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Abstract 
In this study, we obtained two-dimensional tomography maps of the Rayleigh wave group velocity 
for the northwest part of the Iranian Plateau in order to investigate the structure of the crust and the 
uppermost mantle of NW Iran. To do this, the local earthquake data during the period 2006-2013, 
recorded by the 10 broadband stations of the Iranian seismic network (INSN) were used. After the 
preliminary correction, Rayleigh wave group velocity dispersion curves for each source-station 
path using the time-frequency analysis (FTAN) were estimated. Then, using a 2D-linear inversion 
procedure, the lateral variations in the group velocity distribution at different periods were 
calculated. The results are consistent with the previous studies and show major structural units in 
this region. Our results for the lower periods show distinct velocity anomalies along the North 
Tabriz Fault (NTF) and beneath the Sahand and Sabalan Volcanoes. Also, along the boundary of 
the Urumieh-Dokhtar Magmatic Arc (UDMA) and the Sanandaj-Sirjan metamorphic Zone (SSZ), 
lateral velocity changes are observed. The results for the longest period (the uppermost mantle) 
show low-velocity anomalies for most parts of the study area. 
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1. Introduction 
The Iranian part of the Alpine-Himalayan 
collision zone consists of an assemblage of 
lithospheric blocks, features of a complex 
tectonic setting, which result from the 
collision and convergence of the Arabian 
plate towards Eurasia. The convergence 
between Arabia and Eurasia began in Late 
Cretaceous (Golonka, 2004). Over time, this 
motion led to subsequent collision stages 
between Arabia and smaller continental 
blocks resulted from the break-up of 
Gondwana until the final closure of Neo-
Tethys Ocean. As a result of the collision 
between Arabian plates with Central Iran 
block, the Zagros-Oman-Makran orogenic 
system along the north-eastern margin of 
Arabia was built, and the Alborz and Kopet 
Dag were developed along the collision 
between Iran and the Caspian Sea and 
Eurasia, respectively. Because of this 
geodynamic evolution, a complex geological 
structure has formed that characterized by 
important lateral variations in age, 
composition and tectonic style (Golonka, 
2004; Hatzfeld and Molnar, 2010). 
Northwestern Iran is a part of the Arabia-
Eurasia collision that is situated between the 
Caspian Sea, the southern Caucasus, the 
eastern Anatolia and the north of the Zagros 

Mountains (Figure 1). This area is a 
seismically active region with major 
deformation that is the result of the closure of 
the Neotethys Ocean, and the final collision 
of the Arabian plate with the Central Iran 
block. This intra-continental tectonics has 
begun at about 12 Ma (Copley and Jackson, 
2006). Geological evidences and fault plane 
solution of earthquakes indicate the existence 
of both thrust and conjugate strike-slip 
faulting in this region (Talebian and Jackson, 
2002; Jackson, 1992). Also, Copely and 
Jackson (2006) showed an unrecognized 
oblique normal faulting along the border 
northwest Iran and eastern Turkey, referred 
to as the Serow normal faults. One of the 
active fault in NW Iran is the North Tabriz 
fault (NTF). The NTF is part of the right-
lateral fault system in the eastern Turkey-NW 
Iran, which partially transfers the motion 
across the North Anatolian and East 
Anatolian faults to the east, toward the 
Alborz and the Zagros (Moradi et al., 2010). 
Based on GPS data, Djamour et al. (2011 ) 
found a right-lateral strike-slip rate about 7 
mm/yr for the NTF and a 250-300 years 
period for recurrence of earthquake for this 
region. Further, the two large Neogene-
Quaternary volcanoes are located in this 
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They suggested a low velocity zone for NW 
Iran and along the UDMA, but for other 
areas of NW Iran, they indicated the high 
velocity structures. Maheri-Peyrov et al. 
(2015) obtained the ML shear velocity for the 
Iranian Plateau. They showed a low shear 
velocity for NW Iran. Rezaeifar et al. (2016) 
using local earthquake tomography revealed 
two high and low velocity anomalies in the 
upper crust along the NTF. Bavali et al. 
(2016) using regional and teleseismic travel-
time tomography obtained the lithospheric 
structure beneath NW Iran. They found 
several low-velocity anomalies in the crust 
and also deeper low-velocity zones in the 
upper mantle. In addition, they showed a 
high-velocity region beneath the SCB. Lü 
and Chen (2017) obtained the P-wave 
velocity structure beneath the Sahand and 
Sabalan Volcanoes in NW Iran. They showed 
low velocities in the upper crust beneath the 
two volcanoes. They attributed these low 
velocities to the upwelling of the hot 
materials from the mantle. Other 
tomographic studies of the upper mantle of 
the Iranian plateau (Shad Manaman et al., 
2011; Lü et al., 2012; Amini et al., 2012; 
Mottaghi et al., 2013; Rahimi et al., 2014), 
and the Turkish-Iranian plateau (Hearn and 
James, 1994; Maggi and Priestley, 2005; Al-
Lazki et al., 2004; Alinaghi et al., 2007; Al-
Lazki et al., 2014) presented a low-velocity 
zone for the upper mantle of NW Iran. 
The aim of this study is to investigate the 
structure of the crust and the uppermost 
mantle for NW Iran using surface wave 
tomography. To do this, we use the local 
earthquake data recorded by the 10 
broadband stations of the INSN. The 
Rayleigh wave group velocity dispersion 

curves for each source-station path using the 
time-frequency analysis (FTAN), are 
estimated. Then, using a 2D-linear inversion 
method developed by Ditmar and 
Yanovskaya (1987) and Yanovskaya and 
Ditmar (1990), the 2D group velocity maps 
are generated. The results for the periods 5, 
10, 25, and 40 s are presented. The group 
velocity results for the periods 2 and 50 s due 
to low path density (low resolution) are not 
presented. The results show several distinct 
velocity anomalies beneath the two 
volcanoes, along the NTF and the other 
structural units of the study area.  
This method has not previously been used in 
this area. Its advantage is that it works in 
areas without uniformly coverage of rays. 
The velocity values are computed as an 
average of surrounding values given along 
the rays. The results are consistent with 
major geological and tectonic structures and 
the previous studies as well. However, the 
existence of a denser network of stations 
could be helpful in determining small-scale 
anomalies. 
 
2. Data and measurements 
In this study, we used the recorded local 
earthquakes data with magnitude greater than 
2.5 that took place in NW Iran and the 
surrounding area during the period 2006-
2013. A total of 1510 events, recorded by the 
10 broadband stations of the Iranian 
Seismological Network (INSN) (Table 1), 
have been used. maximum earthquake 
magnitude is 6.5 and hypocentral depth for 
all events are less than 50 km. The study 
area, the locations of the epicenters of 
earthquakes and stations used in this study 
are shown in Figure 2. 

 
Table 1. Station codes and locations of stations used in this study. 

Elevation(m)  Latitude(˚)  Longitude(˚)  Station Code   

2217 34.548 50.25 ASAO  1  

2350 35.908 51.126 CHTH  2  

2520 35.63 51.971 DAMV  3  

927 34.48 51.295 GHVR  4  

300 38.81 47.894 GRMI  5  

1985 33.739 49.959 KHMZ  6  

1730 39.355 44.683 MAKU  7  

1940 35.093 47.347 SNGE  8  

1795 35.916 50.879 THKV  9  

2200 36.67 48.685 ZNJK  10  
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method is a generalization of the classical 1D 
method of Backus and Gilbert (1968). The 
main advantage of this method is that in the 
cases of uneven distribution of surface wave 
paths, it works well. The dataset in this 
method are the travel times along different 
paths at each period that were calculated by 
the frequency time analysis (FTAN). In this 
method, the value of the initial velocity is 
constant and is equal to the average velocity 
at a given period. The method estimates the 
lateral variation of group velocity ( )V x  at 

each period. The lateral group velocity 
distribution could be estimated by 
minimizing the following function: 

2
( ) ( ) ( ) min,T m d    d Gm d Gm x x         (1) 

where: 
1 1

0 0( ) ( ( ) ) ,m V V V  x x                              (2) 

0i i id t t                                                    (3) 

0 0

( ) ( ) ( ) ( )
i

i i

l

ds
G m dx m

V
  Gm x x x                 (4) 

0

0
0

( )
i

i i

l

ds
G d t

V
  x x                               (5) 

where ( , )x x    is the position vector, 0V  is 

the velocity corresponding to a starting 
model, ti  is the observed travel time along 

the ith  path, 0it  is the travel time calculated 

for the starting model,   is regularization 
parameter, 0it is the length of the ith  path 

and s  is the segment along which the 
inversion is performed. The regularization 
parameter that depends on the accuracy of 
the data, is the trade-off between the fit to the 
data and the smoothness of resulting velocity 
distribution.  
Another criterion that controls the quality of 
the solution is the comparison between the 
initial mean square travel time residual and 
the remaining (unaccounted) residual  . It is 
assumed that the unaccounted residuals are 
random, so   can be accepted as an estimate 
of the standard error of the data, which 

allows a standard error of the solution m  to 

be computed. Therefore, in this study, the 
value of  is used for the selection of the 
appropriate data: if the travel time residual 

for one path is larger than 3 , this path is 
eliminated from the dataset and the solution 
is recalculated (Yanovskaya et al., 1998). 
 
4. Group velocity maps 
Since the initial data do not constrain the 
seismic velocities at all points of a medium, 
the solution to the seismic tomography 
problem is not non-unique. The knowledge 
of the resolving power of the data, therefore, 
can be used to estimate the minimum 
resolvable inhomogeneity size from the given 
data sample and to decide whether or not, 
features of the solution could possibly be 
artifacts due to the specific solution method. 
Yanovskaya (1997) and Yanovskaya et al. 
(1998) proposed the use of two parameters to 
evaluate lateral resolution: the mean size and 
the stretching of the averaging area. 
In this tomography method, the velocities are 
calculated as an average of the surrounding 
values given along the rays. Therefore, the 
method has a variable number of grid nodes 
where the velocity values are estimated, and 
it not only gives the velocity distribution, but 
also permits to see the averaging area for 
each grid node. Therefore, the mean size (the 
resolution length) and stretching of this 
averaging area are an estimation of the 
resolution in every point. In the case that 
there is only sparse ray coverage, the mean 
size averaging area is larger. In contrast, in 
the case that ray coverage is good and also 
the distribution of rays is uniform, the 
resolution is better. The values of the 
‘stretching’ parameter indicate the 
distribution of paths. Small values of this 
parameter indicate uniform distribution along 
all directions, and large values of that 
(usually>1) mean that the paths have a 
preferred orientation, and so, the resolution 
along this direction is small (Yanovskaya, 
1997; Yanovskaya et al., 1998). 
An important factor that controls the 
tomography results is the regularization 
parameter. The results and their reliability are 
easily compared by different regularization 
parameters and grid node distributions. The 
higher values of this parameter results in a 
smoother group velocity distribution and 
larger residuals and hence a larger averaging 
area for each grid node. For Smaller values 
of the parameter, group velocity distributions 
are very perturbed and, thus, averaging areas 
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5. Discussion and conclusions 
Certainly, the dispersion measurements are 
not free of uncertainty because of the source 
mislocation. Chen et al. (2010) analyzed this 
problem and found the statistical margin of 
error due to source mislocation that is less 
than 0.03 km/s for Rayleigh waves velocity. 
The error value for the parts of the study area 
that has a low ray coverage is higher and 
marked with blue color. It ranges from 0.015 
to 0.05 km/s, but for most parts of the study 
area, it is less than 0.03 km/s. The values of 
group velocities at each grid are calculated as 
the mean of the velocity data along different 
paths. In case that path coverage is poor, the 
size of resolution length is large. The 
resolution lengths in the eastern parts are 
lower (marked with red color), so we have a 
high resolution for these parts. The 
dimensions of heterogeneities can be 
determined from the resolution length maps. 
The resolution length results are on the order 
of 50-150 km for the most parts of the study 
area, but for the marginal areas with low ray 
coverage, these values are even more. The 
stretching parameter values are spatial 
distribution (azimuthal coverage) of the 
paths, and large values of this parameter 
show a preferred orientation of the paths. The 
distribution of the stations and earthquakes 
controls the stretching parameter. The 
smaller value of that (usually <1) indicates a 
uniform distribution of rays. Its values in our 
results are about 0.8 that shows a uniform 
distribution and an identical resolution along 
each path for most parts of the study area 
(Figure 6).  
The results show a good agreement with the 
dominant geological structures and the 
previous studies. The Rayleigh group 
velocity range at period of 5 s is from 2.1 to 
2.8 km/s and has an average of 2.4 km/s. 
Rezaeifar et al. (2016) showed two distinct 
velocity anomalies that extend to the depth 
14 km with their boundaries parallel to the 
NTF: a high velocity anomaly related to 
basaltic volcanic rocks in the south and a low 
velocity anomaly related to sedimentary 
rocks in the north of the NFT. These high and 
low velocities are observed in our group 
velocity results at periods 5 s (depth about 6 
to 8 km) and 10 s (depth about 15 km). Also, 
our results at period of 5 s show a low 
velocity zone beneath the Sabalan Volcano, 

which could be due to the high temperature 
of the volcanic rocks or shallow magma 
chamber beneath this volcano. The existence 
of the hot springs around this volcano signify 
this high temperature rocks. Beneath the 
Sahand Volcano a high velocity zone is 
observed that could be due to a low 
temperature volcanic rocks or a deeper 
magma chamber. Another distinct high 
velocity zone is observed for the 
southwestern areas that could be attributed to 
the Mesozoic volcanic rocks (along the SSZ).  
The group velocity range at period 10 s is 
from 2.6 to 3.3 km/s and has an average of 
2.9 km/s. At period of 10 s, the results are 
different (depth about 15 km). A relatively 
low velocity zone beneath the Sahand 
Volcano is observed that extends to the north. 
Also, a high velocity zone beneath the 
Sabalan Volcano that may indicate a 
transition from warm magmatic rocks to 
colde ones. Along the SSZ a high velocity 
zone is observed as well, which can be 
related to the sedimentary and metamorphic 
Paleozoic-Cretaceous rocks in this zone. 
While along the UDMA a low velocity zone 
is observed that could be due to volcanic and 
sedimentary rocks that reflect the lava flows 
through the pyroclastic deposits of the upper 
crust along the zone of UDMA (Mottaghi et 
al., 2013). The group velocity at period of 20 
s (depth about 32 km) has an average of 2.9 
km/s. The results at period of 20 s show a 
low velocity anomaly for the eastern areas 
and along the UDMA. However, in the 
southwest areas (along the SSZ), a high 
velocity zone is observed. Mottaghi et al. 
(2013) showed a high velocity zone beneath 
the SSZ and a low velocity zone beneath the 
UMDA, and they also showed a low velocity 
zone at period of 32 s beneath the SSZ and 
the UMDA. The group velocity range at 
period of 40 s is from 2.7 to 3.5 km/s and has 
an average of 3.1 km/s. The results at period 
of 40 s are different, for the southern areas 
show low group velocities, while, for the 
northern areas show higher group velocities, 
and these could be due to the difference in 
the crust structure such as thickness and type 
of the lower parts of the crust and the 
uppermost mantle. The previous studies 
showed a low velocity zone for the 
uppermost mantle in the NW Iran (Hearn and 
James, 1994; Al-Lazki et al., 2004; Maggi 



2-D Surface Wave Tomography in the Northwest Part of the Iranian Plateau                        141 

and Priestley, 2005; Alinaghi et al., 2007; 
Tabatabai et al., 2008; Shad Manaman et al., 
2011; Amini et al., 2012; Al-Lazki et al., 
2014; Bavali et al., 2016).  
In this study, the 2D Rayleigh wave group 
velocity maps in the period’s 5-40 s for NW 
Iran were obtained. The results correspond to 
the major structural units. At period of 5 s, a 
low velocity zone beneath the Sabalan 
Volcano is observed that is most likely 
related to a shallow thermal origin. Beneath 
the Sahand Volcano in the south of the NTF 
a high velocity zone is observed, whereas for 
the sedimentary rocks in the north of the NTF 
a low velocity zone is observed. At periods 
of 10 and 20 s, a relatively low velocity zone 
beneath the Sahand Volcano is observed that 
extends to the north. This shows a deeper 
thermal source beneath the Sahand Volcano 
than the Sabalan Volcano. Moreover, lateral 
velocity changes along the Boundary of the 
UDMA and the SSZ (at periods 5, 10, and 20 
s) are observed, which corresponds to the 
suture zone found along the boundary of the 
UDMA and the SSZ (Mottaghi et al., 2013). 
The results at period of 40 s (the uppermost 
mantle) show a relatively low group velocity 
for most parts of the study area that could be 
due to the warm upper mantle in NW Iran. 
However, determining the source of the high 
velocity anomaly at period 40 s due to low 
resolution (low resolution lengths) is 
difficult.   
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