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S U M M A R Y 

The Eastern-Europe region (EER), is a complex geotectonic area that captures part of the 
Alpine-Himalayan Orogen, the subduction of multiple NeoTethys Branches and part of the 
East European Craton. It is one of the most exciting geological areas in Europe due to a 
diversity of tectonic processes acting within it: extensional basin evolution, oceanic subduction, 
post-collisional volcanism, as well as active crustal deformation associated with the push 

of the Adria plate or the pull of the acti vel y detaching Vrancea slab. This makes EER an 

excellent natural laboratory to study the behaviour of the lithosphere–asthenosphere system in 

a heterogeneous tectonic setting. To investigate the lateral heterogeneity and physical properties 
of the crust in the EER, we use ambient seismic noise data recorded by the vertical components 
of broad-band stations that have been operational between 1999 and 2020 in Eastern Europe 
and surrounding regions. We used this significant amount of data and the latest processing 

techniques of the ambient seismic noise field based on the continuous wavelet transform 

to compute cross-correlations between various station pairs, turning e very av ailable seismic 
station into a virtual source. The coda of the interstation cross-correlograms were used to 

determine coda quality factors ( Qc ) of Rayleigh waves in four different period ranges (3.0–
5.0, 5.0–10.0, 10.0–20.0 and 20.0–30.0 s) and to invert them in the 2-D space, constructing the 
highest resolution attenuation tomography of the region. Our results reveal high attenuation 

features throughout the northeast P annonian re gion, the Bohemian Massif, the East Carpathians 
and the Moesian Platfor m. Never theless, our findings do not emphasize a close correlation 

between the depth of sedimentary basins and attenuation features identified at longer periods. 
In addition, Qc variations are larger at short periods, indicating higher heterogeneity in the 
upper most cr ust of Easter n Europe. Our findings demonstrate the higher efficiency of noise 
correlation approaches relative to earthquake data analyses investigating Qc at low frequencies. 

Key words: Coda waves; Seismic attenuation; Seismic noise; Crustal structure. 
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 I N T RO D U C T I O N  

astern Europe is a complex geotectonic area that encompasses
art of the Alpine-Himalayan Orogen, the subduction of multiple
eoTethys Branches and a segment of the East European Craton

EEC, Ustaszewski et al . 2008 ). It is one of the most debated re-
ions of Europe due to a wide range of tectonic processes such
s extensional basin evolution, oceanic subduction, post-collisional
olcanism and active crustal deformation caused by the dynamic
dria plate and questionable subduction at the Eastern Carpathians
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
ending (Fig. 1 a). This controversial area, known as the Vrancea
egion (VR, Oncescu & Bonjer 1997 ; Radulian et al. 2000 ; Ismail-
adeh et al. 2012 ; Ferrand & Manea 2021 ; Petrescu et al. 2021 ;
nescu et al. 2023 ), is the primary source of seismic hazard in
astern Europe, generating strong intermediate-depth earthquakes
 M ≥ 7.0) ever y centur y. Moreover , previous studies in vestigating
rancea earthquakes revealed anomalous peak ground motion char-

cteristics and asymmetric intensity distributions (Sokolov et al.
008 ; V ăc ăreanu et al. 2015 ; Constantin et al. 2021 ; Petrescu et al.
023a ). 
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Seismic attenuation observations complement isotropic seismic 
velocity tomography, improving our understanding of the composi- 
tion and structure of the Earth. Attenuation has been exploited as 
an indication of dynamic processes in the lithosphere, as it is more 
sensitive to minor variations in lithospheric characteristics, such as 
fluid content, grain size, fault distribution or melts than seismic 
velocity (Sato et al. 2012 ; Magrini et al. 2021 ; Di Martino et al. 
2022 ; King et al. 2023 ). Fur ther more, a comprehensive image of the 
attenuation structures has a significant impact on modelling of tec- 
tonic process evolution, seismic hazard assessment, risk reduction 
and energy exploration industry (De Siena et al. 2014 ; Napolitano 
et al. 2020 ; Gabrielli et al. 2022 ). Consequently, seismic attenua- 
tion algorithms have been continuously updated (Aki 1980 ; Frankel 
et al. 1990 ; Takahashi et al. 2007 ; Del Pezzo et al. 2016 ; Sketsiou 
et al . 2020 ) and are often used to both determine quality factors of 
v arious w aves ( Qp , Qs and Qc ) and map their spatial distribution 
(Yoshimoto et al. 1993 ; Padhy 2009 ; Borleanu et al. 2017 ; Soergel 
et al . 2020 ; Napolitano et al. 2020 ). Other studies (Priyono et al. 
2021 ), inv erted path-av eraged attenuation factors ( t ∗) to provide 
more reliable attenuation tomographic images. Ho wever , using at- 
tenuation techniques in areas with complicated geology and sparse 
station coverage remains a major challenge. Recent studies (All- 
mark et al. 2018 ; Soergel et al . 2020 ) have proposed using seismic 
noise to enhance the resolution of seismic attenuation models. The 
ambient noise contains information about the medium of propaga- 
tion of waves from a wide range of continuous and simultaneous 
sources. Moreover, it is considered a valuable tool for creating de- 
sired configurations of virtual sources and receivers to satisfy the 
much-needed input for various processing algorithms. 

The study objective is to investigate the lateral heterogeneity 
and physical properties of the crust in Eastern Europe. To achieve 
this aim, we use cross-correlations between station pairs that were 
operational between 1999 and 2020 in the study region (Fig. 1 b), 
to compute the empirical Green’s function (EGF) associated with 
Ra yleigh wa ves in the microseism period range and determine coda 
quality factors ( Qc ). We subsequently inverted the path Qc to map 
seismic attenuation in different period ranges using a modified ver- 
sion of the Multi-Resolution Attenuation Tomography (MuRAT2D, 
De Siena et al. 2017 ) algorithm, based on the sensitivity kernels 
proposed by Del Pezzo et al. ( 2016 ). Our results provide the highest 
resolution attenuation image of this region, shedding light on how 

heterogeneous structures influence wave propagation, and giving 
us crucial constraints on the role of these features in seismic risk 
analysis. 

2  T E C T O N I C  OV E RV I E W  

The geology of Eastern Europe is highly heterogeneous, reflecting 
the stepwise growth of a continent from the Archean-Proterozoic 
formation of the EEC ( > 0.5 Ga) to the pro gressi ve accretion of 
younger tectonic units at its edges throughout the Phanerozoic 
(Neubauer 2003 ). The Teisseyre-Tornquist Zone (TTZ, Fig. 1 ), 
stretching from the North Sea to the Black Sea and Anatolia, sep- 
arates the EEC from the Phanerozoic accreted terranes, character- 
ized by a thinner and warmer lithosphere (Gee & Stephenson 2006 ; 
Pharaoh et al. 2006 ; Petrescu et al. 2022 ; Petrescu et al. 2023b ). 
The central European lithosphere comprises a mosaic of Gondwana- 
derived terranes amalgamated during the Caledonian and Variscan 
orogenies (e.g. Pharaoh 1999 ; Thybo et al. 2002 ) and subsequently 
af fected b y intraplate volcanism and sedimentary-basin de velop- 
ment (Meier et al. 2016 ). Although its signatures are recognizable 
in the nor ther n sector, the TTZ vanishes beneath the Carpathian 
Orogen (Pharaoh et al. 2006 ; Borleanu et al. 2021 ). The Carpathian–
P annonian Re gion (CPR) comprises a hyper-extended sedimentary 
basin surrounded by collisional orogens. The CPR evolved as AL- 
CAPA and Tisza-Dacia tectonic units collided with the Moesian 
Platform and the EEC throughout the Miocene (Fig. 1 , Ciulavu 
et al. 2000 ; Ren et al. 2013 ; Ma țenco et al. 2022 ). Backarc exten- 
sion in the Pannonian w as coe v al with orogenic shortening in the 
Carpathians (e.g. Lorinczi & Houseman 2010 ) and diverse mag- 
matic activity migrated from west to east across the present-day 
location of the basin (P écskay et al. 2006 ; Seghedi et al. 2022 ). 

The CPR hosts a range of hetero geneousl y distributed sedimen- 
tary basins with contrasting evolution histories and underlying 
cr ustal str uctures. The Carpathian foreland consists of Neogene- 
Quater nar y sediments deposited over Precambrian crustal units cov- 
ered with Palaeozoic deposits from previous orogenies. The Foc șani 
Basin, located at the bend of the South-East Carpathians (FB, 
Fig. 1 a) is the thickest Neogene sedimentary basin in the Carpathian 
Foreland ( ∼13 km) and is acti vel y subsiding (T ăr ăpoanc ă et al. 
2003 ; v an der Hoe ven et al. 2005 ; Bocin et al. 2013 ). The Transyl-
vanian Basin (TB), located on the western side of the Carpathian 
Orogen (Fig. 1 a) is 1–3 km thick and has been deformed and uplifted 
at different time stages (Huismans et al. 1997 ; Ciulavu 1999 ). Its 
tectonic and sedimentary history is markedl y dif ferent in compari- 
son with most of the intra-Carpathian basins (Kr ézsek & Filipescu 
2005 ; Tili t ¸ă et al. 2006 ), which had a typical backarc-type evolution 
(e.g. Csontos et al. 1992 ; Tari & Horv áth 1995 ; Bada 1999 ; Fodor 
et al. 1999 ). The TB is characterized b y a relati vel y thick continen- 
tal crust (Visarion & Veliciu 1981 ; R ăileanu et al. 1994 ; Ren et al. 
2013 ; Petrescu et al. 2019 ) and regional low surface heat flow (e.g. 
Demetrescu et al. 2001 ). The TB is separated from the Pannonian 
Basin by the Apuseni Mountains, a high topography region expos- 
ing metamorphic cores of the Tisza and Dacia units and a section 
of the Vardar oceanic ophiolites (Schmid et al. 2008 ; Ma țenco & 

Radi voje vi ́c 2012 ). The Pannonian Basin (Fig. 1 a) is a heteroge- 
neous backarc sedimentary basin with thicknesses varying between 
1 and 8 km (Horv áth et al. 2006 ), sitting on a hyper-extended and 
warm lithosphere and crust (e.g. Kalm ár et al. 2021 ) enclosed by 
collisional orogens (Horv áth et al. 2006 ; Ma țenco & Radi voje vi ́c 
2012 ). 

The crust of the CPR has been subject to intensive magmatism 

in the past ∼20 Ma. Igneous rock types range from exposed to 
subcropped felsic, intermediate and mafic calc-alkaline volcanic 
(P écskay et al. 2006 ). Volcanic formations in the CPR are mostly 
buried beneath Neogene-Quater nar y sediments throughout the Pan- 
nonian Basin and the TB, and outcrop in several regions in the 
Carpathians. The Central Slovakia Volcanic Field (CSVF, Fig. 1 a) 
is a calc-alkaline volcanic formation also known as a complex mag- 
netic anomaly area rich in fluids, located on the inner side of the 
Western Carpathians and bound by the Bohemian Massif to the 
NW (Kone ̌cn ý et al. 1995 ; Bekta s ¸ 2013 ). The C ălimani–Gurghiu–
Harghita (CGH) is an intermediate magmatic arc disposed along 
the East Carpathians at the eastern edge of the TB (Seghedi et al. 
2019 ). In the southern Apuseni Mountains, a section of the Vardar 
oceanic ophiolite that underlies most of the TB is exposed (Fig. 1 , 
Schmid et al. 2008 ; Ma țenco & Radi voje vi ́c 2012 ). 

The VR (Fig. 1 a), an active seismic zone located at the bending 
of the Eastern Carpathians, plays a crucial role in the geodynamics 
of the CPR. Although it is far enough from most active collisional 
boundaries, it generates large intermediate earthquakes ( M > 7), 
causing the highest seismic hazard in Eastern Europe (Radulian 
et al. 2000 ; Petrescu et al. 2021 ; Petrescu et al. 2023a ). Ho wever , 



Ambient noise attenuation tomography 549 

Figure 1. (a) Map showing the main geological and tectonic elements in Eastern Europe and surrounding areas. The orange dashed line outlines the Teisseyre–
Tornquist Line (TTZ). The main volcanic structures are shown in red. The black dashed lines indicate major faults that cross-cut the region. (b) Map displaying 
the permanent and temporary stations used for the current analysis. The abbreviations are as follows: CGH: C ălimani–Gur ghiu–Har ghita; CSVH: Central 
Slovakian volcanic field; FB: Foc șani Basin; FBV: Bogdan Vod ă Fault; FMML: Mur-Murz Fault; MHL: Mid-Hungarian Line; TB: Transylvanian Basin and 
VR: Vrancea region 
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he link between magmatic activity in CGH and complex processes
eneath Vrancea is still highly debated (Ismail-Zadeh et al. 2012 ;
eghedi et al. 2019 ). To the south-east of the Vrancea area, the
oc șani Basin hosts moderate-sized crustal seismicity (Radulian
t al. 2000 ; Pl ăcint ă et al. 2021 ). 

 P R E V I O U S  R E S E A RC H  O N  S E I S M I C  

 T T E N U  A  T I O N  I N  E A S T E R N  E U RO P E  

he current analysis represents the first attempt to examine the char-
cteristics of seismic attenuation on a larger scale in Eastern Europe.
re vious research w as mainl y focused on v arious areas, pointing out

he complexity of the Eastern Europe realm. Herak ( 1991 ) used low
o moderate crustal earthquakes from the outer Dinarides and the
entral Adriatic Sea regions. He carried out a quantitative analysis
f the frequently observed Qc increase with lapse time for various
requency ranges and showed that Qc increases both with frequency
nd lapse time, while the de gree of frequenc y dependence decreases
ith lapse time. Dasovi ́c et al. ( 2013 ) studied the attenuation of

oda waves ( Qc ) from small to moderate earthquakes generated
n western continental Croatia. They identified an increasing trend
f Qc with lapse time and frequency range, as well as low Qc in
he Pannonian basin and higher values for the Dinarides. Kiszely
 2000 ) examined shallow seismic events that occurred in Hungary to
etermine Qc in the frequency range of 6–24 Hz. He showed an in-
reasing trend of Qc with the frequency range and homogeneous Qc
alues. Gaebler et al. ( 2015 ) inv estigated frequenc y-dependent seis-
ic scattering and intrinsic attenuation parameters for the crustal

tructure under West Bohemia using elastic and acoustic radiative
ransfer theory in a frequency range from 3 to 24 Hz. Strong attenua-
ion patterns were highlighted, with intrinsic attenuation dominating
ver scattering. Soergel et al. ( 2020 ) determined and mapped coda-
 in short-to-medium-period ranges (2.5–20 s) in the Alpine region
sing ambient seismic noise cross-correlations between seismic sta-
ion pairs. By applying a regionalization approach (Mayor et al.
016 ) with an adaptive grid (Schaefer et al. 2011 ), they reported
igh attenuation values in the short-period range (2.5–5 s) in the Po
lain, the Pannonian Basin and the Bohemian Massif. Attenuation
tudies in the East and South Carpathians include high-frequency
aveform modelling (Ardeleanu et al. 2022 ), which indicated low

ttenuation values in the platform regions surrounding the East-
rn Carpathians, in contrast with significant attenuation obtained
n the Eastern Carpathians and the Carpathian foredeep. Oancea
t al. ( 1991 ) analysed low to moderate crustal and intermediate-
epth earthquakes that occurred across Romania to determine coda
uality factors at low frequencies. They build a crustal coda quality
actor ( Qc ) map for Romania, showing a high attenuation regime
t the eastern edge of the Pannonian Basin and in the Neogene
olcanic area, with low attenuation and strong frequency depen-
ence for the central and eastern parts of Romania. Borleanu et al.
 2023 ) used small to moderate crustal earthquakes in Romania to
nvestigate seismic attenuation (in the frequency range of 3–12 Hz)
long the Carpathian Oro gen. They dif ferentiated the main atten-
ation mechanisms (scattering and absorption), and mapped them
eparatel y, indicating hetero geneous attenuation patterns across the
arpathian sedimentary basins and low seismic attenuation at all

requencies in the EEC. 

 DATA  A N D  M E T H O D S  

.1. Data 

ur initial data set consists of vertical component ambient seis-
ic noise records from 734 permanent and temporary broad-band

tations that operated between 1999 and 2020 in Central and East-
rn Europe (Fig. 1 b). Permanent stations belong mostly to national
eismic networks operated by countries in our study region, whose
ata were available for download via the European Integrated Data
rchive (EIDA) data ser vices. Temporar y networks (Fig. 1 b) in-

lude the CALIXTO seismic experiment from 1999 (Martin et al.
005 ), the 2005–2007 Carpathians Basins Project (Dando et al.
011 ), the 2006–2008 PASSEQ network (Wilde-Piorko et al. 2008 )

art/ggad408_f1.eps
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Figure 2. (a) Example of a one-day seismogram from the Tescani (TESR) station in Romania (black trace) and the background noise (red trace) extracted 
using the CWT (Yang et al. 2020 ) algorithm. (b). Causal and acausal parts of a cross-correlogram between TESR and Voinea (VOIR, Fig. 3 ), after noise 
cross-correlation and stacking (black trace), and after de-noising with the CWT (red trace). 
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and the 2009–2011 South Carpathians Project (Ren et al. 2012 ). 
To obtain EGFs between stations and Rayleigh wave signals in the 
microseism period range (4.0–30 s), ambient seismic noise must 
be recorded simultaneousl y b y pairs of seismic stations. To max- 
imize the number of synchronous station pairs while optimizing 
data size and processing times, we downloaded data from all avail- 
able permanent stations operating during the additional temporary 
deployments, and for the years 2019 and 2020 (Fig. 1 b). 

4.2. Ambient noise processing in the microseismic 
fr equenc y range 

We decimated the continuous recordings to 5 Hz, removed the mean, 
detrended, corrected for the instrument response and bandpass fil- 
tered them using a Butterworth filter with corner frequencies of 
0.003 and 2.4 Hz. We discarded seismograms with time gaps longer 
than 10 s, or those showing anomalous signal artefacts. One specific 
difficulty of noise correlations is that they require the handling of 
transient high-amplitude signals such as earthquakes or long-term 

amplitude variations (e.g. seasonal). To eliminate such influences, 
we de-signalled the seismograms using a soft-threshold continuous 
wavelet transform filter (CWT, Yang et al. 2020 ). This method has 
been shown to be more efficient than the standard time-domain nor- 
malization technique (Bensen et al. 2007 ), by increasing the signal- 
to-noise ratio (SNR) of Green’s functions (Fig. 2 ) and enhancing 
the homogeneity of the ambient noise wavefield (e.g. Petrescu et al. 
2022 ). 

We cut the continuous ambient noise data into 1-hr-long seg- 
ments in accordance with previous studies that showed that the 
convergence of correlations occurs faster in shorter time windows 
than for daily recordings (Poli et al. 2012 ; Soergel et al. 2020 ; Pe- 
trescu et al. 2022 ). With the algorithm proposed by K ästle et al. 
( 2016 ), we cross-correlated synchronous noise recordings of 1-hr 
windows at pairs of stations and stacked the cross-correlograms 
to obtain interstation EGFs (F ig. 4 ). F inall y, the CWT w as used 
in reverse to de-noise the final cross-correlograms, improving the 
SNR and highlighting the Rayleigh wave packets (Figs 2 and 3 ). 
We visually inspected the data and removed seismograms with- 
out high-amplitude dispersive Ra yleigh wa ve packets, resulting in 
68 615 waveforms in a distance range of 5 ≤ � (km) ≤ 3306, 
showing the highest ray path coverage of this area (Fig. 5 ). 

Fig. 3 and Fig. S1, in the Supporting Information file depict the 
extracted interstation Rayleigh wave Green’s functions computed 
between VOIR and the stations placed up to 500 km a way, sho w- 
ing clear surface wave packets in both causal and acausal cross- 
correlation sections. We also included examples of Rayleigh wave 
Green’s functions filtered at various period ranges between TESR 

and VOIR stations, as well as the location of the stations used 
in the figures below. We can see how microseismic noise affects 
short-period recordings and how it diminishes over longer periods, 
resulting in an increase in the SNR. 

4.3. Coda quality factor ( Qc ) determination 

Coda quality factors, Qc , were determined based on the Aki & 

Chouet ( 1975 ) approach that estimates the decay of the energy 
envelope as a function of lapse time ( t ) measured from the Rayleigh 
w ave arri v al (Fig. 4 ), according to the following equation: 

A 

( t, f ) = A 0 ( f ) t 
−αe 

(
− 2 π f t 

Qc ( f ) 

)
, (1) 

where A ( f , t ) represents the power spectral density, A 0 ( f ) is a 
source-dependent term, t is the lapse time measured from the 
Ra yleigh wa ve arri v al, f is the frequency and α is the positi ve 
exponent (assumed equal to 1.5, following Calvet et al. 2013 ; 
Napolitano et al. 2020 ). Qc was determined by a least-squares 
linear fit of log ( A ( f , t ) t −α) versus t for each of the selected period
ranges, b y appl ying a modified version of the MuRAT2D algorithm 

(De Siena et al. 2017 ), initially used for earthquake data processing 
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Figure 3. (a) Example of estimated Rayleigh wave Green’s functions (acausal and causal sections) in 3–5 s and (b) 20–30 s, for paths between VOIR and the 
stations, placed up to 500 km away; (c) examples of Green’s function of the Rayleigh wave obtained for the station pairs TESR and VOIR, filtered at different 
period ranges and (d) location of stations used in Figs 3 and 4, and Fig. S2 (Supporting Information) . 
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Borleanu et al. 2017 ; Sketsiou et al. 2020 ). An example of Qc
stimation is given in Fig. S2 (Supporting Information) which
hows several EGF’s computed for different pairs of stations
nd their envelopes (bandpass filtered in various period ranges)
ndicating the decay of the coda waves in time. The algorithm
as been adjusted such that the lapse time is measured from the
a yleigh wa ve arrival instead of the origin time of the seismic
vent (as it was in the initial version for earthquake analysis). Sato
t al. ( 2012 ) showed that Qc is a sum of the scattering ( Qs ) and the
ntrinsic ( Qi ) quality factors, as in eq. ( 2 ). 

Qc = Qs + Qi (2) 

here Qs and Qi denote the scattering and intrinsic attenuation
absorption). Recent studies (Calvet & Margerin 2013 ; Margerin
017 ; Napolitano et al. 2020 ; Nardoni et al. 2021 ) showed
hat at late lapse and no energy leakage from the investigated
rea, Qc dependence on anisotropy and scattering attenuation
 t  
ecreases significantly, and the Qc can be approximated as a direct
easurement of absorption ( Qc = Qi ). 
To map stable lateral variations of seismic attenuation, we deter-

ined the inverse coda quality factors ( Qc −1 ) in four-period bands
3.0–5.0, 5.0–10, 10.0–20.0 and 20.0–30.0 s). To avoid the possi-
le biases pointed out by the previous research (Calvet et al. 2013 ;
avskov et al. 2016 ; Soergel et al. 2020 ), and to account for the
iffusion approximation, we performed multiple trial and error tests
o establish the optimum lapse time and coda window length. We
ested lapse times between 100 and 150 s and coda window lengths
etween 400 and 700 s, and inspected the dependence of Qc on trav-
ltimes and whether the output Qc was within a reasonable interval.
hese criteria were satisfied for a lapse time (lt) of 130 s starting

rom the arri v al of the maximum amplitude Rayleigh wave, and for
oda windows (cw) of 400 s for the 3–5 and 5–10 s period inter-
als, 450 s for 10–20 s, and 700 s for the 20–30 s period interval,
especti vel y (Fig. 4 ). To show the steps considered for Qc deter-
ination, an example of EGF analysis is given in Fig. 4 . We show

he causal part of a filtered (5.0–10 s) cross-correlogram between

art/ggad408_f3.eps
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Figure 4. Analysis of a cross-correlogram (EGF) computed between two Romanian stations (BZS and PETR, for an interstation distance of 619 km). (a) 
Correlation filtered in 5–10 s period range and (b) envelope of the same EGF (grey) and smoothed (cyan). The red line represents the expected coda decay. The 
solid magenta lines denote the interval boundaries within which the coda is fitted. The onset of the Rayleigh wave is depicted by the magenta dashed line. 

Figure 5. (a) The ray path coverage obtained for the starting data set, comprising EGFs estimated between station pairs with interstation distances of 
5–3306 km. (b) Ray coverage corresponding to the data set comprising EGFs between stations with interstation distances ranging from 50 to 250 km, 
respecti vel y. 
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Buzia ș (BZS) and Petre ști (PETR) stations, both located in Romania 
(Fig. 3 ), within an interstation distance of 619 km. The Rayleigh 
w ave arri v al w as estimated as the maximum amplitude measured in 
a time window corresponding to a velocity interval between 1.5–
5.0 km s −1 (Soergel et al. 2020 ). The selected lapse time and coda 
window length are also highlighted in Fig. 4 to justify the cho- 
sen parametrization. Figs S3 and S4 in the Suppor ting Infor mation 
display the dependency of Qc on backazimuth and Qc −1 on the 
theoretical traveltime, supporting the values selected for lt, cw and 
interstation distance. 

4.4. Data quality control and selection 

Soergel et al. ( 2020 ) indicated that at large interstation dis- 
tances, Qc has a significant dependence on azimuth, correspond- 
ing to the distribution of noise sources. We also computed Qc 
for various interstation distances and plotted against backaz- 
imuth ( Fig. S3, Supporting Information ) to establish a suitable 
distance range for the analysis of the selected data. Our re- 
sults indicate that for interstation distances ranging from 50 to 
250 km, the Qc distribution is independent of backazimuth, im- 
plying that noise source distribution has a negligible effect on 
Qc estimations. To justify the selected parametrization for coda 
waves, in Fig. S3 (Supporting Information ), we show the varia- 
tions of Qc as a function of the backazimuth, for several inter- 
station distances (50–250, 250–500 and 500–1000 km), all com- 
puted for the second-period range (5–10 s). The ray path distri- 
butions for both initial interstation distances (5–3306 km) and se- 
lected ones (50–250 km) are shown in Fig. 5 . Fig. S5 (Supporting 
Information) depicts the distribution of the number of correla- 
tions (for 50–250 km) as a function of interstation distance and 
backazimuth. 
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In accordance with previous studies (Mayor et al. 2016 ; Soergel
t al. 2020 ), we rejected the seismograms for which the coda energy
smoothed over a 40-period window) falls below the noise level
orresponding to the analysed window as well as all Qc −1 with
alues smaller than 1 × 10 −1 or bigger than 5 × 10 −4 measured
n the 5–10 and 20–30 s period ranges, respecti vel y higher than
5 × 10 −4 in the short-period band (3.0–5.0 s). 

To assess the stability of estimated Qc values, before the qual-
ty control filters implicit in the MuRAT2D code, we also com-
uted average Qc values for each station, using data from the
0–250 km interstation distance range. We follow Aki & Chouet
 1975 ), estimating the decay of the energy envelope (using eq. 1 )
f coda Rayleigh waves for each EGF. We then calculated a Qc
alue for each station by computing the median values of the
c for cross-correlations that involved that station. The measure-
ents that had values higher than the standard deviation of Qc

omputed for that station were excluded, while the stations with
ess than 10 determinations were also excluded from the represen-
ation. The resulting Qc values are then compared to the tomo-
raphic images obtained using the inversion approach with sensi-
ivity kernels (Del Pezzo et al. 2016 ) described in the next sec-
ion. 

.5. Spatial sensitivity kernels and Qc inversion 

o obtain a forward model for the tomographic inversion in space, all
c values were weighted across the nodes of a grid with the analytic

unctions de veloped b y Del Pezzo et al. ( 2016 ). The authors used the
onte Carlo approach to solve the energy transfer equation, taking

nto account that repeated anisotropic scatterings cause diffusion in
 time span when equipartition occurs and in the absence of leakage
nd strong boundary limits (Hennino et al. 2001 ; Souriau et al.
011 ; De Siena et al. 2014 ; Margerin 2017 ; Napolitano et al. 2020 ).
quipartition is a necessary condition for the onset of diffusion and

equires a lack of coherent energy within the coda window chosen
or the analysis (Calvet et al. 2013 ). If diffusion can be assessed
nd leakage is absent, Qc is a direct marker of absorption. Sketsiou
t al. ( 2020 ) provided a comprehensive description of Qc spatial
ensitivity functions, also known as sensitivity kernels, which are
alid in the diffusive regime. 
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In eq. ( 3 ), F1 is an analytical lapse-time-independent kernel;
 s and y s , are the source coordinates; x r and y r , are the receiver
oordinates; δx and δy , are the spatial apertures of the weighting
unction and D is the horizontal source–receiver distance (Del Pezzo
t al. 2016 ; Sketsiou et al. 2020 ). 

The kernels shown in eq. ( 3 ) are used in the inversion for the
patial distribution of Qc . De Siena et al. ( 2017 ) defined the elements
f the data vector as the source–receiver measurements of Qc −1 ,
ridded the study area, solved eq. ( 3 ), and used the results as a
ensitivity kernel for a 2-D inversion of Qc −1 . In the inversion
atrix, the rows of the sensitivity kernels are normalized to their
aximum value, meaning that the total coda energy can only be

epresented by its spatial interaction with the grid (Margerin 2017 ;
anborn et al. 2017 ). A zeroth-order Tikhonov regularization is
sed to solve the corresponding linear inverse problem. The result
s a matrix with Qc values for each block of the g rid. Inver ting the
ata also helps us to assess the solution’s resolution and stability
y performing synthetic tests (Rawlinson & Spakman 2016 ). The
omographic algorithm estimates the damping parameter based on
he elbow of the L -curve (Fig. 6 ), but we assessed the resolution
utput using multiple algorithms. 

In contrast with standard Qc imaging, our method takes into
onsideration space-weighted functions, which increase the lateral
esolution of attenuation (De Siena et al. 2017 ). Sketsiou et al.
 2020 ) showed that the use of sensitivity kernels provides a more
ccurate representation of absorption patterns. The distinction here
s that, while a Qc value is computed for each waveform, a larger
ontribution of the regions around the source and the receiver is
aken into account when inverting for the spatial distribution of
he absorption anomalies using sensitivity kernels (Del Pezzo et al.
016 , Fig. S6, Supporting Information ). Space-weighted functions
lso allow the computation of a forward model (Sketsiou et al.
020 ), which is further used to conduct synthetic tests (Rawlinson
 Spakman 2016 ) to determine the accuracy and resolution of

he resulting models. By applying space-w eighted functions, w e
ncreased the lateral resolution of the attenuation maps with respect
o standard Qc imaging (De Siena et al. 2017 ). 

.6. Mapping strategy and resolution assessment 

he study region was divided into cells of 0.68 ◦ × 0.7 ◦ ( X , Y )
or discrete period intervals centered on 4.0, 7.5, 15.0 and 25.0 s,
especti vel y. Considering the number of waveforms and their dis-
ribution in space, we parametrized the region into a regular grid of
96 cells. 

We determine the resolution of our tomography model using
lassic checkerboard tests (Fig. 6 ). We create synthetic models of
lternating anomalies and invert them with the existing configura-
ion of virtual earthquakes and stations to examine how well the
nomaly pattern is reproduced. Checkerboard tests are especially
seful for determining the minimum dimension required for an un-
erg round str ucture to be visible using this type of tomography and
esting lateral changes in model resolution (Rawlinson et al. 2014 ).

e constructed the input model with a cell dimension twice as large
s the node spacing and found that the input pattern is properly re-
overed for all period ranges, with the best solution generated in
he 10–20 s period range. In areas with the highest station and ray
ensity (Figs 1 , 5 and 6 ), the input model is well recovered, while
he northeast and southwest regions are poorly constrained, where
ay coverage is sparse (Figs 5 and 6 ). The highest resolution re-
ion where checkerboard patterns are well recovered is the CPR.
he optimum damping value was determined based on the L -curve,
 lo g–lo g representation of the norm of the regularized solution
unction versus the norm of the corresponding residual (Hansen &
’Lear y 1993 ). We constr ucted the L -cur ve using a wide range of
amping values within the elbow range, for which we plotted the
orresponding tomographic images. Fig. 6 (a) shows selected tomo-
raphic images generated for the initial picked damping value range,
or the 10–20 s period interval. Visual assessment of the three to-
ographic images (Fig. 6 a) shows that the first two damping values

nderfit the analysed data and affect the recovery of checkerboard

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad408#supplementary-data
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Figure 6. (a) Examples of an L -curve graph with Qc −1 maps obtained for several elbow values used to estimate the proper damping for the inversion at 15 s 
(note the change in colour scale); (b) input model showing synthetic checkerboard attenuation anomalies expressed as Qc −1 and the corresponding output 
solutions for: (c) 4.0 s, (d) 7.5 s, (e) 15 s and (f) 25 s. The white line marks the area where our results have the highest resolution. 
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patterns even in high ray-density areas. Therefore, we considered 
0.12 to be the optimum value. 

To check for any potential dominant directions of microseismic 
noise sources that could bias Rayleigh wave propagation, we sep- 
arately investigated causal and acausal signals and displayed the 
attenuation variation maps as ( Qc / Qm ) −1 in Fig. 7 , where high at- 
tenuation structures associated with high absorption features are 
represented in red, while the low attenuation areas are shown in 
blue. The slight differences in attenuation patterns could be caused 
b y the v arious distributions of microseismic noise sources. For seis- 
mic stations in Romania, Grecu et al. ( 2012 ) identified the main mi- 
croseismic noise sources distributed across the Black Sea, Mediter- 
ranean Sea and Atlantic Ocean. This causes the amplitudes of the 
causal signals to differ from those of the acausal signals (Fig. 3 and 
Fig. S1, Suppor ting Infor mation ), influencing in some areas the 
shape or amplitude of the attenuation patterns or even shifting the 
anomaly (Fig. 7 ). In accordance with the previous studies (Soergel 
et al. 2020 ), we further map the attenuation structures using the 
causal signal. 
5  R E S U LT S  

Fig. 8 shows our estimated seismic attenuation models of the CPR, 
expressed as the inverse of Qc v alues, scaled b y the inverse regional 
average ( Qm 

−1 ). The initial Qc −1 values were computed by inverting 
source–receiver Qc −1 determinations using the sensitivity kernels 
approach defined in eq. ( 3 ). Qm 

−1 was computed by averaging Qc −1 

over the whole data set, for each of the selected period ranges, such 
that it samples different crustal levels depending on the period. 
Using final ray path coverage ( Fig. S7, Supporting Information ) 
and checkerboard pattern recovery tests we marked the area where 
our model is most stable and well constrained. This area includes the 
Bohemian Massif, the Easternmost Alps, the Western Carpathians, 
the Pannonian Basin, the Apuseni Mountains, the TB, the Eastern 
and South Carpathians, the Eastern Carpathian foreland region of 
the EEC and the Moesian Platform. 

On average, Qc values decrease with increasing period in- 
tervals, indicating a frequency-dependent attenuation pattern 
( Fig. S4, Supporting Information ), similar to the results of So- 
ergel et al. ( 2020 ). Average Qc values for our model vary from 
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Figure 7. ( Qc / Qm ) −1 maps for 3.0–5.0 period range computed for: (a) causal and (b) acausal signals. Red colours denote areas of high absorption while dark 
blue displays no absorption. 
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44 at 3–5 s, 401 for 5–10 s, 384 for 10–20 s and 333 for 20–30 s
 Fig. S4, Supporting Information ). Compared to average values es-
imated by Soergel et al. ( 2020 ) in the common period ranges, our
verage Qc values in the long-period domain (10–20 s) are roughly
6 per cent higher, while for shorter periods (5–10 s) we obtained
n average Qc of about 15 per cent higher. Qc values do not ex-
ibit dependence on calculated traveltimes for the selected period
anges ( Fig. S4, Supporting Information ), implying that our results
re stable and reliable for the selected data set. 

Our results show various attenuation heterogeneities across
he CPR (Fig. 8 ). The highest attenuation (absorption) anomaly
( Qc / Qm ) −1 > 3) appears in the northeast Pannonian region at
ow-period intervals (3–5 and 5–10 s, Fig. 8 ) and is strongly re-
uced in amplitude at longer periods (10–20 and 20–30 s). Sim-
lar ( Qc / Qm ) −1 values appear in the Bohemian Massif, the East
arpathians and the Moesian Platform at low periods (3–5 s), but

eem to disappear at long-period inter vals. Inter mediate-attenuation
egions (( Qc / Qm ) −1 ∼2) include the transition between the Eastern
lps and the Western Carpathians, the Pannonian region north of

he Mid-Hungarian Line (MHL) at low periods, the contact between
he PB and the Dinarides (most evident at periods > 5 s), the TB (at
ll periods) and the South-East Carpathians. In contrast, low atten-
ation regions (( Qc / Qm ) −1 < 1) are consistent at all periods in the
entral Pannonian region south of the MHL, the southern Apuseni
ountains and the western South Carpathians. 
The maps showing the Qc distribution computed for each station

n the selected period ranges are shown in Fig. 9 . The average Qc
alues estimated per station (based on the ray coverage displayed in
ig. 5 b) match well with the features emphasized by tomographic
aps and geological units. Ho wever , the average Qc estimates per

tation show more variance in the 3–5 s period interval than those
btained for the longer period ranges (20–30 s). Qc results from the
omography model are based on a data set that has stricter quality
ontrol filters, as was previously mentioned, which could justify the

bserved differences. A  
 D I S C U S S I O N  

he Eastern Europe region and adjacent areas were affected by sig-
ificant tectonic deformation at different time periods, as shown
bove. In the subsequent sections, we discuss the results in relation
o previous research and how well they match with the geology and
eophysical properties of the region. Because we are assuming a
if fusi ve medium, it must be considered that the attenuation struc-
ures re vealed b y the proposed approach are dri ven b y the absorption
rocess (see Section 4.3 ). 

.1 Comparison with results from previous seismic 
ttenuation and velocity tomography 

n contrast to previous attenuation studies of the Eastern European
rea (Herak 1991 ; Oancea et al. 1991 ; Kiszely 2000 ; Dasovi ́c et al.
013 ; Gaebler et al. 2015 ; Borleanu et al. 2023 ), we employed
mbient noise cross-correlations between various station pairs. By
onstr ucting vir tual sources, this approach significantly enhances
he quantity of data used, allowing us to image crustal attenua-
ion features at the highest possible resolution. The selected period
anges, which are specific to these types of data, offer additional
nformation that cannot be revealed through earthquake data anal-
sis. A similar approach was recently applied by Soergel et al.
 2020 ), which showed a consistent geog raphic patter n of high and
ow coda- Q over the broader Alpine area. 

Common characteristics with the model of Soergel et al. ( 2020 )
re also shown by the attenuation maps (Fig. 8 ), which emphasize
ignificant attenuation patterns in the upper and middle crust (3–
 and 5–10 s) of the Pannonian Basin (Fig. 8 ). Recent ambient
oise tomography investigations (Ren et al. 2013 ; Szanyi et al.
021 ) estimated low shear wave velocity in the upper crust under
he Pannonian Basin, which correlates spatially with the strong
ttenuation patterns indicated by our attenuation tomography model.
lthough Soergel et al. ( 2020 ) argue that their study does not have
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Figure 8. Attenuation maps expressed as ( Qc / Qm ) −1 for selected period ranges: (a) 3.0–5.0 s, (b) 5.0–10.0 s, (c) 10.0–20.0 s and (d) 20.0–30.0 s. The red 
colour denotes areas of high absorption, and blue displays low absorption regions. Black dashed lines indicate major faults and tectonic boundaries. The white 
dashed line marks the area where our results have the highest resolution according to checkerboard tests. The abbreviations are as follows: BM: Bohemian 
Massif; C-G-H: C ălimani–Gur ghiu–Har ghita volcanic chain; CSVF: Central Slovakia Volcanic Field; EEC: East European Craton; FB: Foc șani Basin; PB: 
Pannonian Basin; MHL: Mid-Hungarian Line; TB: Transylvanian Basin and VR: Vrancea Region. 

by Dasovi ́c et al. ( 2013 ). 
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the highest ray’s coverage for the Bohemian Massif area, where they 
obtained high attenuation, our results indicate similar attenuation 
patterns. In contrast, shear wave velocities in the upper crust of 
the Bohemian Massif exhibit a considerable degree of variability 
depending on the data coverage and analysis techniques (Hrubcov á 
et al. 2005 ; Ren et al. 2013 ). 

In Romania, our results partially match those of Oancea et al. 
( 1991 ), w ho indicated considerab le attenuation in the Eastern 
Carpathian volcanic area and Pannonian Basin and no attenuation 
in the TB. In contrast to their findings, we highlight moderate at- 
tenuation across the TB with a weak period dependence (Fig. 8 ). 
More recent waveform modelling in the South-East Carpathians 
indicated high attenuation in the Foc șani Basin (Ardeleanu et al. 
2022 ), similar to our findings for short periods. 

For the contact between the Adriatic Plate and the Dinarides, 
our results are robust, particularly on the nor ther n side (Fig. 6 and 
Fig. S7, Supporting Information ), where significant and period- 
dependent attenuation patterns are revealed (Figs 8 –11 a). Ren et al. 
( 2013 ) highlighted group velocities of Rayleigh waves and shear 
wav e v elocities with low values across this area. This is consistent 
with both the low values of Qc (high attenuation) highlighted by our 
analysis for the period range (3–30 s) and the small values of Qc 
deter mined from ear thquake processing (between 1.5 and 24 Hz) 

art/ggad408_f8.eps
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Figure 9. Maps showing the average Qc computed per station (coloured circles) in the following period ranges: (a) 3.0–5.0 s; (b) 5.0–10 s; (c) 10.0–20.0 s and 
(d) 20–30 s. The red colour indicates higher attenuation (lower Qc values) w hile b lue suggests lower attenuation. The symbol size is inversely proportional to 
the standard deviation per station. 
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.2 Attenuation of sedimentary basins 

ig. 10 shows the attenuation anomalies overlaid with Neogene
edimentary thickness contours. The map shows a clear correla-
ion between most high-attenuation regions and sedimentary basins
ithin the Carpathian-Pannonian system. The Southern and Eastern
arpathian foreland sedimentary basins show high attenuation pat-

er ns at shor t periods following the sinuous track of the Carpathian
end, but the model resolution decreases in the Western Carpathian
oreland basin. The strongest attenuation regions do not directly cor-
elate with the thickness of the Neogene strata. The Foc șani Basin,
he deepest forearc sedimentary basin (Bocin et al. 2013 ), has a
igh-absorption signature in the short-period range (3–10 s). 

In the Moesian Platform, high attenuation patterns appear in its
estern section at low periods (3–5 s). Likely, the older Palaeozoic
k  
ediments deposited on top of the Moesian Platform from previous
ollisions and the heterogeneous basement topography (Seghedi
t al. 2005 ) influence our measurements. Attenuation decreases
ith increasing period range, showing a good fit with previous

tudies that highlighted the presence of a Silurian sediment layer up
o 1.2 km deep (Paraschiv 1979 ; Seghedi et al. 2005 ). 

Seismic attenuation in the TB is moderate and weakly dependent
n the period (Figs 8 –10 ). The uplift tendencies, volcanic activity
n its eastern edge (Seghedi et al. 2019 ) and active fault systems
n its nor ther n side (e.g. the Bogdan Vod ă fault, Figs 1 and 11 a)
re all essential factors in seismic wave attenuation beneath this
egion. 

The Pannonian Basin appears more heterogeneous in our 3–5 s
ttenuation map, but low Qc regions still partially correlate with
nown sedimentary basins, such as the Danube and Vienna Basins

art/ggad408_f9.eps
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Figure 10. Attenuation ( Qc ) map in the 3–5 s period interval of the CPR, showing the thickness of Neogene sedimentary basins (green contours, after Kov á ̌c 
et al. 2007 ). Black dashed lines outline the Carpathian Foreland Basin and the Pannonian Basin. The thick black line marks the Alpine-Carpathian deformation 
front. The dotted black line shows the Cerna-Jiu Fault (FCJ). The white dashed line marks the area where our results have the highest resolution according 
to checkerboard tests. Abbreviations are as follo ws: VB: V ienna Basin, BaB: Backa Basin, MB: Mako Basin, BeB: B ék és Basin, DeB: Derecske Basin, JB: 
J ászag Basin, TB: Transylvanian Basin and FB: Foc șani Basin. 
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in the northwest and the Mak o, Bek es, and Derecsk e Basins in 
the eastern Pannonian (Fig. 10 ), where the pre-Neogene basement 
depth reaches 7–8 km (Horvath et al. 2015 ). The Pannonian Basin 
has considerable attenuation in the short-period range (3–10 s), with 
a decreasing tendency in the long-period range. High attenuation 
structures are more pre v alent in the northern Pannonian Basin than 
in the area south of the MHL. This confirms the results of Csontos & 

Nagymarosy ( 1998 ), who defined the MHL as a prominent tectonic 
feature of the Intra-Carpathian region that divides two terranes of 
different origin and tectonic structures. 

6.3 Atten uation featur es of volcanic fields 

Previous studies suggest that basalts can strongly attenuate and scat- 
ter seismic energy (e.g. Maresh et al. 2006 ). Ho wever , Eberhart- 
Phillips ( 2016 ) estimated high Q (low attenuation) in the Great 
Valley ophiolites. Here, we note a prominent high Qc in the West- 
ern Apuseni Mountains centred approximately around 22 ◦E, 46 ◦N 

(Fig. 10 ). Here, the Vardar Ophiolites, buried beneath Transylva- 
nia, outcrop in an elongated E-W band in the Apuseni Mountains 
and extend to the west beneath the Neogene sediments of the Pan- 
nonian Basin. The CGH Volcanic Belt in the Eastern Carpathians 
and the CSVF in the Western Carpathians (Fig. 1 a), the largest ex- 
posed intermediate calc-alkaline volcanic fields in the Carpathian- 
Pannonian System, appear as medium-to-high attenuation areas 
(Figs 8 and 11 a). The CGH Volcanic Belt in the Eastern Carpathians 
shows significant attenuation, especially at short periods (3–5 and 
5–10 s), in contrast with the CSVF area, which is better highlighted 
in longer period ranges (10–20 and 20–30 s). One potential expla- 
nation for this variability can be attributed to age and structural 

variations. The CSVF area consists of calc-alkaline volcanic rocks 
(16.5–2 Ma), whereas the CGH region is characterized by potassic- 
ultrapotassic Quater nar y volcanism ( < 2 Ma; Harangi 2001 ). Low 

Vp and Vs in the crust beneath the two volcanic areas were also 
re vealed b y recent ambient noise tomo graphy studies (Ren et al. 
2013 ). 

6.4 Possib le r elationships between atten uation and seismic 
activity 

Previous research (Mitchell 1995 ; Fillipuci et al. 2021 ) suggested 
that seismic activity may correlate with attenuation: low atten- 
uation (high Qc ) regions are characterized by poor seismicity, 
whereas areas with intense seismic activity have high attenuation 
(low Qc < 200). To further analyse the presumed connection be- 
tween seismic activity and attenuation features, w e displa yed in 
Fig. 11 (a) the tomographic image obtained for Qc (in 5–10 s) on 
which we superimposed the main fault systems, volcanic units, and 
seismic events ( M > 3) recorded in the study region between 2013 
August and 2023 Febr uar y, according to the European Mediter- 
ranean Seismological Centre ( EMSC ). Romania is characterized by 
considerable seismic activity at the crustal level at the bending of 
the Eastern Carpathians (Vrancea, Foc șani Basin), where our re- 
sults indicate low Qc ( < 200) and the attention maps reveal notable 
attenuation features (Figs 8 and 11 a). Significant seismic activity 
was recorded in the Southern Carpathians (Radulian et al. 2000 ; 
Popa et al. 2022 ), an area associated with substantial attenuation 
(small Qc ) in the eastern section, cross-cut by a north–south ori- 
ented band of high Qc ( > 400). Fig. 11 (a) shows that all epicentres 
in this area overlap the moderate and high attenuation features. 
The Banat area (B A-w estern Romania), which is also one of the 
seismicall y acti ve areas, is characterized b y moderate to low at- 
tenuation at short periods with an increasing trend toward longer 
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Figure 11. (a) Attenuation ( Qc ) map in the 5–10 s period range, of the CPR, showing the main fault systems and tectonic boundaries (dashed black lines), 
and M > 3 crustal seismicity (circles) with hypocentral depths, H < 50 km, recorded between 2010 and 2023, according to EMSC. The thick black line marks 
the Alpine-Carpathian deformation front. Green lines mark the inter mediate-g rade volcanic outcrops. Magenta lines are felsic volcanic outcrops. The white 
dashed line marks the area where our results have the highest resolution according to checkerboard tests. (b) The Moho depth variation in Eastern Europe and 
neighbouring areas, determined using the most recent receiver function investigations undertaken in these regions (Petrescu et al. 2019 ; Stip ̌cevi ́c et al. 2020 ; 
K álmar et al. 2021 ; Mroczek et al. 2023 ). Abbre viations are as follows: FBV: Bo gdan Vod ă Fault; FCJ: Cerna-Jiu Fault; FMML: Mur-Murz Fault; BA: Banat 
region; VR: Vrancea region and FB: Foc șani Basin. 
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eriods. Here, earthquake epicentres overlap regions dominated by
t least moderate attenuation features or transition areas from low
o strong attenuation regimes, possibly pointing to different earth-
uake generation mechanisms than those acting in high-attenuation
reas. 

A distinct attenuation signature may be observed at the bend-
ng of the Southern Carpathians. Romania has recently experienced
n unprecedented crustal seismic sequence in this area (starting
n 2023 Febr uar y 13), with two major shocks (2023 Febr uar y 13;
 L = 5.2 and 2023 Febr uar y 14; M L = 5.7) and a thousand after-

hocks (reported until 2023 March 1) distributed near the upper
egment of the Ter tiar y age Cer na-Jiu F ault (FCJ , Fig. 11 a). This
ault, which stretches between the Southern Carpathians and the

oesian Platform, is mainly known for the earthquakes on its lower
e gment, rev ealing a large variety of earthquake-generating mech-
nisms (Popa et al. 2018 ; Radulian et al. 2020 ; Oros et al. 2021 ).
ur model shows period-dependent attenuation, in line with previ-
us studies that highlighted comparable characteristics for regions
ith substantial tectonic hetero geneities (Kiszel y 2000 ; Borleanu

t al. 2017 ). The lower section of the FCJ exhibits high attenua-
ion characteristics across a wide period range (3–5 and 5–10 s,
igs 8 , 10 and 11 a). Still, the upper segment exhibits strong atten-
ation properties only in the shortest period range (3–5 s). This
ttenuation variability might imply differing depths of the fault
ystem associated with the major fault (FCJ), heterogeneous fluid
istribution along the fault, or a change in rock composition for
he upper segment compared to the lower one (Oros et al. 2021 ).
ur results indicate that for short periods (3–5 s), there is a lower

ttenuation along the FCJ (Fig 10 ), whereas, for longer periods (5–
0 s), the attenuation is more prominent (Fig 11 a). This transition
rom less pronounced attenuation in the uppermost crust to stronger
ttenuation at higher depths can be explained b y se veral factors, in-
luding variations in lithology , mineralogy , or temperature, stress
hanges, or the presence of anisotropy or fluids (De Siena et al.
014 ; Borleanu et al. 2017 ; Napolitano et al. 2020 ; Gabrielli et al.
022 ). Previous research in this area (Demetrescu & Andreescu
994 ; Ioane & Ion 2005 ) showed a low heat flow tendency and
e gativ e Bouguer anomalies, indicating a cold and less dense envi-
onment. In this context, the seismic activity generated on distinct
egments of the FCJ may be influenced by fluid migration (Popa
t al. 2018 ; Borleanu et al. 2023 ) or, even more, a fluid-saturated
edium, which explains how attenuation operates in this realm.
he presence of fluids may be favoured by the extensional tectonic

egime that characterizes the area and is assumed to be an important
actor in explaining the unusual duration of the aftershock activity
ecorded after the two main shocks of 2023 Febr uar y (aftershock
ctivity is still ongoing at present, 2023 August). 

Seismic activity in Hungary is relatively modest, with intensifi-
ation found particularly along the edges of the Pannonian Basin,
specially in mountainous areas, at the contact with the Dinarides
nd the Eastern Alps. In these regions, our results show moderate
ttenuation in the long-period band (10–30 s), increasing in the short
eriod (5–10 s). A notable attenuation anomaly independent of the
eriod range emerges around the Mur-Murz Fault (FMML), which
osts intense seismic activity (Figs 8 , 9 and 11 a). In the short-period
ange (3–10 s), our maps indicate significant attenuation features in
he central and nor theaster n sectors of the Pannonian Basin, where
eismic activity is scarce, highlighting low Qc values associated
ith less deformable areas. In this area, high attenuation correlates
ith low seismic wave velocities as well, likely due to the pres-

nce of hydrothermal fluids (W éber 2002 ), which may play a role
n earthquake nucleation (e.g. Zhao et al. 1996 ). The contact zone
etween the Dinarides and the Adriatic microplate is seismically
ctive and also shows substantial attenuation in the short-period
and (Fig. 11 a), supporting the global correlation between active
eismic areas and low Qc (Filippucci et al. 2021 ). 
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6.5 Potential links between attenuation and crustal 
thickness 

The inversion technique normalizes the energy density over the 
entire inversion grid, implying that there is no energy leakage along 
its deep and lateral edges (De Siena et al. 2017 ). While applying 
sensitivity kernels, it has been demonstrated that this approximation 
works for the lateral edges (Sketsiou et al. 2020 ). Radiative transfer 
simulations across oceanic basins show that shallow Moho depths 
produce low coda decays even at later lapse times (Nardoni et al. 
2021 ), resulting in anomalous attenuation patterns where Moho 
depths might control the full seismic wavefield (Nardoni et al. 2023 ). 
It is thus essential to compare the results of the Qc inversion with 
those of receiver functions. To determine how the variation of the 
crust thickness may impact coda quality factors of Rayleigh waves, 
we mapped in Fig. 11 (b) an interpolated model of Moho depth based 
on the values available in the latest receiver function studies carried 
out in this area (Petrescu et al. 2019 ; Stip ̌cevi ́c et al. 2020 ; K álmar 
et al. 2021 ; Mroczek et al. 2023 ). 

The Pannonian Basin is characterized by a thin crust ( ∼28 km), 
on its entire surface (Fig. 11 b). Our attenuation plots highlight sig- 
nificant attenuation features, especially in the short-period ranges, 
distributed mostl y tow ard the northeast, at the contact with the 
Western Carpathians (Figs 8 , 10 and 11 ), where the recent tomog- 
raphy studies indicate predominantly low seismic velocities (Weber 
2002 ; Ren et al. 2013 ). The TB is also characterized by a relatively 
thin crust ( ∼32 km, Fig. 11 b) correlated with moderate attenuation 
features and low velocities, especially in the upper crust (Borleanu 
et al. 2021 ). These two examples clearly demonstrate that changes in 
Moho depth do not have a significant impact on the coda-attenuation 
of Ra yleigh wa ves. On the one hand, this specific pattern may be ex- 
plained by the period range used in our study (3–30 s) as compared 
with the period range (0.66–2 s) used by Nardoni et al. ( 2021 ) in 
their simulations, or it could be detected only in the oceanic settings, 
where the Moho is significantly shallower ( ∼15 km). The attenu- 
ation patterns highlighted in the Pannonian basin and TB rather 
match the findings of Shapiro et al. ( 1996 ) and Baumgardt ( 2001 ) 
who linked the attenuation of crustal phases with the accumulation 
of sediments in various sedimentary basins, the energy being trans- 
ferred into slow shear waves captured within different sedimentary 
layers. At the same time, areas with thicker crust (e.g. the Dinarides 
or the Moesian Platform, Figs 8 , 10 and 11 ) overlap with areas with 
significant attenuation that barely depend on the period range. Al- 
though the sedimentary layer in these areas is thin, high attenuation 
may be caused by the strong tectonic heterogeneity, complex fault 
systems, and the presence of fluids. 

7  C O N C LU S I O N S  

By analysing the broad-band vertical recordings from the stations 
that were operational in 1999, 2005–2007, 2009–2011 and 2020 in 
Eastern Europe, we computed cross-correlations between various 
station pairs to e xtract wav es propagating between the stations. The 
Qc values have been determined using two strategies: direct mea- 
surements of the decay of the envelope of the coda of the Rayleigh 
waves and their inversion using the MuRAT2D algorithm and the 
sensitivity kernels. Both methods indicate that Qc in Eastern Eu- 
rope and surrounding areas is decreasing with the period, as has 
been pre viousl y emphasized. Although the results obtained b y both 
methods highlight appropriate attenuation characteristics, the to- 
mographic maps obtained from the inversion have a higher degree 
of reliability, as seen by the results of the synthetic tests. Also, the 
correlation with geology is sharper for the tomography attenuation 
images than on maps, where the average Qc determined per station 
is emphasized. 

Strong attenuation anomaly patches appear in the northeast Pan- 
nonian region, the Bohemian Massif, the East Carpathians and 
the Moesian Platform, in lower frequency intervals, suggesting the 
presence of heterogeneous structures within upper crustal sedimen- 
tary lay ers, possib l y caused b y locall y fluid-lubricated faults, high- 
temperature anomalies, or high water-content mineralogy. Volcanic 
structures exhibit distinct attenuation properties, with a significant 
period dependence, reflecting their age differences and different 
rock compositions. 

Our anal ysis re veals a considerable correlation between low Qc 
values and areas with intense seismic activity, as well as a substantial 
dependency of Qc on period in areas with strong tectonic hetero- 
geneity. At the same time, we identified particular places where 
the correlation between seismic activity and attenuation is ne gativ e. 
Besides that, our results demonstrate that there is no association 
between areas with low attenuation and regions with a shallower 
Moho. 

Attenuation maps have a direct impact on seismic hazard; hence, 
it is important to quantify the contribution of seismic attenuation 
studies in seismic hazard research in order to improve the identi- 
fication of regions that are vulnerable to strong earthquakes. Our 
results show weak attenuation areas in the southwest, southeast and 
northeast of the Eastern Carpathian bending, which correspond to 
the areas that were most exposed to the damages caused by previous 
major earthquakes ( M > 7) that occurred in Vrancea. 

S U P P O RT I N G  I N F O R M AT I O N  

Supplementary data are available at GJI online. 

Figure S1. (a) Example of estimated Rayleigh wave Green’s func- 
tions (acausal and causal sections) in, (a) 5–10 s and (b) 10–
20 s, for paths between VOIR and the stations, placed up 500 km 

away. 
Figure S2. Examples of cross-correlograms (top) computed be- 
tween different pairs of stations (in Romania, Fig. 3 d) and their 
envelopes (bottom), indicating decay of the coda waves in time, 
bandpass filtered in the following period ranges: (a) 3–5 s; (b) 5–
10 s; (c) 10–20 s and (d) 20–30 s. Vertical black lines delimit the 
coda window and lapse time, while the dashed black line displays 
the slope for envelope decay. The station pairs are shown in the 
upper right corner of the bottom plot of Fig. S2d). 
Figure S3. Qc in 5–10 s period range as a function of backazimuth 
at distances of 50–250, 250–500 and 500–1000 km. 
Figure S4. Inverse Qc dependence on traveltime for (a) 3–5 s, (b) 
5–10 s, (c) 10–20 s and (d) 20–30 s. 
Figure S5. Number of correlations as a function of: (a) interstation 
distance and (b) backazimuth. 
Figure S6. Qc sensitivity computed for 5–10 s period range between 
a source (station PA82 of 7E network) and a receiver (station PF47 
of 7E network) 
Figure S7. The final ray path coverage as resulted from the inversion 
algorithm in each of the period ranges: (a) 3–5 s, (b) 5–10 s, (c)10–
20 s and (d) 20–30 s. 
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 ăileanu , V. , Diaconescu, C. & R ădulescu, F., 1994. Characteris-
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V ăc ăreanu , R. , Radulian, M., Iancovici, M., P av el, F. & Neagu, C., 2015.
Fore-arc and back-arc ground motion prediction model for Vrancea in- 
termediate depth seismic source, J. Earthq. Eng., 19, 535–562. 

v an der Hoe ven , A.G.A. et al. , 2005. Observ ation of present-day tec- 
tonic motions in the south-eastern Carpathians: geodetic results of the 
ISES/CRC-461 GPS measurements, Earth planet. Sci. Lett, 239 (3–4), 
177–184. 

Visarion , M. & Veliciu, S., 1981. Some geological and geophysical 
characteristics of the Transylvanian Basin, Earth Evol. Sci., 3-4, 
212–217. 
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