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Abstract  Until now, numerous efforts have been 
made to find earthquake precursors. One of the fac-
tors that can predict the occurrence of future earth-
quakes is a decrease in the b-value parameter. In this 
study, for the metropolis of Tehran, with a popula-
tion of over 8 million, located on or near many active 
faults, it is estimated that if the maximum seismic 
potential of these faults happened again, the greatest 
disaster in human history would occur. In this case, 
the analyses indicate a minimum of several hundred 
thousand casualties and sometimes more than a mil-
lion. In the current study, various faults around Teh-
ran were investigated, and given that the faults on 
Tehran have not had serious seismic activity for over 
a thousand years, this article focused exclusively on 
adjacent faults, particularly the Eshtehard faults. 
Therefore, in the current study, the seismicity and 
tectonics of western Tehran were investigated by ana-
lyzing seismic parameters using earthquake data col-
lected from 2003 to 2023. In general, the investiga-
tion of the temporal changes in the study area showed 
that the b-value decreased before the December 20, 

2017, earthquake and an increasing trend afterward. 
Observing anomalies in the b-value before and after 
the main movement in the area shows that changes 
in this parameter can be considered a precursor for 
estimating the time and location of earthquakes. 
Therefore, a useful step can be taken toward knowing 
the local seismic hazards by using earthquake data 
recorded by seismic networks and continuously moni-
toring the changes in the b-value.

Keywords  Earthquake forecast · b-value · 
Eshtehard fault · Seismicity · Seismic network

1  Introduction

The forecast of the future large earthquakes is a 
vital issue that remains uncertain despite significant 
advances in science and technology. Tehran, the cur-
rent capital of Iran, with a population of over 8 mil-
lion people, located in the Central Alborz Range, 
has become the country’s largest center of human 
and economic concentration. Due to the presence of 
active fault systems around the Tehran region, several 
studies have been conducted to analyze the seismicity 
of this metropolis. In the event of a severe earthquake 
in these faults, high-rise structures in Tehran, espe-
cially those that do not have a suitable lateral restraint 
system based on seismic codes, will be seriously 
damaged. In Tehran, more than a thousand tall build-
ings have a long period and are affected by distant 
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earthquakes. They need to be designed to withstand 
severe earthquakes away from faults. Therefore, due 
to the area’s seismicity, the presence of multiple 
faults, and the threats resulting from them, which 
could cause significant financial and human losses in 
the metropolis of Tehran, it is essential to analyze the 
seismicity of Tehran and provide crisis management 
solutions to prevent disasters. Therefore, this study 
has been chosen to investigate the seismicity of the 
west of Tehran using seismic parameters.

Nowadays, b-value, a-value, and fractal analysis 
are widely used in seismic studies. The Gutenberg-
Richter relationship is the most practical model 
proposed to explain a region’s variation of seismic-
ity characteristics. The Gutenberg-Richter relation-
ship, which shows the number of earthquake occur-
rences in a region as a function of magnitude, can be 
expressed in a simple form as the following equation:

In this equation, N is the number of earthquake 
occurrences with magnitudes greater or equal to M, and 
a and b are parameters that can be different depending 
on the region under investigation. Two parameters, a 
and b, are known as seismic parameters. The parameter 
of a represents the seismicity level of the region, and 
the higher its value, the higher the probability of seis-
micity in that region. The a-value depends on factors 
such as the area of the study, the seismicity rate, the 
size of the seismic sources, and the time span of years 
for which the data are calculated (Gutenberg & Richter 
1944). The parameter b is the slope of the frequency-
magnitude diagram (FMD), whose value varies in 
different regions and is usually between 0.4 and 1.8 
for different tectonic regions (Miyamura 1962). The 
b parameter is related to the tectonic features of the 
region, so that its changes can indicate the structural 
heterogeneity or epicentral distribution of earthquakes 
in the region. The high values of b indicate a higher 
ratio of small earthquakes to large ones. According to 
Bayrak et al. (2002), the smaller the value of b is, the 
higher the ratio of large earthquakes to small ones, and 
vice versa. Additionally, as Wyss (1973) stated, there 
is an inverse relationship between the value of b and 
the level of accumulated stress in a region. Therefore, 
low values of b are associated with high heterogeneity, 
greater stress accumulation, high strain rate, and the 
presence of major faults (Manakou & Tsapanos 2000).

(1)LogN = a − bM

The methods commonly used to calculate the b 
parameter include the maximum likelihood method 
(MLE) (Aki 1965; Shi & Bolt 1982; Utsu 1965) and 
the least squares method (LSM) (Main 2000; Zöller 
et  al. 2002). The maximum likelihood method con-
siders an equal contribution from each seismic event 
and calculates the magnitude of all earthquakes with 
equal weight as an average. Compared to the maxi-
mum likelihood method, the least squares method 
considers a higher weight for small and medium 
earthquakes (Xie et  al. 2022). Based on previous 
studies (Goldstein et al. 2004; Nava et al. 2017; New-
man 2005; Bengoubou-Valerius and Gibert 2013), 
the standard deviation of the least squares method 
is more than twice that of the maximum likelihood 
method. For catalogs of small earthquakes, the maxi-
mum likelihood method provides a more accurate 
estimate than the least squares method. In this study, 
we use a maximum likelihood estimate to estimate 
the b- and a-values and their confidence limits. The b 
parameter in Eq. 1 can be estimated using Eq. 2 (Aki 
1965; Bender 1983; Utsu 1965):

where M refers to the average magnitude of earth-
quakes in the earthquake catalog, and Mmin is the 
minimum magnitude. The standard deviation of the b 
parameter can be calculated using formula 3 (Shi and 
Bolt 1982):

where n is the total number of earthquakes that 
occurred in the region, M is the average magnitude 
of earthquakes in the catalog, and Mi is the magnitude 
of the ith earthquake. The zmap7 software (Wiemer 
2001; Wiemer and Wyss 2000) was used for earth-
quake data analysis.

The fractal dimension is another concept that helps 
us in seismology and the tectonic earthquake of a 
region. The fractal dimension is used to estimate the 
fractal dimension of the spatial and temporal distribu-
tion of earthquakes (Kagan & Knopoff 1980). As we 
know, most earthquakes occur due to the activation of 
faults and the resulting fractures. Kagan (1993) states 
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that earthquakes do not occur on a uniform surface 
but rather on multiple faults that are close to each 
other and have a fractal-like structure. Based on this, 
earthquakes can be represented with a self-similar 
mathematical structure. The fractal dimension param-
eter defined in such a self-similar mathematical struc-
ture is the earthquake fractal dimension.

The correlation integral method was used to cal-
culate the fractal dimension of earthquake epicenters. 
According to this method, the correlation dimension 
of the spatial distribution of earthquake activity in a 
region is given by Grassberger and Procaccia (1983):

where C(r) is the correlation function, which is given 
by

In this equation, N(R < r) is the number of pairs of 
earthquakes (Xi, Xj) with separation less than r. If 
the distribution of earthquake epicenters has a fractal 
structure, the relationship:

where D is the fractal or correlation dimension.

2 � Tectonic and seismic position

Due to Iran’s location in the Alp-Himalaya, the seis-
mic belt is formed by multiple tectonic plates, each 
with different seismic characteristics. The Alborz 
region in northern Iran has a width of 60 to 120 km 
and approximately includes the Alborz area and 
the southern coast of the Caspian Sea (Fig.  1a). 
This region has experienced severe seismic activity 
throughout history (Priestly et  al. 1994). The major 
faults in this region have a reverse slip component 
along the northeast-southwest direction, and their 
activity has caused various geological formations to 
be displaced against each other, as well as the emer-
gence of uplifted plateaus in the region. The occur-
rence of destructive earthquakes in the Alborz region, 
the southern Caspian Sea basin, and the northern part 
of central Iran indicates strong tectonic activities. The 
current movements in the Alborz region are related to 

(4)D =
LimlogC(r)

logr
r → 0,

(5)C(r) =
2

N(N − 1)
N(R < r)

(6)C(r) ∝ rD

a series of tectonic events resulting from the collision 
of Eurasia with central Iran and Eurasia with Arabia 
(Allen et  al. 2003). Recent GPS measurements have 
shown that the intracontinental deformation resulting 
from the convergence of the Eurasian-Arabian plates 
continues in an NNE direction at a slip rate of 22 
mm per year. The Global Positioning System (GPS) 
((Fig. 1a, b) indicates a shortening of the NNE direc-
tion in the Alborz region at a rate of 5 ± 2 mm per 
year and a left-lateral motion at a rate of 4 ± 2 mm per 
year (Rashidi & Derakhshani 2022). Investigations of 
the tectonic structures in the Alborz region, as well 
as the analyses and measurements conducted in this 
area, have shown that the most important structural 
elements in the region are the low-angle thrust faults 
and associated fold structures. The displacements 
along these faults have significantly impacted the for-
mation and shortening of the Alborz range.

3 � Data and methodology

This study investigated the western part of Tehran 
at longitude 49.324 to 51.051° and latitude 35.39 to 
35.98° (Fig. 2). The data utilized in this research were 
obtained from the national seismic database of the 
Institute of Geophysics at the University of Tehran, 
covering the period from 2003 to 2023. This dataset 
includes 185 seismic events with magnitudes ranging 
from 2.5 to 5.2 within the study area.

According to Wiemer and Wyss (2000), to cal-
culate the seismicity parameters a and b, it is neces-
sary to calculate the complete magnitude and use a 
homogeneous database. For each region, there exists 
a magnitude that, based on neighboring seismic sta-
tions and networks, can record all seismic events in 
the region. This magnitude is called the “magnitude 
of completeness” (MC), and according to its defini-
tion, all earthquakes in the region are recorded as 
the smallest magnitude, as stated by Wiemer and 
Wyss (2002). The MC is an important parameter in 
earthquake hazard assessment, as it represents the 
minimum magnitude that seismic instruments in the 
region can record. Using the MC value and a homo-
geneous earthquake database, seismicity parameters a 
and b can be calculated. These parameters are critical 
in determining earthquake risk and designing earth-
quake-resistant structures.
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Therefore, determining the MC for each region is 
an essential step in earthquake hazard assessment 
and seismic monitoring. Various methods are avail-
able to calculate the MC and one of these methods 
is the maximum curvature method proposed by 
Wiemer and Wyss (2000). This method can esti-
mate the complete magnitude of data that follows 
the Gutenberg-Richter law. Based on the maximum 
curvature method, a frequency-magnitude plot was 
generated for seismic events in the study region dur-
ing the period of December 2003 to January 2023 
to estimate the magnitude of completeness. The 
maximum curvature point on the plot corresponds 

to the magnitude of completeness, below which 
the frequency-magnitude distribution is no longer 
complete. The resulting frequency-magnitude plot 
showed that the complete magnitude for the study 
region was 2.5, as indicated in Fig. 3.

In the frequency-magnitude distribution plot, the 
red line indicates the best fit for the calculated net-
work data. The slope of the red line represents the 
b-value, and the intercept from the origin indicates 
the a-value of the Gutenberg-Richter relationship.

To obtain a more accurate assessment of the MC 
over time, we investigated and determined the tem-
poral changes in the data’s completeness magnitude 

Fig. 1   a Tectonic structure of the Arabian-Eurasian collision 
zone and the location of the studied subdomains (Alborz; pur-
ple rectangle) (ZB, Zagros belt; MIG, magmatic and metamor-
phic inner-Iranian zone; CEIM, Central-Eastern Iranian Micro-

continent; CI, Central Iran; and JD, Jazmurian depression). 
b GPS velocity field with respect to the Eurasian reference 
frame. c GPS velocity field in the rectangular area (Rashidi and 
Derakhshani 2022)



481J Seismol (2024) 28:477–489	

1 3
Vol.: (0123456789)

(MC) using an overlapping moving window (window 
overlap 4%). In this method, a moving window of 50 
events with 5 event increments is used to calculate 
the temporal variation of MC. As shown in Fig. 4, the 

MC variations increase from approximately 2.7 at the 
beginning of the study period to around 2.53 in the 
final years of the period.

Legend

Historical_earthquake

Instrumental_earthquake
Mag_

2.5 - 2.7
2.7 - 3.2
3.2 - 3.7

3.7 - 4.3

4.3 - 6.3

Iran_Faults
Cities
The Study Area

Tehran 

Fig. 2   Distribution of historical and instrumental earthquake epicenters

Fig. 3   The frequency-magnitude plot for the seismic events in 
the study region during the period of December 2003 to Janu-
ary 2023

Fig. 4   Temporal changes and decreasing trend (arrow direc-
tion) of the completeness magnitude (MC) of the data set in the 
study range during the period of December 2003 to January 
2023
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As can be seen, the overall trend of the seismicity 
changes in the study area indicates a decreasing trend of 
completeness magnitude (MC) over time. This indicates 
an improvement in the performance of seismographic 
networks in recording earthquakes in the study area.

(Figure 5a and b show the cumulative frequency-
magnitude distribution plot in terms of the number 
of earthquakes and the number per year, respectively. 
From 2003 to 2023 (Fig. 5a), we observe a relatively 
rapid decrease in the frequency of events up to a mag-
nitude of about 3.4. After that, a nearly constant slope 

is observed in the number of events up to magnitude 
4. These plots represent the behavior of earthquake 
occurrences during the study period in the specified 
region.

The cumulative chart of depth changes to the num-
ber of events (Fig.  6a, b) shows the depth of earth-
quakes in this region up to 28.7 km. It is important to 
note that seismic stations cannot accurately measure 
the depth of earthquakes, and the region’s tectonics 
and the depth of earthquakes should be considered to 
verify the depth of the events.

a b

Fig. 5   a Cumulative distribution plot of earthquake magnitude by count. b Number of earthquakes per year plot

a b

Fig. 6   a, b Cumulative graph of depth changes in relation to the number of events. The yellow star represents the epicenter location 
of the 20 December 2017 (Mw 5.2) Malard earthquake
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The magnitude-time plot of earthquakes is a help-
ful indicator for identifying the seismicity level of the 
region. Figure 7 shows that most regional earthquakes 
have magnitudes less than 5. However, this region 
has experienced numerous destructive earthquakes 
throughout history, causing significant casualties. We 
can mention the historical earthquakes of 7.2 in 2000 
AD and 20/12/2017 in Malard, which can be seen in 
the picture below.

Figure 8 shows the pattern of migration of seismic 
centers before and after the 5.2 magnitude earthquake 
in Malard. As seen in the figure, the direction of seis-
mic displacements indicates a north–south distribu-
tion and does not show a direct correlation with the 
seismotectonic activity of the Eshtehard fault zone. 
According to the studies of Mehrnia (2017), the dis-
tribution of earthquakes in the east of Alborz province 
follows spiral shapes, and a number of seismic events 
have a significant geometric relationship with the 
main epicenter of Malard. The spiral of the Malard 
earthquake has spread to the west (north-southwest 
direction) and parallel to the meridians. The possi-
bility of increasing aftershocks in the eastern part of 
the Malard spiral is much less than in the west. This 
means that Malard earthquakes do not have a sig-
nificant geometrical effect on the North Tehran fault. 
However, the authors suggest that since the release 

of stress from this block could potentially propagate 
stress to adjacent blocks, such as the northwestern 
block (the North Tehran fault), an increase in seis-
micity in neighboring blocks should be monitored. 
By analyzing seismic parameters, predictions can be 
made about the occurrence of more severe events in 
the future near the metropolitan areas of Tehran and 
Karaj. The order of occurrence of earthquakes is 
shown in Table 1.

4 � Results and discussion

4.1 � Spatial distribution of the b‑value

The b-value map provides valuable information 
about the tectonics of the studied region. In order to 
investigate spatial changes in stress in the study area, 
maps of b-value and a-value were drawn using the 
maximum likelihood estimation method. The spa-
tial variation of the b-value was obtained using 185 
seismic events recorded between 2003 and 2023 and 
we used the ZMap7 software program. To draw the 
spatial distribution map, meshing in the dimensions 
of 0.05 × 0.05° is designed to estimate each node’s 
value of parameter b using the maximum likelihood 
method. Figure 9 shows the spatial variations of the 

Fig. 7   Bar graph of the 
magnitude of earthquakes 
by year
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Fig. 8   The pattern of migration of seismic centers in the Eshtehard fault zone. The blue arrows show the migration pattern of seis-
mic centers before and after the 5.2 Malard earthquake
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b-value for the studied area. According to this figure, 
local variations in this value range from approxi-
mately 1.02 to 1.16, indicating severe heterogene-
ity throughout the region. As mentioned earlier, the 
b-value map represents the area’s stress distribution. 
Therefore, low b-values represent high stress, and 
high b-values represent low regional stress. The accu-
mulation of stress during different periods depends on 
the level of asperity or creep on fault surfaces, which 
leads to the release of stress at different levels through 
either creep or earthquakes with different recurrence 
intervals.

As seen in Fig.  9, the b-value in the active 
fault zone of the studied area is less than 1.6. The 
main stress accumulation is concentrated around 
the Eshtehard fault. The standard deviation of the 
b-value parameter is calculated using the equation 
presented above (Eq. 3). According to this equation, 
the measured error of the b-value in Fig. 10 ranges 

from 0.1 to 0.12. This value is an acceptable stand-
ard deviation for calculating the b-value parameter.

The map of the a-value is shown in Fig. 11. This 
map represents lateral variations in the region’s 
seismicity, where higher a-values indicate higher 
seismicity and lower a-values indicate lower seis-
micity. According to the figure, a varies from 4.7 to 
5.1. As observed, areas with higher a-values have a 
greater concentration of earthquakes. On the other 
hand, areas with lower b-values, which indicate a 
lower ratio of small to large earthquakes, show a 
lower value due to large earthquakes. This indicates 
the consistency between these two maps.

4.2 � Temporal distribution of b‑values

We used the MLE method to calculate the temporal 
changes in the b values. The sample window size was 
40 earthquakes. The minimum number of earthquakes 

Table 1   Migration of 
aftershoks according to the 
time of occurrence

No Event ID Origin time Lat Long Depth (km) Mag

1 128008 2017/12/02 23:41:06.5 35.77 50.945 16 2.8
2 128635 2017/12/09 13:03:50.5 35.776 50.944 19 3.3
3 128715 2017/12/10 07:25:35.6 35.792 50.977 13 2.5
4 128981 2017/12/12 19:48:54.8 35.763 50.951 17.7 3.1
5 129954 2017/12/20 19:57:37.3 35.675 50.95 12.8 5.2
6 129979 2017/12/21 01:09:19.0 35.664 50.936 12 2.6
7 130486 2017/12/26 21:24:34.0 35.679 50.941 14.9 4.2

Tehran 

Karaj 

Fig. 9   The spatial variations of the b-value in the studied area during the period from December 2003 to January 2023
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was 4, and the overlap of the windows was 4%. Fig-
ure 12 shows the decreasing trend of the b-value as a 
predictor of the occurrence of earthquakes with a mag-
nitude of 4 or greater. Increasing trends in the b-value 
represent the number of seismic events with magni-
tudes equal to or less than 4 in the region. The maxi-
mum decrease in the b-value of about 1.1 was observed 
at the end of 2017, related to the Malard earthquake 
with a magnitude of 5.2 near the Eshtehard fault (Time 
Window 2). Another decreasing trend was observed 
in 2011, associated with two earthquakes in June and 
December (Time Window 1). At the end of these 

periods, the trend has increased after a decrease, indi-
cating a more significant accumulation of stress in the 
region, the possibility of earthquakes with magnitudes 
greater than 4, and the release of accumulated energy.

4.3 � Investigating the fractal dimension in the studied 
area

Faults always break along the parts of their length 
that are irregular (Schwartz and Coppersmith 1984). 
The larger values of fractal dimension D indi-
cate more geometric irregularities, and vice versa. 

Tehra
n

Kara
j 

Fig. 10   The map of the standard deviation of the b-value 

Tehran 

Kara
j 

Fig. 11   The spatial variations of the a-value in the studied area during the period from December 2003 to January 2023
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According to theory, a set with D = 0 represents a 
concentration of all events at one point, while D = 2 
represents random or homogeneous events in a 
two-dimensional space. Based on studies by Hirata 
(1989), a fractal dimension of 1.6 was obtained for 
Tokyo, Japan, which is an upper limit for the fractal 
dimension of earthquake clusters. In this study, using 
the correlation integral method, the fractal dimen-
sion of earthquake clusters in the studied area was 
calculated to be 1.35, as shown in Fig. 13.

5 � Conclusion

This study’s results have shown that using the fre-
quency-magnitude distribution fractal dimension of 
earthquakes (through the preparation of b-value and 
a-value maps and fractal dimension analysis) can help 
us estimate and understand the seismotectonic and 
earthquake hazards in the region. By analyzing these 
parameters, we can better understand the region’s 
seismic behavior and the potential for future seismic 
events, which can ultimately aid in disaster prepared-
ness and mitigation efforts. The results of this study 
can be summarized as follows:

1.	 The b-value analysis over time has revealed 
clear variations in this parameter in late 2011 
and 2017, with decreasing and increasing trends. 
The occurrence of earthquakes with magnitudes 
of 4 and 5.2 can be the reason for these changes. 
Overall, we have observed two decreasing trends 
in the studied period, which indicate the occur-
rence of earthquakes after a decrease in the 
b-value parameter in the region.

2.	 The pattern of seismic epicenter migration after the 
Malard earthquake with a magnitude of 5.2 shows 
a north–south distribution, which does not directly 
correlate with the Eshtehard fault’s seismotectonic 
activity. However, since the release of stress from 
this block may cause stress transfer to neighboring 

Fig. 12   The temporal 
variations of the b-value 
in the studied area during 
the period from December 
2003 to January 2023

28 December 2011 

Mag=4 

14 June 2011 

Mag=4 
Time window 1 

Time window 2 

20 December 2017 

Mag=5.2 

Fig. 13   Fractal value of epicenter of earthquakes for the stud-
ied area
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blocks, such as the northwestern block (North Teh-
ran fault) in this region, it is necessary to monitor 
and analyze the seismic blocks around Tehran and 
Karaj cities by adding seismic and acceleration sta-
tions, measuring displacement vectors, and precise 
monitoring of fault displacements.

3.	 The fractal dimension of the seismic region, with an 
a-value of 1.35, indicates a moderate to strong clus-
tering pattern of earthquakes in this area. This value 
also suggests that earthquakes in this region clus-
ter together and are concentrated in specific areas. 
Additionally, the fractal dimension value for the seis-
mic region indicates the geometric complexity of the 
clustering pattern of earthquakes in this area.

4.	 The destructive historical earthquake (with a 
magnitude of 7.2 in 1177) and the 2017 earth-
quake (with a magnitude of 5.2 in Malard) indi-
cate a high earthquake hazard in the region.

5.	 Despite the advances that have been made in sci-
ence, accurate earthquake prediction remains a 
difficult task. Therefore, carefully monitoring the 
b-value and seismic quiescence parameters in 
each area can help to better understand the seis-
mic behavior.
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