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Abstract. The paper deals with the tomography investigations of the earth’s crust inho-
mogeneity of the SW Bulgarian area and its geodynamic features. The main aim is to
reveal the relationships of the seismic tomography model and the crustal inhomogene-
ity’s structures located at SW Bulgaria and surroundings. This aim is strongly related
with the seismic activity of the region, where strong earthquakes in Kresna-Kroupnik
(M7.2 and M7.8, 1904), Valandovo (M6.7, 1931) and Skopje (M6.1, 1963) with a lot
of destructions and victims occurred. There are also other less active seismic sources
as Velingrad, Mesta, Struma, etc. with lower seismic potential. The seismic tomog-
raphy model, calculating the velocity residuals for P and S seismic waves from the
optimal velocity model helped to establish the possible reasons for the geodynamic
features of the region. Discovered velocity anomalies coincide pretty well with the pre-
viously investigated geophysical anomalies (velocities’ depth changes, asthenosphere
gradients, thermal conductivity, fluids saturation, etc.) and geodynamic features (frac-
turing, faults, grabens and horsts, crustal movements, etc. The local seismicity is also
considered, showing higher concentrations of hypocenter near the established velocity
gradient areas. The performed tests about the accuracy of the calculations and ongoing
interpretation helped to increase the reliability of the results obtained.
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Introduction

The Southwest Bulgaria geology and geodynamics have a complex structure and
complicated mixture of different in time development and size elements: grabens and
horsts, lowlands and river beds, high mountain peaks and small and larger structures and
blocks, separated by faults and morphology features. The most important geodynamic
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peculiarities of the area are high seismic activity of different type, vertical crustal move-
ments and intensive erosion.

Seismic tomography uses seismic ray inversion and velocity models to reveal in-
homogeneity in deep layers, reflecting local and regional features of the Earth’s interior
Studying the deviations in the velocity at different depths of the P and S seismic waves,
are possible to outline anomalies in wave’s propagation. This could be a powerful tool
to reveal the specific geodynamic structures as blocks, faults and structure boundaries at
different depths.

The focus of this tomography study is the SW Bulgaria and surroundings because
this area has specific seismic regime — strong earthquakes in Kresna-Kroupnik (1904),
Valandovo (1931) and Skopje (1963) with a lot of destructions and victims and other
less seismic active sources as Velingrad, Mesta, Struma, etc. with lower seismic potential
(Ranguelov et al., 2001). So, the geodynamic study of the area needs a specific approach
combining information of seismic tomography with the geodynamic and seismic regime
of the region.

Data

Data from 1700 local and regional earthquakes registered by 64 seismic stations
located from 19°-31°E/35°-46°N and processed by the national operative telemetric seis-
mological system (NOTSSI) of Bulgaria for the time interval 01.01.2016 to 31.12.2021
(fig. 1) were used in the study. The total number of travel times from the sources to the
seismic stations is 47487 of which 32927 are of P-phase and 14560 of S-phase seismic
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Fig. 1. Map of recorded local and regional earthquakes by NOTTSI for the time
interval 01.01.2016 to 31.12.2021
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waves. The minimum number of arrivals for each event is 10, thus ensuring high accura-
cy. At the source pre-localization stage, some of the arriving waves with residuals larger
than 1.5 seconds for P and 2 seconds for S waves were rejected for higher reliability.

Method

The methodology includes several steps of the algorithm — Tomography inversion,
1D velocity model optimization, 3D visualization and results presentation.

e Tomographic inversion is performed based on the LOTOS 12 nonlinear passive
seismic tomography algorithm. The general principles and technical details are
described [Kulakov, 2009] and on the website www.ivan-art.com/science/LO-
TOS (Fig. 2). The LOTOS-12 computer code performs the simultaneous inver-
sion of P- and S-wave velocities and source and stations’ coordinates. The algo-
rithm can be applied to various local earthquake data sets without complicated
parameterization.

e In the initial stage of the computations, simultaneous optimization of the best
one-dimensional velocity model and preliminary source localization is per-
formed. The distribution providing the minimum value of the mean residuals
was selected as the reference model for further tomographic modelling.

e The iteration procedure starts with the step of localization of the seismic sources
in a three-dimensional model (at the first iteration, this algorithm is applied to
a one-dimensional reference model). One of the features of this algorithm is
the three-dimensional ray tracing, which is based on the bending method (Um,
Thurber, 1987) using Fermat’s principle for minimizing the time functional de-
scribed in (Koulakov, 2009). This algorithm is used at each step of the iterative
inversion, in the localization of the sources and is resulting in a three-dimension-
al model of the strata.

Input data: 1D model optimization
1. Coordinates of and preliminary source
stations; = location
2. Arrival times of P
and S rays from v
. terations (3-5)
Location of sources
in 3D model
Defined by user:
Starting velocity model v Result:
(1D or 3D) — ‘
Parameters for location, P,a:w: ::erzziiggn Pand S velocity
grid construction, ke L distributions
inversion etc. coordinates of sources

Fig. 2. Block diagram of the algorithm of tomography inversion (Koulakov, I.
(2013). Code LOTOS-10 for 3D tomographic inversion is based on passive
seismic data from local and regional events.)
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o The matrix of first derivatives (M.R. Fréchet matrix), in addition to the P- and
S-velocity distributions, includes elements needed to correct the coordinates and
timing in the source (4 parameters for each source) and station corrections. The
matrix inversion is performed using the LSQR method (Paige, Saunders, 1982;
van der Sluis, van der Vorst, 1987).

e When performing inversion, the problem of weighting individual parameters
with different dimensions (velocity distribution, source parameters and station
corrections) as well as determining the smoothing parameters arises. In this
study, this procedure is performed by applying synthetic tests with realistic noise
in the data, providing similar inversion conditions as in the case of real data.
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Fig. 3. Profiles A1-B1 and A2-B2 with distances [in km] for the P- and S-waves — left; and rays
from the sources to the seismic stations (triangles) in depth — right.
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1D model optimization

The data processing starts with the determination of a preliminary source location
and the optimization of the one-dimensional velocity model (Figure 4 a). To assess

e The robustness of this procedure, we ran a series of tests (Figure 4 b) with the
real observations data.

e The 1D model that best approximate the observed data was determined by testing
different initial velocity models. Each of the five models tested was based on
earlier literature information

e The RMS residuals after 1D optimization for all velocity models tested are
shown in Table 1. Analysing the P and S residuals, it is concluded that the most
probable 1D distribution for the western and south-western region corresponds
to model 5 presented in Table 1.

Table 1. RMS values for P and S wave residuals after the first and fifth iteration for dif-
ferent starting Models

Values of RMS of P and S residuals in 1%t and 5" iterations
for different starting models

RMS of P and S residuals, RMS of P and S residuals,
Model . . : .
1% iteration 5t jteration
P wave S wave P wave S wave
Model 1 0.678036 0.900532 0.504163 0.843715
Model 2 0.62186 1.08115 0.486333 0.751208
Model 3 0.503481 1.570825 0.479569 0.743028
Model 4 0.457719 1.668452 0.544237 0.741775
Model 5 0.497578 1.708503 0.472819 0.734828
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Fig. 4. Optimization of the 1D model for observed data. a) Optimization results
with observed data and different starting 1D models. Different colours indicate dif-
ferent models. b) Optimization results for halved data subsets in the odd/even test
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Table 2. Vp and Vs in the start and reference 1D model 5 after optimization
in the table 2.

Depth (km) Ve ;t?l:ltnr;;;) del Vp (km/s) Vs sst?;:nl;:))del Vs (km/s)
1 4.63 3.09
5 5.29 341

10 5.96 5.84 3.30 3.56
15 6.16 3.65
20 6.09 6.54 3.33 3.83
25 6.85 3.92
30 6.74 7.14 3.76 4.1

35 7.27 4.21
40 7.31 7.58 3.96 4.33
45 8.04 4.52
50 8.07 4.57
55 7.86 4.54
60 7.77 7.92 4.41 4.59
65 7.97 4.69
70 7.97 4.67
75 7.99 4.69
80 7.97 8.02 4.58 4.68
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Fig. 5. Vp and Vs absolute values on the cross sections after the optimization.
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Results

2D horizontal slices sections have been constructed for depths of 5, 10, 15, 20,
25, 30, 35, 40, 45 and 50 km where sufficient rays’ coverage is provided. The inversion
was performed in five iterations, which is a compromise between computation model
and the solution quality (reduction of nonlinear effect). In all sections, calculated values
of low and high Vp and Vs anomalies can be seen for various depths up to 50 km. The
positive and negative anomalies between the initial and final velocity models vary with
+7%. Findings from different layers reveal that the velocity models show significant low
velocity anomalies to the lower crust, larger than expected. Vp/Vs ratio range from 1.6
to 1.9. Horizontal slices are presented in Fig. 6, showing Vp and Vs disturbances in well
resolved areas.

The important tectonic structures in the area are marked (red lines) on Fig. 7. The
figures also show the location of the sources for each depth. In general, low velocities in
the shallow layers can be attributed to severe fracturing, fluid-filled formation in the rock
matrix, and weak materials (Serrano et al., 2002).

Low velocity anomalies are also an expression of thermal conductivity, the pres-
ence of high fluid flux, and weakened (attenuated) fragments consistent with uplifts from
the asthenosphere material to shallow depths because of ongoing lithospheric extension
(Dolmaz et al., 2005; Salk et al., 2005; Tarcan et al., 2009; Delph et al., 2015)
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Fig. 6. The Vp and Vs anomalies of the 1D model at 15 km (left) and Horizontal slicing
of' 5, 20, 35 and 50 km (right).
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Discussion

In search of correlation between the anomalies of Vp, Vs, Vp/Vs with other indi-
cators for the geodynamic features of the region several comparative experiments have
been done:

- Search of correlation between Vs at different levels and the outlined tectonic
units defined by Dabovsky (Dabovsky et al., 2002). The visual correlation (fig. 7)
is noticed on the maps presented on fig 7. The gradient areas of low Vs at 15
km depth, coincide with the tectonics unit boundaries outlined in west Bulgaria
especially Srednogorie, Rila-Rhodops and Balkans. Such correlation might be
explained by the consideration that this upper part of the Earth’s crust delineates
the depths of destruction of the earth crust due to earthquake stress emission, wa-
ter and other fluids saturation and in general the weakening effects ofthe different
1991; such as temperature and pressure changes, etc. (Selverstone et al. Evans
and Chester 1995; Sanders et al. 1995 r.; Faulkner et al. 2010) geodynamic pro-
cesses

- The visual correlation between Vp/Vs ratio at the depth of 20km with the gravity
Bouguer vertical gradient (P. Trifonova et all, 2013) is another indicator about the
relationships between these two parameters. Possible geophysical interpretation
could be in a search of the penetration of deep faults in the coinciding areas —
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Fig. 7. Tectonic scheme of Bulgaria (modified from Dabovsky et al., 2002) and the Vs anom-
alies at depth 15 km (right).
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Vp/Vs ratio, depth=20km
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Fig. 8. Map of the vertical gravity gradient (VGG) of Bouguer gravity anomalous field in Bul-
garia. The positive (red) and accompanying negative (blue) gradients represent single gradient
anomaly

Accuracy tests

To control the accuracy of the calculations — an experimental test was performed.
Two calculations have been done with the “odd” events and with the “even” events. The
odd and the even events are according the numbering in the initial data set. The results
are presented on fig. 9. for both cross-sections.The accuracy varied between 6% (A1-B1)
and 11 % (A2-B2).
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Fig. 9. Vp/Vs ratios on the cross section A1-B1 (left) and A2-B2 (right).

The test results with “even and odd” events in a horizontal plane at a depth of 5 km
are shown in Fig. 10. It can be seen that all major anomalies are identified quite reliably
in both models, thus presenting their reliability. The remaining smaller anomalies where
differences are observed are most likely a result of a random factor and should not be
taken into account in the interpretation. Another spatial synthetic checkerboard test was
used to evaluate the spatial resolution of the model.
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Fig. 10. Vp and Vs anomalies for the odd and the even events at depth 5 km

In this test, a synthetic model alternated rectangular positive and negative anomalies
with a lateral size of 30 x 30 km. This model used the real data inversion. In order to
obtain the best values of the inversion parameters, several tests were conducted with the
synthetics. The result of the test is that the recovery of the cells of the “Chess board” is
reliable and shows that the spatial resolution is rather good (fig. 11).
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Fig. 11. Cross-sections and visual anomalies of Vp/Vs ratios for odd
and even numbered seismic events
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Conclusions

The methodology and results about a seismic tomography of the SW Bulgaria and
surroundings are presented. The results show a very complex structure in both — lateral
and depth directions with variations of about +/- 7 % deviations around the optimized
velocity model obtained by a huge amount of initial data. From the recent geodynamics
point of view this means that the complicated block structures are dominated by lateral
and depth variations of the velocities and the ratio Vp/Vs.

Several parameters are compared by visual correlations of Vp, Vs, Vp/Vs at differ-
ent depths with other elements of natural geophysical fields and tectonic implications.
Future interpretations are intended to correlate the deep earth’s structure with seismicity
and other geophysical parameters.

The performed tests about the accuracy of the obtained results, the spatial distribu-
tion of calculation cells is investigated by two methods — odd and even seismic events
as sources of the rays for inversion and the “’chess table” cross-correlation for the spatial
resolution optimization. The results about the accuracy confirmed deviations in the range
of 6-11% in comparative mode.
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Mopes 3a censMH4YHAa TOMOrpagus Ha 3eMHATa KOpPa Ha orosanajgia boira-
pHs U OKOJIHUTE PailoHH

E. Oitnaxos, . Anexcanaposa, M. ITonosa. b. Panrenos

Pe3tome: Crarusita ce 3aHUMaBa ¢ TOMOTpaUUHH M3CIEIBAHUS Ha HEOJHOPOJIHOCTHUTE
B Kopara Ha 3eMsITa B I0ro3anaaHus pailoH Ha Beiarapus u TeXHUTE TCOAMHAMUYHU 0CO-
6eHoctr. OcHOBHATA IIEJ € Jla Ce Pa3KpUsT BPB3KUTE MEXIY MOJelia Ha CeM3MHUYHATa
ToMOTrpadus ¥ CTPYKTypUTE HAa KOPHUTE HEOJHOPOIHOCTH, PA3IOJIOKCHH B FOTO3aI1a /THA-
Ta yacT Ha bearapus u okonHUTE paiioHu. Tas3u 1en e TICHO CBbp3aHa ChC CEU3MUYHA-
Ta aKTUBHOCT B PETHOHA, KBJCTO CE CIIy4BaT CHIIHU 3eMeTpecenus B Kpecna-KpymHuk
(M7.2 u M7.8, 1904), Banannoso (M6.7, 1931) u Cronne (M6.1, 1963) ¢ MHOXXeCTBO
paspyleHust 1 xKepTBu. VMiMa U Jpyru Mo-Majko aKTHMBHU CECHU3MHYHHM M3TOYHHIIU KATO
Benunrpan, Mecta, CTpyma U APYTH € MO-HUCHK CEU3MUUCH MOTeHITHAN. CeU3MUUHUST
MoJielT Ha ToMorpadusiTa, KOUTO U3UUCIISIBA OCTATHIUTE HA CKOPOCT 3a P u S cem3muynm
BBJIHU OT ONITUMAITHUSI MOJIET Ha CKOPOCT, IIOMOTHA Jla C¢ YCTAHOBAT BH3MOXKHUTE MPH-
YHHU 33 TCOJAMHAMHYHHUTE OCOOCHOCTH Ha peruoHa. OTKPUTHTE CKOPOCTHH aHOMAJIHH
KOPECHOH/IUpAT J0cTa J100pe ¢ MPEeTUIIHO U3CIe[BaHN Te0(DU3NYHI aHOMaIK (TIpoMe-
HU B IBJIOOYMHATA HA CKOPOCTUTE, TPAIUCHTH HA acTeHocdepara, TOIUIMHHA TPOBOIH-
MOCT, HACHTCHOCT C TCYHOCTH U JIp.) ¥ TEOJUHAMUYHU 0coOeHOCTH (ppakTypu, GonTH,
rpabCHU ¥ XOPCTH, KOPCTHU JMBWKEHUS U Jp.). JIokagHaTa CEM3MUYHOCT CHIIO € B3eTa
MPEIBHI, KATO MOKa3Ba MO-TOJIsIMA KOHIICHTPAIHSI HA CUIICHTHPA B OJIM30CT JI0 YCTaHO-
BEHHTE O0JIACTH C IPAJIMEHT HAa CKOPOCTTA. V3BBpIIEHUTE TECTOBE OTHOCHO TOYHOCTTA
Ha M3YHMCIICHUATA M TCKyIlaTa MHTSPIPETAIlMs TOMOTHAXA 33 TIOBUIIIABAHE HA HAJICIK/I-
HOCTTa Ha MOJIyYSHUTE Pe3yJITaTH.
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