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Abstract 
This study focuses on analyzing the crustal velocity structure at the Rudbar Dam located in 
Lorestan Province, using advanced earthquake tomography techniques. Local earthquake tomog-
raphy is a powerful tool that provides crucial insights into various subsurface structures by gen-
erating a three-dimensional (3-D) velocity model of the region. Understanding crustal velocity 
structures and the anomalies that can arise within them is vital for improving our comprehension 
of fault geometries and other subsurface features, such as sediment layers, which are essential for 
regional seismic studies. By detecting these structural anomalies, we can significantly enhance 
our understanding of the area's tectonic behavior, contributing to better-informed assessments of 
seismic risks. 
   The research included data from 920 initial earthquakes, which were meticulously recorded by 
a network of seven short-period seismic stations strategically positioned around the dam. To cal-
culate the crustal structure in this area, we utilized the SimulPS12 software, a robust tool designed 
for processing and analyzing seismic data to produce accurate velocity models. 
Initially, we developed and presented a one-dimensional (1-D) velocity model, which serves as a 
foundational step in the analysis. Following this, we employed the Joint Hypocenter Determina-
tion (JHD) method to relocate the earthquakes more precisely, ensuring the accuracy of the sub-
sequent three-dimensional (3-D) velocity model. The resulting 3-D velocity model images clearly 
depict the region's geological features, particularly highlighting the anticlines characterized by 
high-velocity cores and the synclines with low-velocity cores. These findings align well with the 
existing geological evidence, further validating the accuracy and reliability of our model. 
The study also incorporates a four-dimensional (4-D) tomography approach to analyze temporal 
changes in the velocity structure. In this context, two distinct time windows were considered for 
data analysis: one prior to dewater and another after the injection process. This temporal analysis 
allowed us to observe significant changes in seismic activity, with the seismicity cluster shifting 
either towards the northwest or southeast following dewater. This movement suggests a correla-
tion between the injection process and the observed seismicity patterns, offering insights into how 
human activities can influence seismic behavior. 
    By employing 4-D tomography, we concluded that fluctuations in pore pressure, induced by 
dewater, can have a substantial impact on the mechanical resistance of fault sections. This, in 
turn, influences seismic activity along the active faults in the region. These findings underscore 
the importance of monitoring subsurface pressure changes, as they can have direct implications 
for seismic hazard assessments, especially in regions with active fault systems like Lorestan. 
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1    Introduction 
In geologically intricate areas with diffi-
cult seismic reflection exploration, high-
resolution local earthquake tomography 
(LET) is beneficial for the characteriza-
tion of geothermal potential and hydro-
carbon reservoirs (Calò and Dorbath, 
2013; Zhang and Lin, 2014), as are the 
methods of fuzzy seismic inversion tech-
niques (Jahanjooy et al., 2024) and sim-
ultaneous prestack inversion 
(Moghanloo et al., 2018) that improve 
the resolution of subsurface features like 
channels and reservoir facies. The aim of 
LET is to improve the estimation of the 
model parameters (velocity structure and 
hypocenters) by perturbing them in order 
to minimize the weighted root-mean-
square (RMS) misfit (Thurber and Eber-
hart-Phillips, 1999). We have applied the 
linearized iterative Simulps12 inversion 
method which was developed originally 
by Thurber (1983) and improved by 
Eberhart‐Phillips and Reyners (1997) to 
simultaneously determine 3-D 𝑉𝑉𝑝𝑝  model 
and earthquake locations in a small re-
gion in south-west Iran. In this paper, we 
will present the inversion results for the 
upper crustal structure by 3-D seismic 
tomography which gives us significant 
comprehension of the important struc-
tures of the region. In the following, we 
will present 4-D tomography which has 
emerged as promising a new method in 
the field of seismology. This approach 
includes the integration of 3-D tomo-
graphic images with time-lapse data, like 
seismic waves recorded over a period of 
time (Gunasekera et al.,2003). By inte-
grating these types of data, researchers 
can obtain insights into the dynamic pro-
cesses occurring within the earth. The 
use of 4-D tomography provides to study 
changes in elastic properties that happen 
during the resurgence of seismic conges-
tion. By applying this approach, we will 

gain a better understanding of how earth-
quakes are triggered and how geological 
structures in the Earth's crust respond to 
stress and strain. Ultimately, this ap-
proach can help us to mitigate the risks 
associated with induced seismicity, par-
ticularly in areas where human activities 
such as oil and gas exploration or geo-
thermal energy production may trigger 
seismic events. 
 
2    Geological and Seismotectonic 
The area is restricted to 50 * 50 𝑘𝑘𝑘𝑘2 
where is in in the western part of Iran 
from 32.75 to 33.25 9 (latitude) to 49.50 
to 50 (longitude); also, the Rudbar dam 
is located in the Zagros Mountain range 
in the west of Iran (Najafabadi, 2013). 
The location of the dam is in narrow 
gates with steep walls made of dolomitic 
limestones of the Dalan formation. Hor-
muz Formation is the oldest outcrop for-
mation around the Rudbar Dam of 
Lorestan (Najafabadi, 2013). In this area, 
the rocks are mainly limestone, dolo-
mite, shale, and marl. The highest points 
are the ridges of the Dalan formation lo-
cated near the Chal Hatem and arranged 
in northwest-southeast strips (Hydroge-
ology Report, 2006). The outcrops of the 
Dalan formation is 350 to 400 m thick 
and are made of limestone and dolomitic 
limestone where is located around the 
Rudbar Dam (Lorestan Rudbar dam en-
gineering geological report, 2006). The 
most direction of the faults in the study 
area is northwest-southeast and their 
function are mainly strike-slip, and some 
are reversed. According to Kerami and 
Azizi (2014), hidden anticlines and 
faults with reverse mechanisms are in the 
vicinity of Rudbar Dam. 
 
3    Data and Method 
In this study, we have used P-waves ar-
rival times that were recorded by a local 



Local earthquake tomography and 4-D imaging of the Rudbar Lorestan dam in Iran                                                  141 

 
 

seismic network operated by the Parsian 
Company between 2014 to 2018. Signal 
processing consist of removing low-

quality records from the data. To do this, 
we have used the conditions identified in 
Table 1.  

 
Table 1. Conditions of the high-quality data selection. 

Min. P phase 4 Max. RMS 0.2 (s) 
Max.Horizontal errors 3.0 (km) Max.Vertical errors 1.5 (km) 

This study has used the 1-D velocity 
model of Yamini Fard et al (2006) by av-
eraging Vp between the layers for the up-
per part of the crust, and for the lower 
crust we have used the iasp91 model 

(Kennett, 1991; Fig. 1). By using the cri-
teria listed in Table 1, the number of 
earthquakes decreased from about 920 to 
660 (Fig 2), resulting in a final dataset 
with 2790 P-phases observations. 

  

 
Figure 1. The 1-D velocity model of Yamini Fard et al. (2006) is marked with a red dashed line, and the black line is 
the 1-D velocity model presented in the study. 
 

 
Figure 2. The initial data is in blue and the data after relocation is in red. The blue triangles are the locations of the 
stations, and the green star shows the location of the dam. 
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The Joint Hypocenter Determination 
(JHD; Douglas, 1967) method has been 
used to improve the location of earth-
quakes. This method is used to relocate a 
group of earthquakes together, is gener-
ally more precise than the single event 
method, and it is less affected by the 
choice of velocity structure model, as 
noted by Pujol (1995), Pujol et al. 
(1997), and Quintero and Kissling 
(2001). The locations of seismic stations 
and epicenters of relocated earthquakes 
are shown in Figure 3. 
    We have used a damped least-squared 
iterative (Thurber, 1983; Evans et al., 

1994) to dissolve the non-linear tomog-
raphy problem (Haslinger and Kissling, 
2001; Husen et al., 2003). This method 
entailed performing iterative damped 
least squares inversions to concurrently 
derive earthquake locations and velocity 
model parameters. Hypocenter locations 
are included in the inversion as un-
knowns, due to the coupling of hypocen-
ter locations and velocities (Thurber, 
1992). Furthermore, we have utilized full 
3-D shooting ray tracing (Haslinger and 
Kissling, 2001) to compute travel times 
through the velocity model. 

 

 
Figure 3. The locations of earthquakes after the inversion. The blue triangles are the locations of the stations, and the 
green star shows the location of the dam. 
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    Damping parameters have been cho-
sen empirically by evaluating the trade-
off between data and solution variance, 
as suggested by Eberhart‐Phillips 
(1986), the chosen value is 50 for the 𝑉𝑉𝑝𝑝 
model (Fig. 4). The value of input and 

output RMS for the inversion step was 
0.071(s) and 0.028(s), respectively. Af-
ter the inversion process, the RMS of the 
total earthquakes were decreased by 60% 
compared to the initial state of the earth-
quakes. 

 
Figure 4. After three iterations, a trade-off curve that depicts the relationship between data variance and model vari-
ance (Eberhart-Phillips, 1986) in each solution. Two values of 40 and 50 are suitable for damping, but after doing an 
inversion, the value of 50 had significant effects in improving the results. 
 
5    3-D 𝑉𝑉𝑝𝑝 model description 
A significant problem in seismic tomog-
raphy is optimizing and evaluating the 
spatial resolution of the estimated model. 
Model resolution is limited by various 
factors including data errors and the 3-D 
geometry of the crossing-rays through 
the volume, to evaluate the resolution of 
the dataset, we have used DWS test (Fig. 

5). The results of local earthquake to-
mography using the P-wave travel time 
method in the studied area indicate the 
presence of significant velocity anoma-
lies up to 6 km deep in the upper crust, 
and the results are shown in Figure 5. 
The station MHC has the lowest resolu-
tion at different depths and no resolution 
at a depth of 9 km. 
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Figure 5. Two distinct layers are shown at depths 3 and 6 km, each with corresponding DWS parameters and P-wave 
velocity (Vp) values. On the right-hand side of the figure, the P-wave velocity (Vp) profile is displayed, ranging from 
+4 km/s to -4 km/s, and extending to a depth of 6 kilometers. Regarding the DWS parameter, lower values are indicative 
of reduced model resolution, suggesting a decreased ability to resolve finer structural details at those depths. The seis-
mic stations in the region are marked by green triangles. 
 
 
    In Figure 6a, section A-A^ and section 
B-B^ with 20 km and 28 km length from 
the southwest to the northeast passes 
through from Dam, respectively. The 
width of each drawn section is equal to 
10 km and the slope of them is set to 90 
degrees. A-A^ section begins with a pos-
itive anomaly; then, the anomaly value 
changes to a negative value, and positive 
anomaly is seen under the Rudbar Dam. 
B-B^ section starts with a negative 
anomaly, and in the middle of the sec-
tion, the anomaly changes to a positive 

value and continues to nearly 9 km in 
depth (Fig 6b). 
    Beneath the Dam, earthquakes had oc-
curred at depths close to the surface, and 
high-velocity anomalies can be seen in 
this area. According to the geological ev-
idence, the high-speed parts of this sec-
tion are related to the Mila Formation, 
which is composed of limestone and 
shale. Between the F1 (MZRF fault) and 
F2 faults, earthquakes have occurred at 
greater depths, and anomalies can be 
seen up to a depth of nearly 5 km. As 
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shown in the figure, the low-velocity and 
high-velocity parts correspond to syn-
cline and anticline, respectively, which is 
consistent with the geological findings of 
the area and with Kerami and Azizi 
(2014) studies. 
 
6    Repeated Time Tomography (4‐D) 
In order to reduce the seismic risk in 
highly vulnerable areas, the 4-D tomog-
raphy travel time method is currently 
used in areas such as volcanic, tectonic, 
etc., using passive seismic sources 
(Londoño and Kumagai, 2018). Also in 
recent years, many studies have been 

carried out in seismically active zones 
using 4-D tomography (e.g., Valoroso et 
al. 2011, Vargas et al. 2017, Abacha et 
al. 2023). It should be emphasized that in 
most geological processes even the 
smallest changes that occur may not be 
detectable by repeated tomographic re-
versals. In fact, such inversions do not al-
ways allow one to distinguish the actual 
deviations from the artifacts resulting 
from the variations in the data range. 
Therefore, it is important to approach ge-
ological process analysis with caution 
and to consider the limitations of availa-
ble tools and methods (Koulakov et al., 
2018). 
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Figure 6. (a) The position of the vertical cross sections. (b) Vertical cross sections of the final three-dimensional 
velocity model obtained from P-wave tomography based on the percentage of P-wave velocity changes compared to 
the initial velocity in the studied area. 
 
    The 4-D tomography is very challeng-
ing because it needs to time-windows of 
the same length, and the number of rays 
passing through an area must be the same 
for the time-windows considered. In this 
study, we have investigated the ability of 
4-D tomography P-wave seismic to pro-
vide images of the volume containing the 
reservoir in order to identify and track 
the pore pressure disturbance caused by 
the increase in water in the dam. To per-
form 4-D tomography, the same 1-D ve-
locity model and optimized parameters 
are used in the 3-D inversion. To per-
form 4-D tomography, the same 1-D ve-
locity model and optimized parameters 

are used in the 3-D inversion. We have 
divided the data into two time-windows, 
the Epoch A time-window corresponds 
to before dewatering, and the Epoch B 
time-window corresponds to after de-
watering (Fig 7). 
    In this part, after determining the 
length of the two time-windows, the 
earthquakes in both Epochs have relo-
cated, and the inversion stage have im-
plemented. The number of earthquakes 
in both windows are approximately 300 
events. In each Epoch, the location of 
earthquakes before and after the dewater 
are shown in yellow and gray colors, re-
spectively (Fig 8). 
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Figure 7. Seismicity curve with time; the gray line is the number of events per day; the dashed gray line is the level 
of lake water. 

 
Figure 8. Vertical cross sections showing ∆𝑉𝑉𝑃𝑃 model between the two epochs (Epoch B – Epoch A). Yellow circles 
represent Epoch A window’s earthquakes and gray circles represent Epoch B window’s earthquakes. 
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7    Conclusion 
The RMS values for the input and output 
of the inversion step were 0.071 s and 
0.028 s, respectively, which shows that 
the RMS of the total earthquakes after in-
version has a 60% reduction compared to 
the initial state. Also, 84% of the earth-
quakes have an RMS of less than 0.1 s 
after performing the JHD method, and 
90% of the earthquakes have an RMS of 
less than 0.05 s after performing the in-
version process. This indicates a sub-
stantial improvement in the accuracy of 
earthquake locations. The anticline and 
syncline observed in the sections (Fig 6b, 
anticline and syncline with high and low 
velocity, respectively) are consistent 
with the geological findings, Kerami and 
Azizi (2014). 
    In the 4-D tomography, before the de-
water, a number of earthquakes occurred 
nearly the dam and in the south of the 
area, and the dewater caused earthquakes 
occurred in the eastern part of the area at 
greater depths. Before the dewater, the 
earthquakes were located vertically un-
der the dam construction (Fig 8), after 
the dewater, the earthquakes have moved 
in the northwest direction (they have 
moved towards the F1 and F2 faults, 
which are among the seismic and active 
faults in the region). This made us realize 
that pore pressure fluctuations can affect 
the resistance of fault sections and sup-
port seismic changes along active faults. 
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