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Abstract 
This study investigates the anisotropic characteristics of seismic waves following the Sisakht  
earthquake on February 17, 2021, in the southwest of Iran. Our analysis of the anisotropic behavior 
of the region was conducted using two methodologies, shear wave splitting analysis (SWS) and  
ambient noise interferometry (ANI). These methods provided complementary insights into the  
subsurface dynamics influenced by seismic activity. The analysis of shear wave splitting used  
continuous seismic data from the Kolanja station, which included 237 aftershocks  (earthquake that 
occurs after a larger seismic event) and 63 foreshocks (earthquake that occurs before a larger seismic 
event). This extensive dataset allows us to analyze seismic wave behavior before and after the  
earthquake. According to calculations, there was a significant shift in the orientation of fast-polarized 
S waves, which shifted from 114.5° prior to the earthquake to 93.46° following the earthquake.  
According to this shift, there may have been an alteration in subsurface material properties. This 
indicates that the earthquake may have impacted the alignment or stress distribution within the crust 
of the Earth. In addition, we have observed an increase in the time delay between the slow and fast-
polarized S waves before and after the earthquake, with the delay increasing from 0.08±0.01 seconds 
before to 0.1±0.01 seconds after the earthquake. This change highlights modifications in wave prop-
agation characteristics and suggests potential reconfiguration of subsurface structures due to seismic 
activity. There has been an apparent change in the direction of anisotropy as well, from NW-SE 
before the earthquake to NE-SW afterward, indicating that the stress fields or material alignments 
within the crust have been altered. In addition to shear wave splitting, we analyzed ambient noise 
data from ten seismological stations in the region. By retrieving empirical Green's functions (EGFs) 
between various station pairs, Anisotropic parameters were derived based on azimuthal variations of 
Rayleigh wave group velocities. According to the results, our findings of shear wave splitting were 
corroborated, with an overall anisotropy direction change of approximately 6 degrees across the 
study area correlating with previous findings. The consistency between the NW-SE direction of an-
isotropy identified through ambient noise interferometry and shear wave splitting results reinforces 
the reliability of these results. This study enhances our understanding of how seismic events influ-
ence anisotropic properties in the Earth's crust, contributing valuable insights into subsurface dynam-
ics in seismically active regions. 
 
Keywords: Seismic anisotropy, shear wave splitting, ambient noise interferometry, sisakht  
earthquake 

 
∗Corresponding author:                                                                                                                 asadid@ut.ac.ir 

https://doi.org/10.30499/ijg.2025.499798.1663


2                                                                   Mohamadzadeh et al.   Iranian Journal of Geophysics, Vol 20 NO 6, 2027 

1    Introduction 
The Iranian plateau, situated at the con-
vergence between the Arabian and Eura-
sian plates, is characterized by complex 
tectonic activity that has shaped its pre-
sent-day topography and seismicity. 
These characteristics made it a natural 
laboratory to investigate strong defor-
mation in continental collision zones. 
The Zagros region resulting from this 
collision on the Arabian lithosphere, rep-
resents one of the most prominent and 
well-studied fold-and-thrust belts (e.g., 
Hatzfeld & Molnar, 2010; 
Mahmoodabadi et al., 2020; Motaghi et 
al., 2017; Movaghari & Doloei, 2020; 
Paul et al., 2010; Zarunizadeh et al., 
2024, among others) in the world. Dif-
ferent parts of the Zagros belt, including 
the NW Zagros, the central Zagros, and 
the SE Zagros, exhibit distinct geologi-
cal, structural, and tectonic characteris-
tics, reflecting the varying nature of the 
forces acting upon them (e.g., 
Mouthereau et al., 2012).  
    The study of seismic anisotropy has 
provided valuable information over the 
past few decades for interpreting and 
evaluating active crustal deformation 
and stress fields using multiple aniso-
tropic interpretation models (Becker et 
al., 2008; Boness & Zoback, 
2006). Anisotropy in the Earth's crust 
may be caused by fluid-filled fractures or 
microcracks, by layered bedding in sedi-
mentary formations, or by highly foli-
ated metamorphic rocks (Crampin & 
Peacock, 2008). Anisotropy resulting 
from aligned cracks in the crust can be 
used to assess the state of stress in the 
crust (Pastori et al., 2012). 
    There are some radial and azimuthal 
seismic anisotropy studies on a regional 
scale beneath the Iran plateau (e.g., 
Kaviani et al., 2021; Movaghari et al., 
2021; Sadeghi‐Bagherabadi et al., 

2018). Previous studies show that anisot-
ropy in a region is associated with signif-
icant changes before an earthquake 
(Chao & Peng, 2009). The development 
of methods for measuring anisotropy 
goes back to the last few decades 
(Crampin, 1985). Today, it has been 
proven that shear wave splitting (SWS) 
is one of the inevitable characteristics of 
any anisotropic medium. Because one of 
the reasons for anisotropy is the accumu-
lation of stress in the rock mass. As a re-
sult of this stress accumulation, a shear 
wave entering an anisotropic region is 
split into two shear waves polarized at 
right angles according to the local sym-
metry of the medium (Crampin, 1985). 
The polarization direction of the fastest 
wave is known as the fast direction (ϕ), 
while the lag of the slower wave is 
known as the delay time (δt).When they 
exit the anisotropic medium, the fast 
shear wave maintains its polarization 
within the symmetry plane of that me-
dium. Meanwhile, the time difference 
between the fast and slow shear waves 
serves as an indicator of the medium's 
anisotropy. In a fractured HTI medium, 
the polarization of the fast shear wave 
can help determine the orientation of the 
fractures, while the time delay between 
the fast and slow shear waves correlates 
with the intensity or density of the frac-
tures (Vecsey et al., 2008).  
    Due to the complexity of the seismic 
shear-wave signal, it is difficult to meas-
ure seismic shear-wave splitting accu-
rately. Various techniques have been de-
veloped to measure the time delays and 
polarizations of the fastest shear waves 
above small earthquakes (Crampin & 
Gao, 2006). There are two most com-
monly used techniques for estimating 
seismic anisotropy. The first is based on 
the covariance matrix decomposition, 
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and the second is based on the cross-cor-
relation technique. The first one works 
better when the S-wave arrival is impul-
sive, which can be the case in very shal-
low volcanic earthquakes. Meanwhile, 
the second method works well when the 
slow component of the S-wave is visible 
and not quickly contaminated by later ar-
rivals (Piccinini et al., 2013). In the 
cross-correlation method, it is assumed 
that, when a shear wave propagates in an 
anisotropic medium, it is split into or-
thogonally polarized fast and slow com-
ponents that have an identical pulse 
shape. Therefore, the method seeks to 
maximize the cross-correlation between 
the corrected horizontal components, 
which corresponds mathematically to 
maximizing the determinant of the time-
domain covariance matrix. Furthermore, 
if the shear wave is not separated and the 
particle motion is linear, the measure-
ment will be null (Long & Silver, 2009).  
    In the last decade, another new 
method known as seismic interferometry 
has created a revolution in passive seis-
mology. Developing seismic interfero-
metric theory allows seismologists to ex-
tract useful information from the ambi-
ent noise wave, which is normally re-
moved from seismic data. In this 
method, it is possible to extract short-pe-
riod surface waves (Rayleigh and Love) 
from passive seismic data (Roux et al., 
2005; Shapiro & Campillo, 2004). In a 
similar manner to shear waves, surface 
waves are sensitive to the anisotropic 
properties of the propagating medium 
and can be used to determine the proper-
ties of the earth's subsurface. This 
method uses cross-correlations of long 
time series of ambient noise recorded at 
two seismic stations (seismometers) to 
estimate Green's function between the 

two stations. The Green's function be-
tween two points may be interpreted as a 
seismogram recorded at one location in 
response to an impulsive or instantane-
ous source of energy at the other 
(Nicolson et al., 2012). The directional 
dependence of surface wave velocity ex-
tracted from ambient seismic noise can 
be used to determine azimuthal anisot-
ropy (Forsyth, 1975; Smith & Dahlen, 
1973). 
    The aim of this study is to investigate 
the variation of anisotropy of the Si-
sakht’s February 20, 2021 earthquake in 
the southwest of Iran (Figure 1). At first 
shear wave splitting before and after the 
main event are studied, and the anisot-
ropy parameters are calculated over a pe-
riod of time. While shear wave splitting 
is an unambiguous indicator of anisot-
ropy, the fact that it is typically a near-
vertical path-integrated measurement 
means that splitting measurements gen-
erally lack depth resolution (Long & 
Silver, 2009). While it can detect time-
dependent changes in anisotropy, SWS 
requires a dense distribution of seismic 
events to track these variations reliably. 
In areas with fewer earthquakes, this 
may result in data gaps that limit tem-
poral resolution.  In order to address 
these issues, ambient noise interferome-
try (ANI) method are used. Because dif-
ferent frequencies are sensitive to prop-
erties at different depths, surface wave 
dispersion can provide information 
about seismic velocity as it varies with 
depth  (Nicolson et al., 2012). Using this 
method, we could determine the azi-
muthal anisotropy of the region in crustal 
depths. Azimuthal anisotropy describes 
the velocity variability regarding the 
propagation direction, which comple-
ments SWS measurements.  
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Figure 1. The epicenter and focal mechanism of the Sisakht February 17, 2021 earthquake and its foreshocks and 
aftershocks.  

 
2    Seismotectonic and Seismicity 
The Sisakht region is located in the Koh-
giluyeh and Boyer-Ahmad Province, 
within the seismic province of Zagros 
and the Dena Mountain Range. This 
province encompasses both the Folded 
Zagros and the High Zagros regions, 
making it one of the most seismically ac-
tive areas in Iran, characterized by the 
largest concentration of earthquake epi-
centers. Reverse strike-slip earthquakes 
and shear compression earthquakes are 
the most common types of seismic activ-
ity in this region, with focal depths rang-
ing from 33 to 150 km. These earth-
quakes have a short return period and are 
generally of medium magnitude 
(Mirzaei et al., 1998). This region con-
tains a part of Zagros and Sanandaj-Sir-
jan Zone (SSZ) and is located where the 
Main Zagros Reverse Fault (MZRF) and 

the Main Recent Fault (MRF) meet 
which can be considered as the border 
between NW Zagros and central Zagros. 
Figure 1 indicates that the Dena Fault, 
with its north-northwest trend and east-
northeast dip, together with the High 
Zagros Fault, constitute a significant 
thrust fault system in the Zagros Moun-
tains, which are near the epicenter of rec-
orded seismic activity. 
    Statistical data indicate that relatively 
significant earthquakes have occurred in 
this region. According to Mousavi et al. 
(2014), 16 historical earthquakes with a 
magnitude (Mw) greater than 5 have 
been recorded. Additionally, during the 
first instrumental period (1900 to 1963), 
15 earthquakes with a magnitude (Mw) 
exceeding 5 were documented. Figure 2 
distribution of seismic events recorded in 
the Sisakht region. 



Investigation of anisotropy before and after Sisakht february 17, 2021 earthquake (Mn 5.4) …                                   5 

 
Figure 2. Seismicity of the region of this study. 

 
Figure 3. The seismological station’s locations in this study area from the Iran seismological center (IRSC).
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3    Data and Methodology 
In this study, continuous seismic data 
were collected from ten seismographic 
stations Between the latitudes of 50° and 
53.20° and the longitudes of 29.50° and 
32.70° belonging to the Iranian Seismo-
logical Center (IRSC) for a period of one 
year prior to the earthquake until No-
vember 07, 2021. The locations of the 
stations used in this study are shown in 
Figure 3. 
    In the first step, the data availability of 
each station of our dataset were checked. 
Figure 4, shows the data availability by 
blue vertical lines which represent the 
number of one-hour signals per day dur-
ing before and after the earthquake (red 
line in Figure 4). As we can see, two sta-
tions of KAZ2 and ABH1 have a huge 
gap after the earthquake. Therefore, due 
to irregular and the insufficient data dur-
ing the entire study period, two stations 
of KAZ2 and ABH1, were excluded 
from the processing steps for ambient 
seismic noise analysis. 
 
4.1   Shear Wave Splitting (SWS) 
To study the anisotropy parameters (δt) 

and (ɸ), the data must be within the shear 
wave window, which means that the ge-
ometrical incidence angle must be be-
tween 0 and 45 degrees (Piccinini et al., 
2013). In this regard, continuous data 
from the Kolanja (KLNJ) station, located 
13.40 km from the main event were ana-
lysed. The data covered six months be-
fore and six months after the earthquake. 
We extracted 450 events that met the 
mentioned specifications for this study, 
we used a cross-correlation method im-
plemented by the automatic code Aniso-
mat+ to calculate the anisotropy parame-
ters. Anisomat+ has been created and en-
hanced to swiftly extract crustal aniso-
tropic parameters, specifically the fast 
polarization direction (ɸ) and delay time 
(dt), associated with shear wave splitting 
in seismic S-waves. This code consists of 
a collection of MATLAB scripts and 
functions that can assess these aniso-
tropic parameters from three-component 
seismic recordings of local earthquakes 
using the cross-correlation method 
(Piccinini et al., 2013). Since there is no 
strong presence of topography gradients 
or fine structure scatters in the study of 

 
Figure 4. The seismological station's data availability. The vertical blue lines represent the number of one-hour sig-
nals per day, and the red lines show the day in which Sisakht’s earthquake occurred. 
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seismic anisotropy in this tectonic re-
gion, and they are certainly less signifi-
cant than in volcanic environments. 
Therefore, the cross-correlation method 
is a good choice for this study (Pastori et 
al., 2012). 
    The waveform cross-correlation 
method is applied to the horizontal com-
ponents of the seismogram to measure 
the similarity of pulse shape between 
two S waves. These two waves have sim-
ilar shapes and mutually orthogonal os-
cillation directions, and they travel with 
different velocities. The analysis in-
volves selecting a frequency range that 
highlights the S waves and a time win-
dow for the analysis of the seismograms 
centered on the S arrival (the time win-
dow must include at least one S cycle) 
(Pastori et al., 2012). 
    A brief summary of the steps involved 
in this study is as follows:  1) detecting 
and cutting foreshocks and aftershocks 
from the continuous data of the KLNJ 
station, 2) editing the header and picking 
the arrival time of S and P phases, as well 
as converting to SAC, 3) calculating an-
isotropy parameters using the Aniso-
mat+ code, 4) determining whether ani-
sotropy parameters have changed before 
and after an earthquake. 
    The first three step was done using 
Obspy package in Python. ObsPy is an 
open-source project designed to provide 
a Python framework for working with 
seismological data. The key criterion for 
detecting foreshocks and aftershocks is 
the time difference between the arrival of 
the S-wave and P-wave (S-P interval). 
For events within approximately 13 km 
of the seismic station, those with an S-P 
interval of 3 to 3.5 seconds were specifi-
cally identified and separated. This ap-
proach enabled the collection of relevant 
events around the Kalanja station. Fur-

thermore, single-station relocation meth-
ods are essential for accurately pinpoint-
ing the locations of events associated 
with the main earthquake located south-
west of the Kalanja station (Havskov et 
al., 2012). After this detection, we used a 
set of commands to cut and edit after-
shocks and foreshocks. 
   Anisotropy parameters were obtained 
by Anisomat+ software following the 
above steps, which included 303 results 
and 147 nulls. Anisotropy parameters 
were obtained by Anisomat+ software 
following the above steps, which in-
cluded 303 results and 147 nulls. Figure 
5 shows an example of the determination 
of anisotropy parameters related to an 
event on October 30, 2020, and a null ex-
ample related to an event on July 16, 
2021. 
    In order to investigate the variation of 
anisotropy, the changes in these two pa-
rameters were investigated over time, 
which can be seen in figure 6 and figure 
7. 
 
4.2 Ambient Noise Interferometry 
(ANI) 
For processing seismic ambient noise 
data, we followed the workflow pro-
posed by (Bensen et al., 2007; Lin et al., 
2007) to obtain Rayleigh-wave noise 
correlation functions (NCFs). In the first 
step, the continuous vertical-component 
data were divided into one-hour seg-
ments (Movaghari & Javan, 2018; 
Movaghari et al., 2014). Then, we re-
moved the mean, trend, and instrument 
response from these data. After the filter-
ing data in the frequency range of 0.02-
0.5 Hz, one-bit normalization and spec-
tral whitening were applied to eliminate 
earthquakes and other instrumental ir-
regularities. In the second step, the cross-
correlations between one-hour segments 
were calculated and then linearly stacked  
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Figure 5. A) An example of the output of the anisomat+ code, where the (δt) and (ɸ) have been obtained. b) An ex-
ample of a null output in which the S wave is not splitted and shows the linear particle motion. 

 
Figure 6. Show delay time parameter variation (δt). As can be seen, its value starts to increase one month before the 
earthquake and then starts to decrease with a gentle slope (the red dashed line shows the trend of parameter changes 
on average). 

A) 

B) 
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Figure 7. Display fast direction polarization parameter variation (ɸ). It is clear that before the earthquake, its values 
were fluctuated, and 6 months after the earthquake, the values have not reached a stable state (medium-sized red line 
is the value of the parameter in the entire period). 

 
Figure 8. All inter-station paths to obtain the noise correlation functions. 

 
to obtain the final NCF for each station 
pair. Figure 8 and Figure 9 show the in-
ter-station paths and corresponding 
NCFs in this study.   
    We calculated the dispersion curves 
using the FTAN method (Levshin et al., 
1972). This method is implemented in 
the computer programs in seismology 
(CPS) package (Herrmann, 2013) for the 
stacked NCFs. 
    The FTAN method involves selecting 
a time window centered around the first 

mode of the Rayleigh waveform for each 
NCF. The windowed data is then filtered 
using band-pass filters  and the ampli-
tude of each filtered trace is calculated 
using the analytical signal. A Gaussian 
filter is used to perform the filtering op-
eration, with its center in the desired fre-
quency range. The filtered traces are 
sorted by frequency and placed in a ma-
trix, creating an energy diagram. The 
dominant dispersing curve is typically 
represented by the maximum range in 
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each column of the matrix. Noisy and in-
valid measurements can be visually re-
moved at this stage. A suitable filter is 
applied to smooth the scattering curve 

and separate it from the rest of the signal. 
The final Rayleigh wave group velocity 
dispersion curves are depicted in Figure 
10. 

 
Figure 9. Noise Cross-correlation functions (NCF) for all station-pairs used in the region. 

 
Figure 10. Rayleigh wave group velocity dispersion curves for all station pairs used in the study area. 

 
According to (Smith & Dahlen, 1973), in 
an anisotropic medium and at a certain 
frequency ω, the group velocity variation 
can be written as follows: 

U(ω,ψ) = C0 + a1 (ω)cos(2ϕ)
+ a2(ω) sin(2ϕ)
+ a3 (ω)cos(4ϕ)
+ a4(ω)si n( 4ϕ) 

In which C0 is the isotropic term, ϕ is the 
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ray propagation azimuth and a1, a2, a3, 
and a4 are azimuthal anisotropic coeffi-
cients. The terms 2ϕ and 4ϕ denote a pe-
riodicity of 180° and 90°, respectively, 
and account for the azimuthal variations. 
The  4ϕ parts of this equation are negli-
gible due to the small contribution group 
velocity variations (Montagner & Nataf, 
1986). 
    Considering that the studied earth-
quake was located at a depth of 10 kilo-
meters, we selected periods of 8, 10, and 
12 s from the obtained group velocity 
dispersion curves due to these periods 
are sensitive to the depth range of 5 to 15 
km. Figure 11 shows the azimuthal dis-
tribution of group velocities for each pe-
riod. By fitting the whole raw dispersion 
data (red and blue dots) to an even-order 

harmonic (blue line), the anisotropic pa-
rameters are estimated. 
    The average direction of the fast axis 
for the periods of 8, 10, and 12 s before 
and after the earthquake are 156° and 
150°, respectively. This value for pro-
cessing all data is 152°. By comparing 
the obtained results, we conclude that 
there is no significant change in the di-
rection of the fast axis before and after 
the earthquake. Considering that the ob-
tained results represent the average of 
velocity changes beneath inter-station 
paths, and according to the removal of 
data from two stations due to the gaps 
(ABH1 and KAZ2), the obtained results 
can be attributed to the point with the 
most ray path density which is about 50 
km far from the earthquake location.  

 
Period After the main event Before the main event All the time 

8(s) 

   

10 (s) 

   

12(s) 

   
 
Figure 11. Azimuthal variation of Rayleigh-wave group velocities at periods of 8, 10, and 12 s obtained from inter-
station paths. 



12                                                                   Mohamadzadeh et al.   Iranian Journal of Geophysics, Vol 20 NO 6, 2027 

5    Discussion and Conclusion 
In this study we investigate the anisot-
ropy before and after Sisakht’s February 
17, 2021 earthquake occurred in south-
west of Iran using shear wave splitting 
(SWS) and ambient noise interferometry 
(ANI) methods. SWS is mainly sensitive 
to anisotropy in the upper mantle and 
lower crust, due to the path of the shear 
waves, but struggles with shallow crustal 
structures, potentially complicating post-
earthquake anisotropy interpretation. In 
comparison, ANI is most sensitive to 
shallow crustal structures, which limits 
its ability to detect deeper anisotropy 
changes in the lower crust and upper 
mantle, potentially underrepresenting 
deep-seated changes after an earthquake. 
Combining these two method provides a 
complementary view of anisotropy 
changes before and after the earthquake. 
    In general, the anisotropy direction of 

the fast axis in the SWS method clearly 
illustrates the change in anisotropy direc-
tion following the earthquake. The re-
sults show that the average time delay 
(δt) before the earthquake is 0.08±0.01, 
and this value starts to increase from 
about one month before the earthquake 
and after the earthquake with an average 
of 0.1±0.01 (Figure 12). These changes 
can be due to various reasons such as the 
increase of cracks and fractures during 
the earthquake phases or fluid migration 
along pressure gradients between closely 
spaced microcracks and pores. Also, the 
estimation of the parameter (ɸ) shows 
significant increases and decreases in its 
values near the time of the earthquake. In 
this case, it appears that there was an in-
crease in stress during the earthquake 
and an increase in cracks in various di-
rections during the Sisakht earthquake. 

 
Figure 12. The tectonic map of the region including the epicenter of the main event and aftershocks and foreshocks 
and showing variation in the direction of anisotropy before and after the main earthquake. As can be seen in the fig-
ure, the direction of anisotropy after the earthquake is inclined from the northwest-southeast direction to the north-
east-southwest direction. 
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    Additionally, a comparison of the di-
rection of anisotropy before the earth-
quake reveals an NW-SE trend, which is 
consistent with the High Zagros Fault 
(HZF), which is located 6 km from the 
epicenter of the Sisakht earthquake. 
However, after the earthquake, the ani-
sotropy direction shows NE-SW anisot-
ropy, which indicates that the main 
earthquake caused major cracks in this 
direction or the activation of a sub-fault 
in this direction. 
    In the ANI method, we processed con-
tinuous data from eight seismographic 
stations affiliated with the Iran Seismo-
logical Center (IRSC) to investigate azi-
muthal anisotropy in the study area. The 
need for continuous high-quality data 
can lead to the exclusion of certain sta-
tions, reducing spatial resolution and po-
tentially introducing biases in unevenly 
distributed regions. In this case, the con-

figuration of the station and data availa-
bility limited our study to the northeast-
ern region of the earthquake (Figure 8). 
Three periods of 8, 10, and 12 seconds 
were used to calculate the amplitude and 
direction of the anisotropy. The sensitiv-
ity of these periods was estimated to be 
around the earthquake's depth (10 kilo-
meters).  
    According to the obtained results, 
there is a slight change in the direction of 
anisotropy before and after the earth-
quake and a rotation of about 6° after the 
earthquake, which is not significant and 
can be within the estimations error. This 
was expected due to the lack of data and 
the removal of two stations, ABH1 and 
KAZ2. In general, the results of noise in-
terferometry show that the direction of 
anisotropy in the studied area is in the 
northwest-southeast direction, which is 
in a good agreement with the geological  

 

 
 
Figure 13. Comparison between the average result of our study from ANI (red bar) and the results of Kaviani et al. 
(2021) from the SWS method (blue bars). 
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structures of the area as well as the main 
fault of Dena, and consistent with the 
shear wave splitting results. The average 
direction of the fast axis is 152° which is 
subparallel to the result of Kaviani et al. 
(2021) from the SWS method in central 
Zagros (Figure 13). According to the 
sensitivity of 8, 10, and 12 s to the shal-
low depths, our result suggests a coher-
ent deformation in central Zagros and 
SSZ in response to the compressional sit-
uation beneath the Iran plateau. 
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