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Abstract. The Earth’s structure is a key factor in studying earthquakes. In most cases, the structure is investigated 
only through indirect methods, often resulting in a simplified model of the actual structure. Earthquake depth is one 
of the parameters that strongly depends on the model used. We examine the importance of accurately modeling the 
Earth’s structure in determining the focal mechanisms of moderate earthquakes. Using three different sets of models 
in the test region, we obtained three significantly different focal mechanisms. Using a model that closely resembles 
the real structure is crucial for investigating rupture processes.
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Introduction
Resolving the earthquake focal mechanism is essen-
tial for understanding rupture processes and mod-
eling seismic wave propagation. The strong earth-
quakes are recorded by many stations worldwide, 
where the amplitude of the noise is relatively small 
compared to the earthquake signal. In such cases, un-
certainties in the Earth’s model have an insignificant 
impact on the resulting focal mechanism (Hjörleifs-
dóttir, Ekström, 2010). However, moderate and small 
earthquakes are recorded over limited distances, and 
the level of noise can be significant, making precise 
determination of the focal mechanisms more chal-
lenging (Razafindrakoto, Mai, 2014).

In this study, we investigated the importance 
of the velocity model in determining focal mecha-
nisms using seismic data with noise. Focal mecha-
nisms were obtained using the INPAR method. 

Methods and data
We decided to implement the INPAR method (IN-
direct PARametrization; Šílenỳ et al., 1992) for fo-
cal mechanism determination, as it is designed for 
local or regional earthquakes where the epicenter-
to-station distance does not exceed 2500 km. The 
method uses a point source approximation, allowing 
parameterization of both the depth and location of 
the earthquake. The solution is determined by fit-
ting observed seismograms to synthetic ones, calcu-
lated for a specific Earth model (Panza et al., 2000). 
Since the inversion process is highly non-linear, 
stability tests (Šílenỳ, 1998) are applied to refine 
the final solution. The INPAR method has been 
successfully used to resolve focal mechanisms in 
various regions, even for earthquakes with magni-
tudes as low as 1.7 and a limited number of stations 
(Guidarelli, Panza, 2006; Ali et al., 2012).
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We selected several earthquakes with magni-
tudes around 4.0 that occurred between 2012 and 
2022 in Bulgaria and surrounding areas. Earth-
quake parameters were obtained from ISC (2024). 
Data from different seismic centers, compiled by 
the ISC, show considerable variation in earthquakes 
parameters: origin times differ by several seconds; 
geographic coordinates vary by more than 0.5°, and 
depths range from 0 and 33 km. In some cases, mag-
nitude estimates may vary by more than 1 unit.

Waveforms are requested from various data 
centers: SAGE (2024), GEOFON (2024), and 
EIDA NIEP node (2024). The initial data duration 
is approximately 30 minutes, and subsequent data 
processing ensures consistent data duration and a 
uniform sampling rate of 5  sps across all seismic 
records. The data are bandpass-filtered to remove 
high-frequency noise and long-period oscillations. 

To define focal mechanisms, we use three sets of 
models, each consisting of horizontally homogene-
ous layers with defined thickness, density, P-wave 
velocity, S-wave velocity, and P- and S-waves at-
tenuation. The first set uses a single model for all 
epicenter-to-station paths and the earthquake origin 
(referred to as the “common structure”), derived 
as an average of cellular models (Raykova et al., 
2018). The second set employs a specific epicenter-
to-station path model based on the EurID data mod-
el (Du et al., 1998), developed for Europe (referred 
to as the “EurID structure”). The third set uses av-
eraged and weighted cellular structures for each 
epicenter-to-station path in the Balkan Peninsula re-
gion (Raykova et al., 2018), referred to as the “cel-
lular structure”. Generally, the difference between 
three models for specific epicenter-to-station path 
is significant.

Results and discussion
The results for focal mechanisms using three differ-
ent structural models highlight the critical role of the 
Earth’s model. An example is shown in Fig. 1 for an 
earthquake in Bulgaria on December 29, 2019, with 

an origin time 17:36:52.6, geographic coordinates 
of 41.934°N and 23.449°E, depth of 16.5 km, and 
Mw  4.1 (data from ISC, 2024). Fig 1a shows the 
region with the location of this event (red point) and 
all locations reported for this earthquake by differ-
ent seismological data centers (ISC, 2024) – green 
points. Additionally, Fig.  1a presents the known 
faults in this region according to the EDSF Data-
base (Basili et al., 2013). Approximately 25 station 
records were requested for this event, but only six 
were ultimately used. The focal mechanism solu-
tion is sensitive to the set of stations used, and we 
selected the station set with the best waveform fit. 

To investigate the influence of the structural 
model, we held all parameters constant except for 
the depth, which varied from 1.5 to 46.5 km with 
step of 5  km. Figure 1b compares observed data 
at station AGG (vertical component) with the syn-
thetic data for each model using a depth of 1.5 km. 
The synthetic records demonstrate that the “com-
mon structure” is not suitable for station AGG, 
while the other two models, that are specific for 
the wave-path to station AGG, fit better the ob-
served waveform. Figure 1c displays the focal 
mechanisms, total moment tensor, and source time 
function for each model set. The results are notably 
different. The largest seismic moment is estimated 
for “EurID structure”, while the smallest is for 
“common structure”. The focal mechanism for the 
“EurID structure” suggests a nearly vertical nor-
mal fault, whereas the “common structure” leads 
to a predominant strike-slip solution, and “cellu-
lar structure” conducts to a thrust faulting mecha-
nism. The source time function for the “common 
structure” shows peak rate around 9 seconds after 
origin time, whereas the “EurID structure” peaks 
around 20 seconds. The source time function for 
the “cellular structure” is complex consisting of 
two distinct peaks. The resulting depth of the event 
is also different: 36 km for “common structure”, 
2 km for “EurID structure”, and 6.5 km for “cel-
lular structure”. Figure 1d represents a comparison 
between observed and synthetic waveforms for 

Fig. 1. Focal mechanism determination for an earthquake in Bulgaria using three different sets of Earth models: (1) a common 
structure, (2) a specific structure defined for each epicenter-to-station path derived from Du et al. (1998), and (3) a specific struc-
ture defined for each epicenter-to-station path based on cellular models from Raykova et al. (2018). (a) Location of the event on 
29.12.2019 (ISC solution, red point) and all locations reported by different seismological data centres (green points); known active 
faults are shown as brown lines (Basili et al., 2013). (b) Comparison of observed and synthetic waveforms (calculated for a depth 
of 1.5 km) for station AGG, vertical component. (c) Obtained focal mechanisms represented by the total moment tensor with cor-
responding source time functions. The black dot indicates the positive polarity of the first arrival at station PLVB. (d) Comparison 
between observed (bold line) and synthetic (thin line) seismograms, illustrating the fit for each station.
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each selected station. Synthetics are calculated us-
ing obtained solutions represented in Fig. 1c. The 
best fit is obtained at station RDO (vertical com-
ponent) for the “common structure” and “EurID 
structure”, while station LIT (vertical component) 
has the best fit for the “cellular structure”. The av-
erage correlation is 0.83 for “cellular structure”, 
0.51 for “EurID structure”, and 0.50 for “common 
structure”.

The results demonstrate that the focal mecha-
nism solution is highly dependent on the model 
used. Stability is enhanced when the structural 
model is specifically developed for the region of 
investigation and in particular explicit model for 
each epicenter-station pair. For the study of mod-
erate earthquakes, it is preferable to utilize the 
closest stations that exhibit a relatively high sig-
nal-to-noise ratio. 

Conclusions
We investigate the significance of the Earth’s struc-
ture in determining the focal mechanisms of mod-
erate earthquakes in the Balkan Peninsula region. 
Three different models were tested for the studied 
area, resulting in three significantly different focal 
mechanisms and source time functions. The use of 
a model that closely resembles the actual structure 
is crucial for accurately investigating focal mecha-
nisms, therefore, models specifically developed for 
the region of interest are recommended. 
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