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Abstract: The interpretation of local geology structure can be done effectively by using an 
appropriate local seismic velocity model. It is suitable to implement in Lombok Island that 
the local fault activity near Mount Rinjani caused the 2019 East Lombok Earthquake. This 
study determines and updates the 1-D seismic velocity model using the VELEST by 
applying the Coupled Hypocenter-Velocity method. The 2010-2022 earthquake data from 
the catalog of BMKG is used for this study. A total of about 166 events (M ≥ 4) and 20 seismic 
stations in Lombok and surrounding areas are utilized in this study. The local model 
(Koulakov) and global (AK-135) are selected as the initial model. The double-difference 
method is also used to test both velocity models refining the hypocenter location. The 
results show that the updated Koulakov model has a high relevance in representing the 
crustal structure of Lombok Island according to the parameters of RMS value, uncertainties 
hypocenter, and seismic interpretation. It demonstrates not only the local geology condition 
but also a more reliable seismic velocity model in the region of Lombok Island. This model 
can be used as a reference for interpreting the better geological structure. 
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Introduction  
 

By analyzing seismic activity, the structures of 
active faults can be pinpointed and understood. Ideally, 
an accurate earthquake location is required, one of 
which is characterized based on the agreement between 
the observation and calculation of arrival time at the 
same seismic station (Lomax et al., 2014). Several factors, 
such as the network of seismic stations, the number of 
available phases, the precision of arrival-time readings, 
and the seismic velocity model, affect the location 
quality of earthquakes (Gomberg et al., 1990).  

An inappropriate determination of the velocity 
seismic model is crucial, which may result in 
considerable bias and deviation between observation 
and calculation in the hypocenter locations, including 
focal mechanism determination and relocation 
hypocenter (Michelini & Lomax, 2004; Bormann, 2012). 
Previous studies presented the global and local seismic 
velocity model, which were interpreted based on 

bathymetric data, active source seismic studies, and 
inversion (Kissling et al., 1994; Kopp et al., 2009; Laske 
et al., 2013). There are velocity heterogeneities in the 
subsurface in each region, so the development of a better 
seismic velocity model to obtain a more accurate seismic 
velocity model of the region is needed particularly 
Lombok Island. 

Lombok as an island in the eastern part of the 
Sunda Arc has complex and dynamic seismotectonics. 
The subduction of the Indo-Australian plate beneath the 
Sunda plate, the Flores back-arc thrust, a crustal fault, a 
volcano, and the appearance of geothermal phenomena 
are several examples (Bunaga et al., 2022; Irsyam et al., 
2017; Puspito & Shimazaki, 1995; Widiyantoro et al., 
2011; Zubaidah et al., 2014). The intense tectonic activity 
in this region causes earthquake activities. Indonesian 
Meteorological, Climatological, and Geophysical 
Agency (BMKG) reported that thousands of earthquakes 
occurred annually from 2018-2022 (BMKG, 2022). The 
most destructive earthquake occurred in 2018, in which 
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the significant earthquake sequences (Mw 6.4, Mw 7.0, 
Mw 5.9, Mw 6.3, and Mw 6.9) damaged 71.962 homes 
and 460 fatalities (BMKG, 2018; BNPB, 2018).  

Previous studies to study seismotectonic in the 
Lombok region based on hypocenter relocation mostly 
applied the global seismic velocity model of AK-135 
(Bunaga et al., 2015; Taruna & Banyunegoro, 2018; Sasmi 
et al., 2020; Priyambada et al., 2022). This model is an 
improvement on the IASP91 model, which is considered 
one of the best models for a global scale (Hardebeck & 
Husen, 2010; Havskov & Ottemoller, 2010). However, 
global-scale models tend to have low resolution. This is 
intended to provide an overview of large-scale 
seismotectonic processes, such as subduction zones 
(Bormann, 2012). In contrast, a local seismic velocity 
model is required to achieve a more realistic distribution 
of seismicity with a more detailed representation 
beneath the surface  rather than the global ones (Husen 
et al., 2011; Muttaqy et al., 2023). In other words, the use 
of this model can provide information or an 
understanding of local geological structures. Local 
seismic velocity models have been successfully applied 
to several tectonic regions around the world (Husen et 
al., 1999; Imposa et al., 2009; Muttaqy et al., 2023). This 
condition is suitable for Lombok Island, which is a 
complex tectonic region with diverse geological 
structures (Sarjan et al., 2021; Bunaga et al., 2022). For 
example, the Mw 5.4 and Mw 5.1 earthquakes occurred 
in east Lombok Regency on March 17, 2019. The events 
caused two fatalities and damaged 500 homes, resulting 
from the local fault activity near Mount Rinjani or 
Sembalun area (BMKG, 2019; BNPB, 2019). However, 
the specific characteristics of this local fault are not yet 
known. Therefore, local velocity models are utilized in 
this study to obtain accurate hypocenter parameters, 
allowing for a good interpretation of local geological 
features. It was also done by Mahesh et al. (2013), 
Muksin et al. (2014), Sasmi et al. (2020), and Muttaqy et 
al. (2023) that before determining the precise location of 
earthquakes and analyzing the seismic distribution 
patterns, updating the local velocity model is carried 
out. In this way, earthquake clusters related to crustal 
structure features can be interpreted. 

To have a local model, a seismic velocity model has 
been determined and improved, which is dependent on 
the Lombok Island subsurface by using the global model 
of AK-135 and the local model of Koulakov (Kennett et 
al., 1995; Koulakov et al., 2009). The Koulakov model 
was chosen because of the similar characteristics of the 
research area, which is in a volcanic area, however the 
study was carried out in the Central Java region 
(Koulakov et al., 2009). 

In this study, both models are evaluated and 
selected which is more relevant to local conditions of 

Lombok Island. Fortunately, starting from 2019, with a 
dense distribution of BMKG seismic stations, the ability 
to identify and locate earthquakes in the Lombok region 
has improved. Under such conditions, it has been used 
to construct a robust and reliable reference for a local 
seismic velocity model for Lombok.   

 

Method  
 
A reference seismic velocity model is obtained from 

the Coupled Velocity-Hypocenter method using the 
VELEST code (Kissling et al., 1994). VELEST has been 
applied to local earthquakes from several areas in 
Central Java, Mamasa, and Bali (Sahara et al., 2021; 
Rosid, 2022; Muttaqy et al., 2023). This inversion method 
simultaneously calculates the velocity model, station 
corrections, and deviations from the initial model. Due 
to the non-linear of earthquake arrival time and velocity 
parameters, a first-order Taylor series expansion is used 
to create a parallel relationship between the travel time 

residual (𝑡𝑟𝑒𝑠), adjustments to the hypocentral (hj), and 
velocity parameters (∆𝑚𝑘). The relationship is described 
in the form of a function (f) for the hypocenter parameter 
(∆hj) and the velocity model parameter (∆m_k) as on 
Equation 1. where e is an error in each parameter. The 
relationship of coupled hypocenter velocity parameters 
is written as matrix notation as on Equation 2. 

 

𝑡𝑟𝑒𝑠 = 𝑡𝑜𝑏𝑠 − 𝑡𝑐𝑎𝑙 =  ∑
𝜕𝑓

𝜕ℎ𝑗

4

𝑗=1
 . ∆ℎ𝑗 + ∑

𝜕𝑓

𝜕𝑚𝑘

𝑛

𝑘=1
 . ∆𝑚𝑘 + 𝑒 (1) 

 
𝑡 = 𝐻 ℎ + 𝑀 𝑚 + 𝑒′ = 𝐴 𝑑 + 𝑒′  (2) 

 

 
Figure 1. The map of study is the seismicity distribution (M > 
4) in Lombok and surrounding areas during the time period 

2010-2022 (BMKG, 2022). The red line on the inset map 
denotes the study area. The black lines represent active faults 

(Irsyam et al., 2017), and the color of earthquakes (circle 
symbols) denotes the depth of the earthquake as seen in the 

lower left corner 
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Figure 2. Illustration of double-difference (modified from 
Waldhauser & Elssworth, 2000). Grey circles indicate the 

initial hypocenter (event i dan event j). Thick black arrows (Δx) 
illustrate relocation vector of event i & event j with dt is the 

travel time difference between event i & event j at station of k 
and l 

 
Where t is a vector of travel time residuals, H and 

M are matrix of partial derivatives of travel time related 
to hypocenter and model parameters, respectively. 
Parameters h and m are a correction matrix (adjustment) 
of hypocenter and model parameters, respectively. 
Moreover, e’ is a travel time error vector, A is the matrix 
of partial derivative, and d is a vector of hypocenter and 
model parameter adjustments. The inversion involves 
the well-locatable earthquakes (azimuthal gap ≤ 180°; 
number of observations ≥ 10). In this study, 166 events 
(M ≥ 4) are used that occurred in Lombok and the 
surrounding area during the period 2010-2022 (BMKG, 
2022) (Figure 1). Moreover, the seismic velocity of the 
Koulakov model and the AK-135 model are chosen as 
initial reference velocity models. 

The double-difference method is applied in 
HypoDD program (Waldhauser, 2001), which is used to 
relocate earthquakes using the updated seismic velocity 
model (Karima et al., 2020; Supendi et al., 2020; Wardani 
et al., 2021; Priadi et al., 2021). This method is based on 
the principle that if the hypocenter distance between two 
earthquakes is shorter than event-station, the ray paths 
between the source region and a common station are 
identical (Figure 2).  

Arrival time of BMKG catalog is analyzed for the 
earthquake sequence in March 17 – 18, 2019 or the 2019 
East Lombok Earthquake. The catalog consists of arrival 
time from seismic station observation in Lombok and its 
surrounding area (BMKG, 2022). A total of 24 events 
with magnitudes of 2.1 to 5.4 were recorded during this 
period (Figure 3). All the events have azimuthal gap less 

than 200. The steps for updating the 1-D velocity model 

and relocating the hypocenter by using the Velest code 
and hypoDD program can be seen in Figure 4.  

 

 
Figure 3. Map of seismic distribution of 2019 east Lombok 

Earthquake (left panel) with black triangle represents Mount 
Rinjani. The vertical cross-sections (A-A’ and B-B’) are shown 
in the right panel. These distributions are initial hypocenter 

locations or unrelocated events 
 

 
Figure 4. The workflow of this research 
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Result and Discussion 
 

In the data processing, root mean square (RMS) 
values from two initial reference velocity models. Based 
on Grandis (2009), RMS is one of the indicators that 
demonstrates the similarity between observed and 
calculated data. In general, travel times residual 
decrease gradually in each iteration (Figure 5). 
However, the decline RMS of the Koulakov model is 
greater than the AK-135 model at 0.62 and 1.16 in the 
eighth iteration, respectively. In other words, the 
Koulakov model shows the estimation of earthquake 
locations that have a higher level of accuracy than 
another. In detail, the results are displayed in Table 1, 
Table 2, and Figure 6, which are the comparison between 
the initial and the updated model.  

Table 2 shows a low velocity layer (LVL) in two 
updated models, including 8-16 km in the Koulakov 
model and 3.3-10 km in the AK-135 model.  According 
to Ariyanto et al. (2020), the LVL was discovered with 
depths from 10-20 km, which was controlled by 
geothermal activities in the north part of Lombok. 
Therefore, the result obtained from the Koulakov model 
is closer than the AK-135. 

 

 
Figure 5. The comparison RMS value between the Koulakov 

and the AK-135 model according to the VELEST code 
 

Table 1. The Initial Seismic Velocity Model 

Depth (km) 
Koulakov Vp 

(km/s) 
Depth 

(km) 
AK-135 Vp 

(km/s) 

0 4.30 0 1.45 
3 4.90 3 1.65 
8 5.70 3.30 5.80 
16 6.90 20 6.80 
24 7.20 28 8.03 
77 7.80 43 8.03 
120 8.05 80 8.04 

Tabel 2. The updated seismic velocity model. 

Depth (km) 
Koulakov Vp 

(km/s) 
Depth 

(km) 
AK-135 Vp 

(km/s) 

0 4.40 0 1.50 
3 5.20 3 1.70 
8 6.10 3.30 6.70 
16 5.50 20 6.20 
24 7.40 28 7.50 
77 7.80 43 8.00 

 
Figure 6. The updated seismic velocity models used in the 
hypocenter relocation process are shown in bold lines. The 
dashed lines are references of seismic velocity model taken 

from Kennett et al. (1995) and Koulakov et al. (2009) 

 

 
Figure 7. The relocated seismicity of 2019 east Lombok 

Earthquake using the updated seismic velocity Koulakov 
model (left panel) with black triangle represent the Mount 
Rinjani and the vertical cross-sections along A-A’ and B-B’ 

directions with the black lines indicated the topography (right 
panel) 
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Testing both updated models, the seismic profiles 
are used for hypocenter relocation process to check their 
reliability. Figures 7 and 8 depict the map view and 
vertical profiles after the relocation. The average of the 
travel time residuals decreases at 0.63 and the average 
horizontal and vertical mislocations for the Koulakov 
model are 3.50 km in the east-west, 11.5 km in the north-
south, and 4.40 km in the depth directions. However, 
larger results are obtained for the AK-135 model that 
have the average residuals of 0.66, including the average 
horizontal and vertical mislocations with 3.70 km in the 
east-west, 12.00 km in the north-south, and 4.50 km in 
the depth directions. The largest error is in the north-
south direction because of the azimuthal gap of stations. 
Such a result can be found in other case, for example, 
The 2018 Palu earthquake (Supendi et al., 2019). 

 

 
Figure 8. The relocated seismicity of 2019 east Lombok 

Earthquake using the updated seismic velocity AK-135 model 
(left panel) with black triangle represent the Mount Rinjani 

and the vertical cross-sections along A-A’ and B-B’ directions 
with the black lines indicated the topography (right panel) 

 
In general, the relocation results of both models 

(Figure 7 and Figure 8) indicate the similarity of 
seismicity orientation, which extends from the northeast 
to the southwest. The biggest change is in depth 
directions that the events occurred at a fixed depth (10 
km) (Figure 3). The similar result was also shown in 
various cases in Indonesia (Karima et al., 2020; Nugraha 
et al., 2018; Ramdhan et al., 2021; Syafriani et al., 2023). 
However, two updated models perform dipping 
structures with depths ranging from 6.2-15.7 km (the 
mainshock of Mw 5.4 at 8.6 km) and 5-15.2 km (the 
mainshock of Mw 5.4 at 13 km) for the Koulakov and the 
AK-135 model, respectively. Nevertheless, the structure 
of Koulakov model is more focused and sharper than the 
AK-135 model making it easier to interpret 
seismotectonically. These conditions are obtained also 

after relocating in other region by Bunaga et al. (2015), 
Supendi et al. (2019) Meidji et al. (2023).  The mainshock 
depth determined by the Koulakov model is influenced 
by the brittle-ductile transition zone's composition in 
relation to the seismogenic zone in the study area. The 
earthquake significant occurred above the zone and 
experienced a high strength effective frictional strength, 
which requires high friction force to trigger significant 
magnitude( Scholz, 1988; Behr & Platt, 2014; Lythgoe et 
al., 2021). 

 

Conclusion 
 

The updated seismic velocity Koulakov model 
demonstrates the best relevance to represent the crustal 
structure of Lombok Island according to the parameters 
of the RMS value (0.62), the uncertainties hypocenter 
(3.50 km in the east-west, 11.5 km in the north-south, and 
4.40 km in the depth directions), and the seismic 
interpretation. The final model presents a low velocity 
layer at depth 8-16 km with Vp 6.10 km/s - 5.50 km/s 
and the seismicity distribution more focused and reveals 
a dipping fault structure. As a result, the updated model 
provides a more accurate seismic velocity model of the 
region beneath Lombok Island than global model of AK-
135, and it can be used as a reference seismic velocity 
model for interpreting the better geology structure. 
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