarization orientations across the 

collision zone.  By combining the results of our analysis with the current state of knowledge 

of the geometry and deep structure of the lithosphere and the upper mantle of Iran, we aim to 

develop a model that can improve our understanding of the geodynamic evolution of the 

Arabia-Eurasia convergence zone. 

2 Methods and Results 

Our data came from a temporary network of 63 broadband stations covering the entire 

collision zone in western Iran that was in operation for one year in 2013-2014 (see Figure 1) 

(Sadeghi-Bagherabadi et al., 2018). The small station spacing (about 13 km) allowed for the 

detection of a complex anisotropic pattern. A similar situation was analyzed in the Alps by 

Salimbeni et al. (2018). Records of teleseismic earthquakes with M≥6.0 in the epicentral 

distance range between 90° and 130° are examined to analyze the SKS/SKKS phases using 

SplitLab software (Wüstefeld et al., 2008). The minimum energy method of Silver and Chan 

(1991) is adopted. This method estimates the splitting parameters by minimizing the energy 

on the transverse component through a grid search over all possible pairs of fast-axis 

orientations (φ) and delay times (δt). The seismograms are band-pass filtered between 0.04 

and 0.25 Hz in order to maximize the signal-to-noise ratio. 
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A total number of 202 non-null splitting parameters and 196 null measurements were 

obtained (Table S1). We considered a delay time threshold of 0.5 sec as a reliable non-null 

measurement. There were only 14 individual measurements with delay time larger than 2 sec 

and the largest value was 3.5 sec measured at station W06 in central Iran. We observed 

variations of the results at some stations that lead us to focus on the individual measurements 

in order to gain a better understanding of the origin of the anisotropy.  

Figure 2 shows the single measurements along the three profiles of the seismic 

network. Measurements are plotted as cyan segments scaled with their respective delay time 

above their ray piercing point at the depth of 150 km. This way of visualization better 

positions the single measurements in the probable anisotropic volume they sample. The two 

best-recorded earthquakes with back-azimuths of 290° and 85° had 26 and 21 non-null 

splitting measurements, respectively. The results obtained from these two events show sharp 

variations of fast orientation along the profiles. Along the southern part of the transects in the 

Zagros mountains, events with incoming rays from the east yielded about 35 good-quality 

results with the fast-axes mostly oriented NW-SE. Events from the west, on the other hand, 

returned mainly null measurements (~50 measurements). In the Alborz mountains, in the 

north of the investigated area, the fast orientations of about 60 non-null measurements are 

consistently NE-SW and coherent from all available back-azimuths. In the central parts of the 

transect which coincide with the central Iran region, we obtained about 75 non-null 

measurements with variable fast-axis orientations.  

2.1 Lateral Variations of Anisotropy 

The observed variations of fast orientations described in the previous section can 

originate from lateral changes in the anisotropic structures. We investigated the changes in 

the splitting results of seven events with similar back-azimuths (84° to 91°) to verify the 

consistency of the results between the different events and to detail the lateral variations in 

the anisotropic pattern across the transect. Abrupt changes in the fast orientations were 

observed for these seven events (Figure 3). The main changes in the fast orientations occur in 

the regions between Zagros, Central Iran and Alborz. We also examined in detail the splitting 

parameters of two well-recorded earthquakes coming from opposite back-azimuths (290° and 

300°), as well as one event from the south (back-azimuth 200°). In Figure 3a and 3b the 

individual measurements of earthquakes with similar back-azimuths are plotted together. The 

best-recorded events are shown by brown triangles, and the rest of the measurements by 

circles. This analysis, highlights an important variability in the fast-axis behavior, in 

particular in the Zagros and central Iran where the fast-axis orientations obtained from rays 

coming from the east (back-azimuths smaller than 180°) are different from those coming 

from the west (back-azimuths greater than 180°). The Alborz stations are an exception to this 

trend for which all of the SKS waves, regardless of their back-azimuth, give fast-axes in the 

NE-SW direction, subparallel to the absolute plate motion direction. In Figure 3c and 3d we 

have highlighted this variability by dividing the results into two groups (back-azimuths 

smaller and greater than 180°) and projecting them along the profile. The single 

measurements obtained in Alborz are shown by green diamonds and those of Zagros and 

central Iran (which are back-azimuth dependent) are illustrated by inverted purple triangles. 

Frequency rose diagrams of the two groups are plotted in Figure 3e and 3f. In the Zagros and 

central Iran regions, the rose diagram (purple colored) for the eastern events shows a SE-NW 

trend which is parallel to the Zagros strike (Figure 3f). The western rays, on the other hand, 

returned many nulls measurements (Figure 2), but the remaining non-null measurements 

show fast orientations with a SW-NE trend (Figure 3e). We computed the average of fast-axis 

orientations for the eastern and western back-azimuths, separately. The average fast-axes 
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calculated for the Alborz and those outside Alborz (Zagros and central Iran) are shown by 

green and purple bars in Figure 3c and 3d, and by green diamonds and purple triangles in 

Figure 3e and 3f, respectively. The directional statistics (Davis, 1986; Mardia and Jupp, 

2000) is commonly used for calculation of the average fast polarization orientation. Here we 

utilized the bidirectional circular average (Liu and Gao, 2011; Gao and Liu, 2012; Sadeghi-

Bagherabadi et al., 2018) (Figure S1):  

�̅� =

{
 

 0.5 𝑡𝑎𝑛−1(𝑆 𝐶⁄ ), 𝑆 ≥ 0, 𝐶 ≥ 0

0.5 (𝑡𝑎𝑛−1(𝑆 𝐶⁄ ) + 180°), 𝐶 < 0

0.5 (𝑡𝑎𝑛−1(𝑆 𝐶⁄ ) + 360°), 𝑆 < 0, 𝐶 > 0

 

 

(1) 

where 𝑆 = 1 𝑁⁄ ∑ 𝑠𝑖𝑛(2𝜑𝑖)
𝑁
𝑖=1  and 𝐶 = 1 𝑁⁄ ∑ 𝑐𝑜𝑠(2𝜑𝑖)

𝑁
𝑖=1 , 𝜑𝑖 is the ith measured 

fast orientation and N is the number of measurements at the station.  

Due to near-vertical incidence of the core-refracted phases at the surface, seismic 

anisotropy of the upper mantle as inferred from shear wave splitting has a very good lateral 

resolution in comparison with other techniques (e.g. anisotropic surface wave tomography). 

On the other hand, since shear wave splitting is an integrated effect through a traveling path, 

it has an inferior vertical resolution compared to surface wave tomography. The ray paths of 

the core-refracted phases diverge from the vertical with increase in depth, and the size of the 

first Fresnel zone which is an approximation for the sampled volume at depth grows in size 

for deeper piercing depths and longer periods. The radius of the first Fresnel zone can be 

approximated by (𝑇𝑉𝐷 2 cos 𝜃⁄ )0.5, where T is the dominant period, V is the wave velocity, 

D is the depth of interest, and θ is the incidence angle. These geometrical features of the ray 

paths can be utilized to put depth constraints on the lateral changes of anisotropy measured at 

the surface (e.g. Alsina and Snieder, 1995; Margheriti et al., 2003; Salimbeni et al., 2008).  

We used two earthquakes with opposite back-azimuths with differing splitting parameters 

measured at the same station to estimate the upper depth limit of the causative anisotropic 

lateral gradient. We found good couple of measurements for this analysis at stations E01, 

M01, M04 and M06 (Figure 4a). In order to constrain the top of the anisotropic source layer, 

we assumed a 10% overlap between the Fresnel zones of the two opposing ray paths with 

differing splitting results as a requirement to distinguish two separate regions at depth. The 

results of the analysis are shown in Figure S2. According to the results the depth of the 

anisotropic volume should be greater than 200 km beneath stations M01 and E01 near the 

southwestern margins of the Zagros range and it should increase to more than 250 km under 

stations M04 and M06 in the interior of the Zagros. Another earthquake pair with opposite 

back-azimuths and dissimilar splitting parameters measured at station M27 in central Iran 

gave a very different depth range. There, the analysis implies that the anisotropic layer could 

be as shallow as 140 km (Figure 4a and Figure S2). 

Since the station spacing on the main profile is small (~13 km) a similar procedure 

can be applied to pairs of nearby stations with dissimilar splitting measurements from the 

same event in order to estimate the bottom limit of the anisotropic layer. To make sure that 

the anisotropic change occurs along the line of the ray paths, this analysis should be 

preferably done with events coming from azimuths parallel to the stations alignment. In the 

absence of such well-recorded earthquakes, we used events with back-azimuths non-parallel 

to the stations alignment. Although, this would not result in very rigorous estimation of 

bottom limit of the anisotropic source layer, it still can provide clues as to how the depth of 

anisotropic layer changes along the profile. We estimated the overlap areas of the first 

Fresnel zones at depths of 50 to 350 km from one event with back-azimuth 291° recorded at 

stations M19 and M22, and two events with back-azimuth 90° recorded at stations M31 and 
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M37, and stations M01 and M04 (Figure 4b). Different radii of the Fresnel zones in Figure 4 

at M31 and M37 are because of the slight difference in the periods of the analyzed seismic 

phases. The results suggest that the anisotropic layer could be as shallow as about 50 km 

beneath M01, M04, M19 and M22, all of them in the Zagros region and the SSZ (Figure 4b, 

Figure S2). In central Iran the result of the analysis at stations M31 and M37 shows that the 

depth of the anisotropic gradient should be approximately less than 150 km (Figure 4b, 

Figure S2).  

The rough estimate of very shallow 50-km anisotropic gradient in the Zagros is not in 

agreement with the 200-to-250-km top-of-the-layer estimates in the same region. Considering 

the average delay time of 1.4 sec in the Zagros, if anisotropy were confined in the upper 50 

km it would require an unusually-high 10% vertically-coherent crustal anisotropy. Moreover, 

in other orogenic belts such as the Alps, Tibet and Taiwan, layered lithospheric anisotropy 

has been reported (Ozacar and Zandt, 2004; Fry et al., 2010; Huang et al., 2015), which is 

irreconcilable with the assumption of vertically-coherent anisotropy. On the other hand, the 

deep origin of anisotropy (asthenospheric) inferred from the Fresnel zones under E01, M01, 

M04, and M06 in the Zagros may not also necessarily account for the observed average delay 

times because it depends on the depth of the transition from dislocation creep to diffusion 

creep (Mainprice et al., 2005). A potential explanation could be that the observed delay times 

do not originate from a single anisotropic layer, but are rather an aggregated response from 

multiple anisotropic volumes. 

2.2 Multi-Layer Anisotropy with Perpendicular Fast-axes 

The back-azimuthal dependency of the splitting parameters at the surface can be 

considered as an indicator of a complex anisotropic structure at depth. The two-layer 

anisotropy with horizontal symmetry axes exhibits periodicity as a function of incoming 

polarization in the observed splitting measurements at the stations (apparent splitting 

parameters). The back-azimuthal coverage of the recorded events at stations is not sufficient 

to model this kind of structure. Nevertheless, the observations gave us an idea about a special 

case of two-layer anisotropy with perpendicular fast-axes. This particular configuration does 

not show the periodicity and is not easily distinguishable from a single layer anisotropy with 

horizontal symmetry axis. In this case, the fast-axis orientation of one layer is parallel to the 

slow orientation in the other layer. The incoming wave will be polarized and split in the 

lower layer, and the effect of the upper layer will be to reduce the delay time produced in the 

lower layer. The apparent fast orientation will be parallel to the fast orientation of the thicker 

layer or to that of the layer with stronger anisotropy. The apparent delay time will be the sum 

of the positive delay time in the dominant layer and the negative time lag produced by the 

other layer. Figure S3 shows this setting; equal strength of anisotropy in both layers will lead 

to an apparent null observation. 

Our measurements show two main perpendicular patterns of anisotropy along the 

profile (Figure 2 and 3). The mountain-parallel trend in the Zagros might be a result of 

deformation in the thick lithosphere of the Arabian plate and the mountain-perpendicular 

trend in the Alborz which is subparallel to the GPS velocity vectors in the no-net-rotation 

(NNR) reference frame could originate from the sub-lithospheric (asthenospheric) flow 

(Sadeghi-Bagherabadi et al., 2018). In central Iran region, two abrupt changes in the fast 

polarization orientations are evident along the profiles: the first one is the change from 

mountain-parallel trend in the Zagros to mountain strike-perpendicular (plate motion-

subparallel) in the SSZ and central Iran, and the second change is further north where a sharp 

rotation to range-parallel trend occurs inside the central Iran major shear zones (Figure 2). 

The latter mountain range-parallel fast orientations in central Iran were also observed by 
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Kaviani et al. (2009) and they interpreted this trend as a result of the vertically-coherent 

deformation of the lithosphere. 

The interpretations provided by the previous studies in the region lead to the 

conclusion that the mountain-range parallel and perpendicular trends in fast orientations 

might have lithospheric and sub-lithospheric origins, respectively (Sadeghi-Bagherabadi et 

al., 2018). Based on this hypothesis, we constructed, for each station, a simple two-layer 

model of orthogonal fast axes, with the lower layer having a fast orientation of 45
o
 (range-

perpendicular), and the upper layer a fast orientation of 135° (range-parallel). We simplified 

the observed fast-axis orientation of the station by replacing it with the fast-axis of one of the 

model layers (45° or 135°), whichever was closer. The delay time of each layer was chosen 

such that the algebraic sum of the two delay times would be equal to the observed apparent 

delay time of the station. This gave us a set of models all having the same apparent delay 

time but a range of layer delay times (see Figure S4). In our modelling, the delay time of the 

layer with fast-axis perpendicular to the simplified observation was allowed to vary from 0 

(isotropic) to 1 sec. We smoothed the trend of the delay times in the layers along the profile 

(Figure 5c and 5d). The trend of the delay times was converted to thickness (Figure 5e) using 

a nominal 4% global anisotropy in the upper mantle (Savage, 1999). Assuming that the upper 

and lower layers represent the anisotropic lithosphere and asthenosphere, respectively, the 

trade-off between their thicknesses can be used to infer an estimate of the depth of the 

Lithosphere-Asthenosphere Boundary (LAB) and the maximum anisotropic depth of the 

asthenosphere (Mainprice et al., 2005). Regardless of the absolute LAB depths estimated for 

different delay time models, a similar pattern of the lithospheric thickness variation along the 

profile is obtained. We observe shallow LAB to the north of the SSZ and deeper LAB 

beneath the Zagros and central Iran. This model gives clues for a thin lithosphere under the 

Alborz and a thicker one under the Zagros. A comparison between the absolute LAB depths 

in Figure 5e and the lithospheric thickness obtained by other geophysical studies can help to 

select the best-fitting model.   

2.3 A Dipping Anisotropic Layer 

In the previous sections we discussed the variation of splitting parameters with 

opposing back-azimuths in a single station as indicator of lateral or vertical anisotropic 

gradient. This observation can also be interpreted as indicator of back-azimuthal dependency 

with 2π periodicity caused by a dipping anisotropic layer. The splitting parameters of stations 

M01 and E01 show such variation with back-azimuth. We utilized this observation to 

examine whether a dipping anisotropic layer is present under these stations. For the purpose 

of this modeling we used the MSAT toolkit (Walker and Wookey, 2012). MSAT uses the 

single-crystal elasticity information of olivine by Abramson et al., (1997) and calculates the 

Voigt-Reuss-Hill average elasticity of the aggregated minerals (Hill, 1952; Walker and 

Wookey, 2012). It then estimates the phase velocities and splitting parameters by solving the 

Christoffel equation (Crosson and Lin, 1971; Mainprice, 1990; Walker and Wookey, 2012). 

There are too many unknown parameters to be estimated for constructing a dipping 

anisotropic layer model, such as the orientation, dip, and thickness of the layer, as well as the 

fast-axis azimuth of the layer.  Attempting to estimate all of them simultaneously, using our 

data, would not give reliable results. Therefore, we first fixed the thickness of the anisotropic 

layer and the azimuth of the horizontal projection of the dip vector at 250 km and 45°, 

respectively. The 45° dip vector was chosen so as to be perpendicular to the strike of the 

Zagros. The principal influence of the layer thickness is on the delay time, while the back-

azimuthal dependency of the fast polarization orientation remains insensitive to it. The 

volume fraction of crystal alignment also affects the absolute values of the delay times. We 
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performed a grid search over pairs of dip angles (ranging from 0°, horizontal, to 90°, vertical) 

and fast-axis azimuths (ranging from 0° to 180°) to find the best model that minimizes the 

summation of the Chi-squares of fast orientation and delay time (Margheriti et al., 2003; 

Walker et al., 2005; Fontaine et al., 2007; Salimbeni et al., 2013; Qorbani et al., 2015). 

Existence of a very wide back-azimuthal gap (between 90° and 270°) in our dataset led to a 

non-uniqueness in the final model (Figure S5). Despite this, a steeply NE-dipping model with 

dip angle of 77° and fast-axis azimuth of 61° best fits the observations (Figure S5). We 

repeated the same procedure for different azimuths of the horizontal projection of the dip 

vector and the best-fitting model was a 76° dipping layer with layer strike of 50° and fast-axis 

azimuth 58°. This model is not significantly different from the result obtained by fitting the 

fixed orientation model (Figure S6).  

3 Discussions 

3.1 Potential Geodynamic Scenarios Describing the Shear Wave Splitting 

Observations 

The complicated pattern of shear wave splitting observations in the Arabia-Eurasia 

collision zone is the result of the ongoing and past geodynamic and tectonic processes in the 

region. The main current structural features of the Iranian region are the three orogenic belts 

of Zagros, Alborz and Kopet Dagh, the volcanic arcs of SSZ and UDMA, and the central Iran 

micro-continent. The past subductions of the Paleo-Tethys and the Neo-Tethys had key roles 

in the formation of the deep structure of the Iranian plateau and still influences the 

geodynamics of the region. The ages for the closure of the Neo-Tethys and the onset of 

continental collision remains controversial and the published ages vary from more than 40 

Ma to less than 10 Ma (Agard et al., 2011; Allen and Armstrong, 2008; Ballato et al., 2011; 

Dewey et al., 1973; Hempton, 1987; Khadivi et al., 2012; Saura et al., 2015; Stoneley, 1981; 

Talebian and Jackson, 2004; Zhang et al., 2016). As a result, the deformation history and the 

young orogeny in the Iranian plateau has been dominated by the subduction, as well as the 

collisional processes. On the one hand, the location and geometry of the dipping anisotropic 

layer presented in section 2.3 supports the idea of the presence of a steep slab inherited from 

the past ocean-continent convergence. On the other hand, the lithospheric structure 

reconstructed from the multi-layer anisotropic model in section 2.2 is more oriented to a 

lithospheric structure shaped up by the more recent continent-continent collisional process. In 

the following we will discuss each of the main structural features that have been sampled by 

our splitting measurements. 

3.1.1 The Zagros 

Shear wave splitting fast-axes, parallel or subparallel to the strike of the convergent 

borders either in the active subduction zones or continental collisions, have been reported in 

many regions of the world. Toroidal mantle flow at slab edge (Civello and Margheriti, 2004; 

Zandt and Humphreys, 2008; Faccenda and Capitanio, 2012), tilted radial anisotropy beneath 

the steep slabs (Song and Kawakatsu, 2012; Song and Kawakatsu, 2013), and the tilted 

transverse isotropy with a slow symmetry axis pointing normal to the plane of the slab 

(Walpole et al., 2017) are the main proposed explanations for the observed trench-parallel 

trends in subduction zones. The mountain chain-subparallel trend similar to the pattern we 

have reported in the Zagros has also been observed in many other mountain chains (Silver, 

1996; Meissner et al., 2002; Barruol et al., 2011; Bokelmann et al., 2013). The asthenospheric 

flow (Margheriti et al., 1996; Baccheschi et al., 2007; Barruol et al., 2011) or deformation in 

the continental crust above the slab (Wölbern et al., 2014) in subduction-associated 

mountains, transpressional deformation of the lithosphere (Silver and Chan, 1991; Nicolas, 
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1993; Silver, 1996), and lithospheric extrusion in response to the mountain-perpendicular 

stresses (Meissner et al., 2002) are the main mechanisms for the chain subparallel fast-axis 

orientation in mountain ranges. 

In central Zagros a slab retreat is believed to have happened after the onset of the 

collision in late Oligocene that was followed by a slab break-off after late Miocene 

(Hafkenscheid et al., 2006; Agard et al., 2011). Formation of adakites in central Zagros has 

been proposed as evidence for the slab break-off (Omrani et al., 2008; Agard et al., 2011). 

However, because of lack of adakite magmatism in western Zagros and beneath our seismic 

profile, the fate of the Neo-Tethyan slab in this part of the Zagros is not clear. Considering 

different proposed mechanisms for the worldwide chain-parallel fast-axis orientations, there 

are two main geodynamic scenarios for explaining the mountain-subparallel trend in western 

Zagros depending on the situation of the Neo-Tethyan slab. A simplified 2D sketch depicting 

the two scenarios is presented in Figure 6. 

In the case of a slab break-off under the Zagros, a transpressional deformation of the 

thickened lithosphere is a justifying scenario for the observed seismic anisotropy in western 

Zagros (Figure 6). If the slab has not been broken off and is still retreating, the asthenospheric 

lateral flow behind the slab can be an explanatory scenario for the trench-parallel fast-axis 

orientations (Figure 6b). A downward flow in response to the slab retreat can give rise to the 

dipping anisotropic layer discussed in section 2.3 (Figure S6). Since the Neo-Tethyan slab 

does not continue to the northwest and beneath the Bitlis suture, the asthenospheric toroidal 

flow around the slab can be considered as another justification for the trench-parallel pattern 

(Figure 6d). A crustal contribution to the anisotropy is always expected, but the probability 

that the splitting comes entirely from the crust is highly unlikely. 

3.1.2 Central Iran 

  The slab retreat scenario proposed for the Zagros explains well the abrupt change 

from mountain chain-parallel to perpendicular orientation fast-axes in the north of SSZ. The 

south westward retreat of the subducting slab could have drawn, by suction, the 

asthenospheric material under central Iran towards the Zagros (similar mechanism was 

proposed for the Apennine-Tyrrhenian system by Barruol et al., 2011). This would result in a 

return flow that could justify the plate motion-subparallel observations to the north of the 

Zagros suture (Figure 6b). On the other hand, based on the slab break-off scenario, we can 

argue that to the north of SSZ the decrease in the lithospheric thickness coincides with the 

reduction in the transpressional deformation of the lithosphere. There, the lithosphere is 

thinner and less deformed, therefore, the observed anisotropy could originate from plate drag 

in the sub-lithosphere and result in the plate motion-parallel fast-axis orientations (Figure 6a).  

The NW-SE fast-axis orientations in central Iran just to the south of the Alborz seem 

to be the continuation of the trend reported by Kaviani et al., (2009) in central Iran further 

southeast of our profile (Figure 1a). Kaviani et al. (2009) argued that this trend is aligned 

with the central Iran major shear zones and proposed that it reflects the lithospheric-scale of 

those shear zones. Priestley et al. (2012) interpreted the same NW-SE observations 

differently and suggested that the anisotropic source is located in the asthenosphere but that 

the thick Zagros lithospheric root distorts its surrounding asthenospheric flow field. An 

alternative justification for the NW-SE fast-axis orientations is based on the small-scale 

Edge-Driven Convective (EDC) flow (Kaislaniemi and Van Hunen, 2014; King and 

Anderson, 1998). EDC forms in the upper mantle at locations where significant 

discontinuities in the thickness of lithosphere exist. This lithospheric thickness gradient in 

turn, results in a horizontal temperature gradient that causes a convective flow. Kaislaniemi 
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and Van Hunen (2014) showed that EDC generates a significant edge-parallel horizontal flow 

component especially near the thickness gradients. In the slab break-off scenario, there is a 

lithospheric thickness gradient caused by the abrupt thinning of the lithosphere in central Iran 

(Mohammadi et al., 2013). This lithospheric thickness gradient beneath central Iran can give 

rise to the EDC with a NW-SE horizontal flow component parallel to the Zagros strike 

(Figure 6a). 

Considering the individual splitting measurements, either the keel effect of the 

thickened lithosphere (i.e. the asthenospheric flow around the Zagros lithospheric root) 

(Figure 6c) or the toroidal flow around the western termination of the Neo-Tethyan slab 

(Figure 6d), are likely to account for the fast-axis variations in central Iran. 

3.1.3 The Alborz 

In the Alborz, plate motion-parallel (NE-SW) fast-axes were observed by Sadeghi-

Bagherabadi et al. (2018) and Sadidkhouy et al. (2008). The same pattern has been reported 

by Arvin et al. (2014) in NW Iran and by Moradi et al. (2015) in western Alborz. In contrast, 

a NW-SE trend and a number of null stations were reported by Kaviani et al. (2009) in central 

Alborz (Figure 1). The same NE-SW trend is also observed by Sandvol et al. (2003) in 

eastern Turkey and in northeast Iran by Kaviani et al. (2009), implying that a large-scale 

asthenospheric flow can be a causative factor for the observed anisotropy (Figure 6).  

3.2 Receiver Functions and Seismic Tomography versus the Proposed Geodynamic 

Scenarios  

A comparison between the proposed geodynamic scenarios and our geophysical 

understanding of the deep structure of the region will help to gain a better picture about the 

most realistic scenario. Results of receiver function studies reveal some vital pieces of the 

geodynamic puzzle. Mohammadi et al. (2013) applied the S receiver function (SRF) method 

for mapping the Moho and LAB discontinuities in Iran and projected their migrated SRFs 

along three profiles perpendicular to the Strike of Zagros. The best image was obtained along 

their western profile which is very close to the seismic profiles used in this study. We 

adopted the migrated SRFs along that profile (Figure 7c) to examine the compatibility of the 

lithospheric structure with our models. Mohammadi et al. (2013) proposed that the thickness 

of the Arabian lithosphere beneath the Zagros is about 200 km, whereas the Iranian 

lithosphere is much thinner and the depth of LAB abruptly decreases to about 80-90 km 

beneath central Iran and Alborz (Figure 7c). A thickened lithosphere beneath the Zagros was 

also observed by Motaghi et al. (2017). Priestley et al. (2012) used multi-mode surface waves 

in order to map the lateral variations in the shear wave velocity of the upper mantle in the 

Middle East. They discovered a lithospheric root beneath the Zagros as thick as 225 km 

(Figure 7). The lithosphere thickness gradient was confirmed by Motavalli-Anbaran et al. 

(2011) and Jimenez-Munt et al. (2012). Tunini et al. (2015) applied a geophysical-

petrological methodology and demonstrated that the depth of LAB abruptly decrease from 

about 220 km in the Zagros to about 120 km in central Iran and Alborz. Collectively, the 

results of these studies indicate that the lithospheric structure of the western Arabia-Eurasia 

collision zone is mostly in agreement with the slab break-off model (Figure 6a). Furthermore, 

there is strong evidence from P receiver function studies for crustal thickening caused by 

underplating of the Arabian continental crust under the overriding Iranian crust (Paul et al., 

2010; Motaghi et al., 2017) (Figure 7). Magni et al. (2017) performed 3D numerical modeling 

to investigate the dynamics of continental collision and the fate of the subducted continental 

lithosphere. They showed that the continental subduction with a steep dip angle will be 

followed by a deep slab break-off. After that, the continental plate rises and is emplaced 
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under the overriding plate to form the thickened continental crust. Thus, the Tethyan slab 

break-off should have taken place prior to the underplating in the Arabia-Eurasia collision 

zone. The fact that underplating is the last step in the continental subduction process, suggests 

that the slab break-off scenario is more realistic. The variation of LAB depth estimated using 

the two-layer model with at least 1 sec delay time in each layer (the red model in Figure 5e) 

is also in good agreement with the lithospheric thickness reported by other studies (the 

undulated green dashed line in Figure 7c and d).  

Tomographic images can also be used for interpretation of the observed shear wave 

splitting parameters. While there has been no high-resolution tomographic image of the 

region, the available global and regional scale studies suggest a high-velocity region beneath 

the Zagros in comparison with a low-velocity upper mantle beneath central Iran 

(Hafkenscheid et al., 2006; Vergés et al., 2011; Priestley et al., 2012). The P wave vertical 

tomographic transect of Vergés et al. (2011) shown in Figure 7d does not significantly differ 

from the tomographic transect presented by Hafkenscheid et al., (2006).  The LAB depth 

suggested by Mohammadi et al. (2013) and Priestley et al. (2012) has been superimposed on 

the tomographic image. Apart from the high-velocity thick Arabian lithosphere which is 

clearly evident, there is another high-velocity region deeper than 450 km beneath the Zagros, 

SSZ and central Iran (Figure 7d). Roughly the same high-velocity region is evident in the 

Hafkenscheid et al. (2006) tomographic image. A two-stage Neo-Tethyan slab break-off is 

hypothesized by Hafkenscheid et al. (2006) and Agard et al. (2011). The Neo-Tethyan mid-

ocean ridge reached the Eurasia margin in late Paleocene and the first slab break-off occurred 

almost simultaneously (Hafkenscheid et al., 2006; Agard et al., 2011). Given the global 

average sinking rate of 12±3 mm/yr (Van der Meer et al. 2010; Butterworth et al. 2014; 

Domeier et al. 2016) and the onset of the first slab break-off in late Paleocene, the first 

broken-off Neo-Tethyan slab (FBS) should be currently residing at more than 550 km depth. 

In that case, the deep high-velocity region beneath the Zagros, SSZ and central Iran could 

actually be representing the stagnant slab laid on the 660 km discontinuity (Figure 7d). The 

second slab break-off in eastern Zagros is believed to have occurred in late Miocene (Agard 

et al., 2011). Taking a break-off age of 10 Ma and the same global average slab sinking rate 

of the slab, the last broken-off slab (LBS) should be more than 100 km below the LAB. The 

width of the Neo-Tethys Ocean in the Middle Eocene was about 220 km (Agard et al., 2011) 

which suggests that the length of the LSB should approximately be the same. The thickness 

of oceanic lithosphere increases with age as it moves away from mid-ocean ridge.  

Furthermore, the first slab break-off and the consequent onset of the new subduction almost 

coincided with the time when the Neo-Tethyan mid-ocean ridge reached the Eurasian 

margins. Thus, the older end of the LSB and the younger end of the FBS should have been 

very thin and young. The younger end of the LSB could not have been very thick since it 

must had necked prior to break-off (Magni et al., 2017). Therefore, the LSB should be wide 

in the middle and tapered at both ends. Figure 7d shows the approximate forms and locations 

of the remnant Neo-Tethyan slabs. 

3.3 Geodynamical Implication 

3.3.1 2D Geodynamical Model of the Western Arabia-Eurasia Collision Zone 

The results of the receiver function studies and tomographic images discussed in the 

previous section (Figure 7) suggest that the slab break-off model is more compatible with the 

geophysical observations. Our preferred 2D geodynamical model of the western part of the 

Arabia-Eurasia collision zone inferred from combination of shear wave splitting 
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measurements and the results of other geophysical studies is illustrated in Figure 8 and is 

summarized in the following. 

In the western Zagros and SSZ, the oblique convergence between the Arabian plate 

and Eurasia has caused transpressional deformation which develops a deformation fabric that 

is characterized by vertical foliations and (sub)horizontal lineations. This particular fabric 

gives the mountain range-parallel shear wave splitting measurements. Several studies on Pn 

velocity structure (Al-Lazki et al., 2014; Lü et al., 2012: Lü et al., 2017) have investigated the 

variations of the azimuthal anisotropy of the Pn phase over the Iranian Plateau (see Figure 

1b). Overall these studies show strong variations of Pn anisotropy at the depth of Moho over 

short distances, but in the region of our interest, Pn anisotropy is more or less parallel with 

the major structural trends (i.e. NW-SE). This is in agreement with the lithospheric origin of 

the mountain range-parallel anisotropy in the western Zagros (Figure 1b). The range-

perpendicular asthenospheric flow beneath the thick deformed lithosphere in ZFTB and SSZ 

is not strong enough to dominate the lithospheric anisotropy. However, outside of the folded 

belt (on the foreland basin of the south of the Zagros and also to the north of SSZ in central 

Iran), thinning of the lithosphere along with the reduction of lithospheric deformation and its 

contribution to the apparent anisotropy can lead to the domination of the plate motion-parallel 

anisotropy caused by the sublithospheric flow field. The reduction in the lithospheric 

contribution to the anisotropy in the north of SSZ in central Iran is coherent with the decrease 

in the magnitude of Pn Anisotropy in that region (Figure 1b). In central Iran and to the south 

of Alborz the abrupt decrease in the lithospheric thickness may result in an EDC flow and 

edge-parallel fast-axis orientations. Apart from the EDC flow and the keel effect of the 

thickened Zagros lithosphere as sublithospheric causes, the lithospheric deformation localized 

along the major shear zones of central Iran can contribute to the observed NW-SE trend in 

central Iran (Lave et al., 1996; Kaviani et al., 2009). A shallow LAB and a dominant NE-SW 

trend parallel to the plate motion directions in eastern Turkey (Sandvol et al., 2003), 

northwest Iran (Arvin et al., 2014), central Alborz (Sadidkhouy et al., 2008) and to the 

northeast of Iran (Kaviani et al., 2009) show a continuation of the uniform NE-SW 

anisotropic structure from eastern Turkey into NW and northern Iran. This implies that the 

NE-SW fast-axis orientation originates from the asthenospheric flow. 

3.3.2 Geodynamical Model of the Alborz: Variation of Lithospheric Deformation 

Pattern from East to West 

The pattern of lithospheric deformation along the Alborz mountain belt could be 

influenced by the oroclinal bending process. In this case, the lithospheric contribution to the 

splitting parameters can be affected by the angle between Mountain belt trend and the 

convergence direction. The arcuate shape of the Alborz Mountains is related to the 

buttressing of the range between Central Iran and the South Caspian Basin (SCB) blocks 

(Allen et al., 2003; Shabanian et al., 2012; Mousavi et al., 2013). Therefore, the pattern of 

deformation in the Alborz is influenced by the geometry and relative motion of these blocks. 

The small number of GPS stations in the SCB, mostly at the southern margin, are insufficient 

to estimate true motion of central Iran relative to the SCB (Djamour et al., 2010; Mousavi et 

al., 2013). Nevertheless, the geodetic velocity field of the Alborz and SCB with respect to 

central Iran (Djamour et al., 2010) is consistent with the present-day kinematics of the Alborz 

Mountains deduced from both geological and seismological observations (Shabanian et al., 

2012). We used the map of free-air gravity anomaly (http://icgem.gfz-potsdam.de) to 

determine the overall physiographic trend of the Alborz belt by picking the maximum 

anomaly values. A second-order polynomial was fitted to the smoothed trend (Figure 9a). 

The angle between the vector of southwestward motion of the SCB relative to central Iran 
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and the convergence interface (the Alborz trend) was calculated and it clearly shows the 

variation in convergence obliquity from an almost head-on collision in the western Alborz to 

an oblique convergence and even parallel motion in eastern Alborz (Figure 9b). Such 

variations lead to a change in the pattern of deformation (see also section 5.3). Accordingly, 

the frontal collision in the western Alborz would result in pure shear-dominated (PSD) 

lithospheric transpression that could produce deformational fabric with vertical lineations 

(Fossen et al., 1994; Tommasi, 1999). This fabric could result in apparent null splitting in the 

lithosphere, leaving the observed anisotropic signal to be dominated by the shear flow in the 

asthenosphere beneath. The negligible values of Pn anisotropy in the western Alborz (Lü et 

al., 2017) could be an evidence for the sublithospheric origin of the observed splittings 

(Figure 9a). In the central and eastern Alborz, the belt-parallel component of the relative 

motion increases and a simple shear-dominated (SSD) regime establishes. This kinematic 

change leads to a transition from transpressional to transtensional (TT) deformation regimes 

from the west to the east of the belt (Shabanian et al., 2012). The horizontal lineation and 

vertical foliation produced in SSD transpressional deformation (Fossen et al., 1994; 

Tommasi, 1999; Sullivan and Law, 2007; Baptiste and Tommasi, 2014) cause an aggregation 

of belt-parallel lithospheric and NNR-parallel asthenospheric splittings in central Alborz. 

Towards the eastern part of Alborz where the relative motion of SCB and central Iran are 

almost parallel with mountain trends, the deformation pattern changes to the SSD and PSD 

transtensional regimes. The horizontal lineation in these transtensional deformations (Fossen 

et al., 1994) in eastern Alborz may result in the deviation of anisotropic trend from the 

asthenospheric plate motion-parallel pattern observed in western Alborz. The idea of larger 

contribution from lithospheric anisotropy in central and eastern Alborz in comparison with 

western Alborz, is supported by the results of Pn anisotropy (Figure 9a). This transition from 

plate motion-parallel fast-axes in western Alborz to non-belt-perpendicular/belt-parallel 

pattern predicted for eastern Alborz can explain the contrasting results between Sadidkhouy 

et al. (2008) and Kaviani et al. (2009) in the Alborz. 

3.3.3 Expansion to a 3D Geodynamical Model of the Arabia-Eurasia Collision Zone  

Variable fast polarization orientations and the lithospheric thickness gradient across 

the western Arabia-Eurasia collision zone (Figure 7) are the main ingredients of the 2D 

geodynamical model presented in Figure 8. The large-scale study of Priestley et al. (2012) 

showed that the depth of LAB abruptly decreases to the west of our 2D model. Kind et al. 

(2015) utilized S receiver functions to estimate the lithospheric thickness of eastern Turkey. 

Their results agree with those of Priestley et al. (2012), implying that the lithosphere to the 

west of our 2D model is much thinner. The systematic difference between the fast-axis 

orientations of the western earthquakes and eastern earthquakes (Figure 3), discussed in 

section 2.1, can be considered as an indication of a dominant contribution of the 

asthenospheric flow in the anisotropic structure near the northern edge of the Arabia and to 

the south of the Bitlis suture. The results of the first Fresnel zone analysis at stations E01, 

M01, M04 and M06 in the Zagros (Figure 4, Figure S2) and comparison of the estimated 

depths of the anisotropic layer with the tomographic image and the migrated SRFs (Figure 7) 

are in agreement with the idea that the west-to-east anisotropic gradient should have its 

source in the deep structures. Therefore, the plate motion-parallel trend to the west of the 2D 

model can be associated to the asthenospheric flow beneath the Mosapotamian plain and the 

Zagros-parallel fast polarizations are the result of the transpressional deformation in the 

thickened lithosphere of the western Zagros (Figure 10). 

To the southeast of the 2D model, the lithospheric thickness along the strike of the 

Zagros does not change significantly (Priestley et al., 2012; Mohammadi et al., 2013). Arabia 
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and Eurasia have an oblique convergent boundary. GPS velocity vectors in a Eurasia-fixed 

frame, however, show that the motion of Arabia relative to Eurasia changes along the 

collision boundary from a northward movement in western Zagros to a NNE trend in eastern 

Zagros (Walpersdorf et al., 2006). This variation along the suture belt results in an oblique 

convergence in western Zagros but approximately frontal in eastern Zagros (Jackson, 1992; 

Talebian and Jackson, 2002; Vernant and Chery, 2006). At crustal scale, the oblique 

convergence in western Zagros is partitioned to dextral and reverse movements on the Main 

Recent Fault (MRF) and the Mountain Frontal Fault (MFF), respectively (Jackson, 1992; 

Talebian and Jackson, 2002). This strain partitioning is not observed in eastern Zagros. At 

lithospheric scale, we believe that the oblique convergence is accommodated by ductile 

transpressional deformation in the lithospheric mantle. As discussed previously in the 2D 

model, the large suture-parallel component of convergence in western Zagros results in the 

domination of simple shear deformation and horizontal lineation fabrics (Figure 8 and 10). To 

the southeast and in central and eastern Zagros the suture-parallel component of the 

convergence decreases, hence the PSD transpression and axial shortening could lead to a 

more vertically-oriented lineations and a decrease in the strength of the mountain belt-

parallel-splitting caused by lithospheric anisotropy (Fossen et al., 1994; Tommasi, 1999; 

Sullivan and Law, 2007; Baptiste and Tommasi, 2014) (Figure 10). Such a transition between 

different deformation regimes may give rise to deviation of the lithospheric splittings from 

the observable belt-parallel trend and even cause the domination of plate-motion-parallel fast-

axis orientations originating from the asthenospheric flow filed in eastern Zagros. The 

variation of lithospheric anisotropy along the Zagros inferred from Pn anisotropy (Al-Lazki et 

al., 2014; Lü et al., 2012: Lü et al., 2017) provides an important clue to the predicted non-

belt-parallel lithospheric anisotropy in the eastern Zagros. 

4 Conclusions 

The individual splitting measurements obtained from the dense temporary profile of 

63 broadband seismic stations in the western part of the Arabia-Eurasia collision zone are 

critically analyzed. The results show that the fast-axis orientations dramatically rotate along 

the profile. A 2D geodynamical model justifying the observed anisotropic variations crossing 

the western Zagros, central Iran and western Alborz has been proposed (Figure 8): 

- The belt-parallel fast-axis trend observed in the western Zagros originates from a 

lithospheric transpressional deformation;  

- The belt-perpendicular (plate motion-parallel) fast-axis orientations in central Iran 

and western Alborz are a result of a sublithospheric mantle flow;  

- The keel effect of the thickened Zagros lithosphere together with the edge-driven 

convection flow produced by the lithospheric thickness gradient are the causative 

asthenospheric mechanisms behind the NW-SE anisotropic pattern in central Iran. 

Apart from the sublithospheric causes, deformation in the central Iran major shear 

zones also contributes to the observed anisotropy. 

The GPS velocity vectors along the Alborz and Zagros convergence boundaries were 

examined to measure the convergence directions and relative motion of the plates. The 

variation of the convergence obliquity along the Alborz and Zagros implies that a change in 

the pattern of lithospheric deformation is expected, which in turn influences the seismic 

anisotropy: 

- The variation in the pattern of lithospheric deformation along the Alborz can 

cause the fast-axis orientations to shift from the asthenospheric plate motion-
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parallel trend in western Alborz to a lithospheric and/or asthenospheric non-belt-

perpendicular/belt-parallel pattern in eastern Alborz;  

- A shift from lithospheric belt-parallel pattern in the western Zagros to an 

asthenospheric plate motion-parallel trend in the eastern Zagros is probable.  

The observed plate motion-parallel fast-axis orientations to the west of the 2D model 

have their origin in the sublithospheric flow beneath the thin lithosphere in northern Iraq. 
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Figure 1. (a) Map of the Arabia-Eurasia collision zone and the shear wave splitting results of 

Sandvol et al. (2003) in eastern Turkey, Kaviani et al. (2009) and Sadidkhouy et al. (2008) in 

Iran (white, cyan and yellow symbols, respectively). Ophiolites and the probable suture belts 

are plotted. The box area is the frame of Figure 1b and Figure 2. (b) Triangles show the 

temporary seismic network used in this study. Blue bars are the average splitting results at 

each station, measured by Sadeghi-Bagherabadi et al. (2018). Green bars illustrate the Pn 

anisotropy measurements (Lü et al., 2017) and red lines mark the outcrop regions of the 

major volcanic and intrusive rocks. Abbreviations are defined as follows: ZSFB, Zagros 

Simply Folded Belt; HZ, High Zagros; SSZ, Sanandaj-Sirjan Zone; UDMA, Urmieh-

Dhokhtar Magmatic Arc; CIMC, Central Iran Micro Continent; AZ, Alborz; KD, Kopet 

Dagh.  
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Figure 2. Map showing the individual splitting measurements projected down to the 150 km 

depth piercing points (cyan bars). The symbols (blue crosses) representing the null 

measurements are rotated through the back-azimuth of the earthquakes. Red lines mark the 

outcrop regions of the major volcanic and intrusive rocks which coincide with Urmieh-

Dhokhtar Magmatic Arc (UDMA) to the east.  Abbreviations are defined as follows: ZSFB, 

Zagros Simply Folded Belt; NNR, No-Net-Rotation; CI, Central Iran.  
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Figure 3. (a) The fast-axis orientations of seven events with back-azimuths between 84  and 

90 , two events with back-azimuths of 291  and 300  as well as one earthquake with back-

azimuth of 200  projected along the middle profile of the seismic network. Green and blue 

lines are aligned with the backazimuth directions and the perpendicular directions, 

respectively. Vertical small red lines represent null measurements. (b) The delay times of the 

same events as (a). In each panel the best-recorded earthquakes are shown by brown triangles 

and the rest of the measurements by circles. The two top panels in each column illustrate the 

approximate locations of the main geological and structural boundaries and the topographic 

section along the profile. The main geological features are: Mountain Frontal Fault (MFF); 

High Zagros Fault (HZ); Main Recent Fault (MRF); Sanandaj-Sirjan Zone (SSZ); Central 

Iran (CI); Urmieh-Dhokhtar Magmatic Arc (UDMA) and the Tarom Valley. The fast-axis 

orientation of all earthquakes with back-azimuths greater than 180  and those with back-

azimuths smaller than 180° are plotted in (c) and (d), respectively. The measurements 

obtained from Alborz stations are marked by green diamonds and those obtained from 

stations outside Alborz are shown by purple inverted triangles. Their circular average 

orientations are shown by colored bars. The no-net-rotation (NNR) direction and Zagros-

strike in both (c) and (d) panels are shown by blue and red dashed lines, respectively. The 

rose diagrams corresponding to the fast-axis orientations plotted in (c) and (d) are illustrated 

in (e) and (f), respectively. The circular average values of the Alborz (green diamond) 

measurements and those of outside Alborz (purple triangle) are also plotted.  
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Figure 4. The first Fresnel zones (circles) of a set of selected earthquakes studied. Colored 

dots show the surface projection of the piercing points along ray paths at depths of 50 to 350 

km. (a) Piercing points of pairs of earthquake ray paths with opposite back-azimuths at 

stations E01, M01, M04, M06 and M27 along with the Fresnel zones with maximum 10% 

overlap. (b) Same information as in (a) but for pairs of nearby stations receiving the same 

earthquake. In both maps the splitting measurements are plotted at the piercing depth that 

gives the 10% Fresnel zone overlap. The cartoon inserts illustrate the simplified geometry of 

the incoming rays and the depth at which the 10% overlap is achieved. 
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Figure 5. The results of two-layer modeling on the measurements. The two top rows and 

abbreviations are the same as Figure 3. (a) The bidirectional circular average fast-axis 

orientations (Equation 1) observed at stations are projected along the middle seismic profile. 

The Zagros strike (azimuth 135
o
) and the no-net-rotation (NNR) absolute plate motion 

direction (azimuth 45
o
) are marked by red and blue dashed lines, respectively. The color of 

each fast-axis symbol is according to the color bar on the right side; blue for matching with 

the NNR direction and red for matching with the Zagros strike. For the purpose of modeling 

each fast-axis observation was approximated with either the 45
o
 or 135

o
 direction. Vertical 

arrows on the symbols show this shift. (b) Average delay times at stations plotted with same 

color bar in panel (a). (c and d) Smoothed trends of delay times in the upper and lower layers 

of the best-fitting two-layer models, respectively. Note the opposite directions in the time 

axes between the two panels. Black trends in both panels represent the models in which the 

delay time in the layer with weaker anisotropy is about zero (isotropic). Towards the blue or 

red trends the delay time increases to 1 sec. (e) The thickness of the two layers converted 

from the trend of the modeled delay times. 
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Figure 6. Schematic 2D sketch of the two main geodynamic scenarios explaining the 

observed shear wave splitting measurements in Arabia-Eurasia collision zone; (a) is the slab 

break-off scenario and (b) shows the subduction associated scenario. The approximate 

locations of the thickened Zagros lithosphere in the slab break-off scenario and the Neo-

Tethyan slab in the subduction associated scenario, both at 150 km depth, are projected to the 

surface in (c) and (d), respectively. The individual splitting measurements at 150 km piercing 

depth are also shown by the transparent red bars. Abbreviations are defined as follows: 

ZFTB, Zagros Fold-and-Thrust Belt; MZT, Main Zagros Thrust; SSZ, Sanandaj-Sirjan Zone; 

UDMA, Urmieh-Dhokhtar Magmatic Arc; EDC, Edge-Driven Convection; NNR, No-Net-

Rotation. 
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Figure 7. Two top rows and abbreviations are same as Figure 3. (a) The bidirectional circular 

average of fast-axis orientations (Equation1) at stations are projected on the middle profile. 

Average values at the eastern, middle and western profiles are shown by diamonds, circles, 

and squares, respectively. The Zagros strike and the absolute plate motion directions are also 

shown by colored dashed lines. The color of symbols varies based on the value of average 

fast-axis orientations and according to the color bar on the right. Blue and red symbols are 

parallel with the no-net-rotation (NNR) direction and Zagros strike, respectively, and the 

average values between them are represented by black color. Each fast value is connected to 

the corresponding fast orientation in the simplified two-layer model with perpendicular axes. 

(b) Individual measurements are projected on the middle profile and shown by cyan markers. 

Their bidirectional circular averages and standard deviations in 40 km bins are shown by 

error bars. Color of the binned averages and error bars are the same as the color of the 

markers in (a). Migrated S receiver functions along the western profile of Mohammadi et al. 

(2013) and the P wave vertical tomographic transect of Vergés et al. (2011) are shown as 

background in (c) and (d), respectively. LAB depth estimated by Mohammadi et al. (2013) 

(blue dashed line) and Priestley et al. (2012) (gray dashed line) as well as the lithospheric 

thickness predicted by two-layer anisotropy model with perpendicular fast-axes (undulating 

green dashed line) and depths estimate by first Fresnel zones are superimposed on the 

background in (c) and (d). The approximate locations of the first broken-off (FBS) and the 

last broken off (LBS) slabs are shown in (d). 
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Figure 8. Our preferred 2D geodynamical model of the western Arabia-Eurasia collision 

zone beneath the middle profile of seismic stations analyzed in this study, crossing the 

western Zagros, central Iran and western Alborz. The crustal part is shown by brown area. 

The range-parallel fast-axis orientation in the Zagros Fold-and-Thrust Belt (ZFTB) and 

Sanandaj-Sirjan Zone (SSZ) originate from the lithosphere, whereas in central Iran, the Edge-

Driven Convection (EDC) flow and the keel effect also contribute. The no-net-rotation 

(NNR) parallel fast orientations are associated with the asthenospheric flow field beneath the 

thin and/or weakly anisotropic lithosphere (WAL) inferred from Pn anisotropy. The 

approximate locations of the first broken-off (FBS) and the last broken-off (LBS) slabs are 

shown. 
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Figure 9. (a) GPS velocity vectors of Djamour et al. (2010) relative to central Iran are shown 

by yellow arrows. The borders of South Caspian Basin (SCB), Alborz and central Iran (CI) 

are marked by dashed brown lines (Shabanian et al., 2012) and the relative motion of SCB 

and central Iran is illustrated by thick brown arrow. Yellow line is the smoothed Alborz trend 

estimated from free-air gravity anomaly and red line shows a second order polynomial fitted 

to this trend. Blue, magenta and black markers are the splitting results of Sadeghi-

Bagherabadi et al. (2018), Kaviani et al. (2009) and Sadidkhouy et al. (2008), respectively. 

Green bars illustrate the Pn anisotropy measurements (Lü et al., 2017). (b) The slope of the 

fitted second order polynomial to the Alborz range trend is plotted by red line. The average 

relative motion between SCB and CI is shown by brown line. Purple line shows the angle 

between SCB-CI relative motion and the Alborz trend. The convergence obliquity in western 

Alborz is frontal and it tends to be strike-slip to the east. 
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Figure 10. 3D geodynamical model of the Arabia-Eurasia collision zone. The no-net-rotation 

(NNR) parallel fast orientations, associated with the asthenospheric flow field are shown by 

red arrows and the green arrows show the range-parallel sublithospheric flow caused by 

Edge-Driven Convection (EDC) flow. The lithospheric range-parallel fast orientations in 

western Zagros and central Iran are shown by green markers. The gray shading in 

lithospheric section represents the amount of deformation and its associated anisotropy in 

lithosphere. The green shadings plotted at the base of the thickened Zagros lithosphere and 

along the Alborz lithospheric section show the variation in the style of lithospheric 

deformation along theses fold-and-thrust belts. The pattern of deformation in the western 

Zagros and eastern Alborz is simple shear-dominated (SSD) transpression that gradually 

changes to pure shear-dominated (PSD) transpression pattern towards central and eastern 

Zagros and western Alborz. This variation in the deformation style will coincide with the 

shift from the lithospheric belt-parallel fast-axes in the western Zagros to a NNR-parallel 

trend in the eastern Zagros. In Alborz, however, the plate motion parallel trend to the west 

changes to the non-belt-perpendicular pattern to the east.  


