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Results are presented of a seismic wide-angle reflection/refraction survey along a profile between the
Pannonian Basin (PB) and the East European Craton (EEC) called PANCAKE. The P- and S-wave velocity
model derived can be divided into three sectors: the PB; the Carpathians, including the Transcarpathian De-
pression and the Carpathian Foredeep; and the south-western part of the EEC, including the Trans European
Suture Zone (TESZ). Seismic data support a robust model of the V;, velocity structure of the crust. In the PB,
the 22-23 km thick crust consists of a 2-5 km thick sedimentary layer (V, = 2.4-3.7 km/s), 17-20 km thick
upper crystalline crust (5.9-6.3 km/s) and an up to 3 km thick lower crustal layer (V, = 6.4 km/s). In the
central part of the Carpathians, a 10-24 km thick uppermost part of the crust with V, < 6.0 km/s may corre-
spond to sedimentary rocks of different ages; several high velocity bodies (V, = 5.35, 5.95 and 6.05 km/s)
within the sedimentary flysch sequences may represent volcanic sequences. The Moho depth changes from
25 km to 45 km over ca. 100 km distance beneath the Carpathians, west of TESZ. The cratonic crust has a typ-
ical three layer structure with a pronounced thickening of the lower crust towards the Ukrainian Shield,
where a high velocity lower crust (V,, > 7.2 km/s) is observed. Two low-velocity lenses in the upper crust
of the EEC are interpreted beneath major sedimentary troughs (Lviv and Volyn-Podolsk). Mantle reflectors
are observed at depths of ~45 km and ~75 km below the PB and 10-20 km below the Moho in the EEC.
Sub-Moho (Pn) velocities increase from 8.0 km/s beneath the PB to 8.1 km/s beneath the Carpathians and
to ~8.3 km/s beneath the EEC. S-waves of acceptable quality are recorded in the EEC; their signal-to-noise
ratios increase towards the Ukrainian Shield.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

following DOBRE'99 (DOBREfraction'99 Working Group et al., 2003;
Grad et al., 2003a) which targeted the Donbas Foldbelt, and project

The results of a seismic wide-angle reflection/refraction (WARR)
survey along the PANCAKE (PANnonian-CArpathians-Cratonic Eu-
rope) profile across the Pannonian Basin in Hungary, the Ukrainian
segment of the Eastern Carpathian orogen and the south-western
part of the East European Craton are presented. PANCAKE was
organised as the third profile of a series of WARR profiles in Ukraine,

* Corresponding author. Tel.: +380 444240100; fax: + 380 444502520.
E-mail address: katls@igph.kiev.ua (K. Kolomiyets).

0040-1951/% - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.tecto.2013.08.004

DOBRE-2 (Starostenko et al., 2008; Tolkunov et al., 2011) along the
Azov Massif-Azov Sea Kerch Peninsula-eastern Black Sea line.

The PANCAKE profile (Fig. 1) is 645 km long, with 157 km in Hunga-
ry and 488 km in Ukraine. In the vicinity of the PANCAKE profile, early
Soviet deep seismic sounding (DSS) profiles — Geotraverses II, IV and
VI (Fig. 1) — were acquired in the 1970s-1980s (Sollogub et al., 1988)
and a part of the adjacent East European Craton was investigated by
the EUROBRIDGE project (EUROBRIDGE Seismic Working Group,
1999; Thybo et al., 2003). Geotraverse Il imaged the deep structure of
the Carpathians, Carpathian Foredeep and Transcarpathian Depression
along a profile parallel to and in the vicinity of the PANCAKE profile
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Fig. 1. Location of main seismic experiments in the study area and location of the investigated PANCAKE profile. Stars represent the shot points and red dots represent recording
stations of WARR experiments; black lines represent older DSS profiles. Inset map shows the location of target area in the Europe.

(Sollogub et al., 1988). However, this survey focused mainly on inter-
pretation of reflected phases and provides only limited velocity infor-
mation. South and west of the study area, the structure of the
Carpathians and of the Pannonian Basin was recently studied within
the scope of the CELEBRATION 2000 experiment (Guterch et al.,
2001). In the Pannonian Basin, several refraction and deep reflection
profiles were recorded in 1980s (Posgay, 1988; Posgay et al., 1995).

The PANCAKE experiment was designed to provide a detailed
model of the seismic P-wave velocity structure of the crust and up-
permost mantle in this area, with the aim of constraining the tectonic
and geodynamic evolution of the Pannonian Basin and the complex
boundary between the Eastern European Craton and the Carpathians.
Specific targets are crustal affinity and structure of the transition zone
between the East European Craton and adjacent crustal units under-
lying the Carpathian orogen and the Pannonian Basin, as well as the
architecture of overlying sedimentary layers, given that the study
area is believed to have a significant hydrocarbon potential.

2. Geological and tectonic setting

From north-east to south-west, the profile crosses the south-western
edge of the East European Craton (EEC), the Eastern Carpathian orogen,
the ALCAPA (Alps-Carpathians-Pannonian) micro-plate, and partly the
Tisza-Dacia micro-plate, which borders the ALCAPA along the Mid

Hungarian tectonic zone (Csontos and Nagymarosy, 1998; Figs. 2, 3).
These tectonic units, having ages ranging from Archaean to Quaternary,
also have different geological origins, lithosphere structure, and
geodynamic history.

Within the EEC (at profile distances of km 650-340), the profile
crosses the following structural elements (Glushko and Kruglov, 1988;
Gursky and Kruglov, 2004; Khain and Leonov, 1998) from NE to SW
(Fig. 2): the south-western slope of the Ukrainian Shield (km 620-
650), the Volyn-Polesie Trough (km 540-620), the Volyn-Podolian
Monocline (km 490-540), and the Palaeozoic Lviv Trough (km 340-
490). Further south-west, the PANCAKE profile crosses the Eastern
Carpathians (km 160-340), which are subdivided into two tectonic
units separated by regional thrusts: the Carpathian Foredeep (km
290-340) which overlies the Trans-European Suture Zone (TESZ)and
the Outer (Folded or Flysch) Carpathians (km 200-290). At the
south-western end (km 0-160) the profile crosses the Pannonian Basin.

The TESZ, at the SW border of the EEC beneath the sediments of
Carpathian Foredeep and the Skyba nappe (km 160-340), includes
the crustal units separating the “ancient” Precambrian Europe from
the Variscan and Alpine orogens (Berthelsen, 1993). It is understood
here as the area which includes the Neoproterozoic/Palaeozoic units
overlying the thinned EEC margin and separates the EEC from the
Outer Carpathians in the SW. The Carpathian Foredeep consists of
Neogene molasse, comprising the outer-autochthonous and almost
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Fig. 2. Schematic tectonic map of the research area (as in Fig. 1). PB — Podolian Block; ESB — East Slovakian Basin; HCM — Holy Cross Mountains; KP — Korosten Pluton; MHL — Mid
Hungarian Line; NU — Narol Unit; OC — Outer Carpathians; OWC — Outer West Carpathians; PKB — Pieniny Klippen Belt; REU — Radom-Lysogdry Unit; RRFZ — Rava Ruska folded
zone; TESZ — Trans-European Suture Zone; VB — Volyn Block; VGVR — Vygorlat-Guta Volcanic ridge; VPPB — Volhyn-Polesie Plutonic Belt. Black lines with black triangles represent
main trusts, blue areas filled black lines represent Pieniny Klippen Belt, cyan areas represent inner Carpathian-Alpine units, orange areas represent Neogene volcanics. Solid black

line represents the edge of East European Craton.

The map modified after Dadlez (2003), Dadlez et al. (1994), Fodor et al. (1999), Glushko and Kruglov (1988), Gursky and Kruglov (2004), Janik et al.(2009), Kovac (2000), Kovac et

al. (1994), Sroda et al.(2006).

non-deformed Miocene sedimentary unit deposited on the Palaeozoic-
Mesozoic cover of the EEC and the TESZ, and the internal allochtonous
zone (the Sambor and Boryslav-Pokut nappes).

The Outer (Flysch) Carpathians form a system of linear imbricated
structures, overturned and thrust over the Carpathian Foredeep by
more than 10 km. The Pieniny Klippen Belt (PKB) separates the Outer
Carpathians from the Inner Carpathians and the Transcarpathian De-
pression. The PKB is a typical tectonic mélange thrust towards the
Outer Carpathians (Kruglov et al., 2007). Large blocks of Jurassic and
Lower Cretaceous limestones are embedded in an Upper Cretaceous
marly matrix, in the near-surface layers in a 10 km wide zone.

The origin of the Carpathian-Pannonian region is still debated.
According to some authors (e.g. Fodor et al, 1999; Horvath, 1993) it
was formed in the Tertiary as the result of subduction of oceanic litho-
sphere beneath the ALCAPA and the Tisza-Dacia micro-plates and the
closure of the residual Magura Ocean between them and the EEC. Alter-
native views on the formation of the Pannonian Basin (PB) include
subsidence associated with rifting (Huismans et al., 2001), with astheno-
spheric flow triggered by the Europe-Africa collision (Cloetingh et al.,
2004; Kovacs et al., 2012) or with gravitational instability and possible
lithosphere downwelling (Gemmer and Hauseman, 2007).

Since the PB is covered by Miocene-Pliocene sediments of varying
thickness (from 0 to 4 to 6-7 km), the lateral extent and structure of
the pre-Tertiary basement of the north-eastern part of the ALCAPA
micro-plate is unknown. The pre-Tertiary basement, where sampled by
drill cores penetrating the thick Tertiary sedimentary cover, is composed
mainly of Mesozoic carbonaceous sediments (Kovacs et al., 2000).

3. Seismic data

The field acquisition campaign took place in October 2008 and includ-
ed 14 explosive sources (shot points — SP — see Table 1 for details) at 35-
50 km distance (3 in Hungary and 11 in Ukraine), and 261 recording sta-
tions with one-component geophones placed every ~2.5 km.

The seismic phases that were correlated and used for modelling in-
clude, as first arrivals, refractions from the sedimentary layers (Pseq),
diving and refracted arrivals from the upper/middle crystalline crust
(Pg), and refractions from the upper mantle (P,). The signal-to-noise
ratio is good to 150 km offsets in the Pannonian Basin (PB) and to
300 km in the East European Craton (EEC). Among the secondary ar-
rivals, the strongest phase is the reflection from the Moho discontinuity
(PmP). Reflections from mid-crustal discontinuities (PcP) are also
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Fig. 3. Geological map of the study area, covering the same area as Fig. 1.
Eastern Hungary after Fulop and Dank (1987) and western Ukraine and Moldova after Zaritsky (1987).

observed in some shot records. At large offsets, reflected phases from
the upper mantle (P;P) are identified in several sections. Seismic record
sections show a variable wavefield character, reflecting differences in
the structure of individual tectonic units along the profile.

3.1. P-waves

In the seismic data from the Pannonian Basin area (shot points
50100-50104), the P4 phases are usually observed in the offset range

of approx. 0-15 km, with apparent velocities of 4.5-5.5 km/s (Fig. 4).
At larger distances (15 km to 50-80 km), the P phase is observed. Its
apparent velocity (commonly 6.0 km/s, sometimes 5.7 km/s) suggests
that it is a refraction (turning wave) from the crystalline basement of
the PB. The uppermost mantle refraction (P,,) has low amplitude (see
zoom of SP50101, Fig. 4) or is invisible in this area. In the later arrivals,
a clear Moho reflection (PyP) phase can be correlated at about 6 s,
with maximum amplitude at offsets of 50-80 km, which suggests a rel-
atively thin crust (<30 km). Intracrustal reflections are not observed. In

Table 1

Location and parameters of explosive sources used along the PANCAKE profile.
Shot point number Distance Latitude Longitude Altitude Time Charge

(km) N ¢ (deg) E N (deg) h (m) UTC (y:d:h:m:s) TNT (kg)

SP50100 0 47.30079 20.83466 92 2008:288:21:00:02.07 700
SP50101 64.770 47.71834 21.43426 96 2008:289:21:00:23.04 400
SP50102 143.098 48.28246 22.06985 100 2008:290:20:33:11.00 300
SP50103 170.543 4838278 22.44973 106 2008:288:20:00:00.00 389
SP50104 202.788 48.58875 22.75683 601 2008:288:21:30:00.00 600
SP50105 243.680 48.84234 23.15927 738 2008:289:20:00:00.00 600
SP50106 294.366 49.1476 23.67389 389 2008:290:21:30:00.00 600
SP50107 343.740 49.45165 24.16854 286 2008:290:20:00:00.00 588
SP50108 391.661 49.74 24.66112 395 2008:290:21:00:00.00 560
SP50109 445.877 50.07056 25.21583 235 2008:291:20:00:00.00 700
SP50110 492.617 50.36361 25.68583 197 2008:290:22:00:00.00 700
SP50111 549.744 50.69417 26.30278 170 2008:289:20:29:55.99 800
SP50112 592.638 50.955 26.75139 164 2008:289:21:29:50.05 800
SP50113 643.727 51.23753 27.32736 184 2008:288:22:00:00.00 1000
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Fig. 4. Example of trace-normalized, vertical-component seismic record sections for P-wave along the PANCAKE profile (SP50100, SP50101, SP50102, SP50103, SP50108, SP50113)
filtered by a band-pass filter (2-15 Hz). Abbreviations: Pg — seismic refractions from the upper and middle crystalline crust; Pov — overcritical crustal phases; PcP — reflections
from the middle crust discontinuities; PyP — reflected waves from the Moho boundary; Pn — refractions from the sub-Moho upper mantle; P;P — P-wave phases from the

upper mantle. The reduction velocity is 8.0 km/s.

the PB, the observed phases have short pulses with no coda, especially in
the south (e.g., SP50100 and SP50101, Fig. 4). This implies a relatively
transparent crust with no pronounced reflectivity between possible
discontinuities.

Most of the Outer Carpathians and the Carpathian Foredeep is
characterized by low apparent velocities of phases from the sedimen-
tary layer — about 4.5-5.5 km/s (Pseq), While velocities of about
6.0 km/s, corresponding to Pg, are usually not observed. This is as-
cribed to effects of the more than 15 km thick low velocity sediments
comprising the Carpathian orogen and the Carpathian Foredeep as
well as underlying Palaeozoic to Mesozoic metasediments which
may damp seismic phases from the crystalline basement. In several
record sections, some short branches of travel times with apparent
V,, of ~6.0 km/s are observed at offsets of about 20 km. This suggests
the existence of thin high velocity bodies within the sedimentary
layer. This area also shows strong attenuation of seismic waves, prob-
ably due to the presence of heavily deformed and fractured sedi-
ments. For some shot points, e.g., SP50105 and SP50106, the seismic
signal is recorded only to offsets of 50 km or less. Also, first arrivals
are usually ringing and the later wavefield shows long, random reflec-
tivity, obscuring any possible later arrivals. Moho reflections are usu-
ally very weak compared to the background wave field, or not visible
at all. The P, phase from the Carpathian area is observed only for shot
points located outside this area — e.g., SP50104 and SP50108. At large
offsets (over 200 km), high apparent velocity (>8.0 km/s) arrivals for
the SW branches of SP50108 and SP50109 (Figs. 4 and 5), and
~8.0 km/s (SP50102, Fig. 4) are observed, most likely representing re-
flections from upper mantle discontinuities.

In the EEC, the offset range of Pseq (V;, 0f 4-5.5 km/s) decreases from
~15 km in the south to 0 km in the north, indicating thinning of the EEC
sedimentary cover. P, in this area has high signal-to-noise ratio and can
be easily correlated at offsets up to 150-200 km. Its apparent velocity is
in 6.0-6.2 km/s range (Figs. 4 and 5). In the south-west, the P, arrivals
are usually followed by a long coda, suggesting substantial reflectivity
of the crust, while in the north-east the crust seems to be more transpar-
ent with sharp Pg arrivals followed by a low-amplitude signal. In several
locations, the P; phase shows a strong decrease of amplitude with offset,
resulting in gaps in the travel time curve, typical for the presence of a low
velocity zone (LVZ). For SP50107 and SP50108, a gap at 15 km offsets
suggests a LVZ in the uppermost crust. Shot points 50108 and 50110
show an amplitude decrease of a P, phase at ~80 km offset that may
be due to a LVZ (or a zone with low velocity gradient) in the upper/mid-
dle crust. For most of the shot points in the EEC, reflections from the
upper crust can be correlated (e.g., SP50110-50113, Figs. 4 and 5). In
some sections, good quality Moho reflections and refractions are ob-
served, e.g. SP50108 and 50112. The PP critical point (point of maxi-
mum amplitude) at ~150 km offset and relatively late arrival time
(~8 s reduced time) indicate a >45 km thick crust beneath the EEC. For
some shot points, well-developed overcritical Moho reflections, most
likely merging with deeper crustal phases (P,,P), can be correlated up
to offsets of 200-300 km (cf. for SP50109 and SP50113; Figs. 4 and 5).

3.2. S-waves

The S-wave arrivals have lower signal-to-noise ratio than the
P-waves. The onsets are often obscured by the P coda and are hard
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Fig. 5. Example of trace-normalized, vertical-component sections for P-waves along PANCAKE profile (SP501009, SP5010102, SP501011, SP501012) filtered by a band-pass filter

(2-12 Hz). Abbreviations are as in Fig. 4.

to pick consistently. S-waves of acceptable quality are recorded in the
EEC (northeastward from SP50107 and SP50108) with increasing
signal-to-noise ratio towards the northern end of the profile (see
SP50111, SP50112 and SP50113; Fig. 6). The only visible phases are
the S, phase, observed to offsets 70-100 km with apparent
velocities of 3.5-3.6 km/s, a few crustal reflections and the SyS
phase, with critical point at ~150 km offset (Fig. 5).

4. Seismic modelling

The interpretation of the seismic data includes ray-tracing for-
ward modelling followed by modelling of the amplitudes of the
recorded phases with finite-difference, full waveform synthetic
seismograms. The trial-and-error forward modelling is carried out
using the ray-tracing SEIS83 package (Cerveny and P3encik, 1984)
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supplemented with the graphical interface MODEL (Komminaho, velocities, separated by discontinuities. In each layer, the P-wave ve-
1998) and ZPLOT (Zelt, 1994). The algorithm calculates ray paths, locity is parameterized on an irregular rectangular grid and interpo-
travel times and synthetic seismograms with a high frequency ap- lated by bicubic splines. In this study, geological and geophysical
proximation. The model consists of layers with smoothly varying data from over a dozen boreholes located near the profile and
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velocity data from shallow seismic reflection and refraction investi-
gations are used, when available, to constrain the velocity distribu-
tion in the sedimentary strata of the uppermost crust for definition
of an initial model. The model is iteratively modified in order to
minimize the travel time misfit and to obtain similar amplitudes of
synthetic and observed data, given that amplitude provides impor-
tant constraints on the velocity gradients and contrasts at the

discontinuities (Fig. 7). Examples of ray-tracing forward modelling
are shown in Figs. 8-17.

Full waveform synthetic sections are calculated with the
finite-difference Tesseral 2-D package (Kostyukevich et al.,, 2000). The
final ray-tracing velocity model is transformed onto a grid with 500 m
spacing horizontally and 100 m vertically. The S-wave velocities are
obtained from values of Vp/V ratio as derived by the ray-tracing

Fig. 7. Two-dimensional model of seismic P-wave velocity in the crust and upper mantle derived by forward ray-tracing modelling using the SEIS83 package (Cerveny and PSencik, 1984)
along the PANCAKE profile (bottom diagram). Thick, black lines represent major velocity discontinuities (first order interfaces). Those parts of the first order discontinuities that have been
constrained by reflected or/and refracted arrivals of P-waves are marked by thick lines. Thin lines represent velocity isolines with values in km/s shown in white boxes. Locations of
large-scale crustal blocks are indicated. Arrows show positions of shot points. Blue arrows show intersections with other profiles. Vertical exaggerations are ~8.3:1 for upper part of
the model, and ~2.4:1 for whole model. For the EEC, model of V,,/V; ratio distribution is shown. The white dashed line represents depth of the Moho boundary if a velocity ~7.2 km/s
is used instead of 6.9 km/s in the lower crust. MHL — Mid Hungarian Line; PKB — Pieniny Klippen Belt; VTZ — Volyn Traps zone; M — Moho boundary. Bouguer gravity and total magnetic
field anomalies along the PANCAKE profile are shown on top diagrams (Khomenko, 1987; Kruglov, 2001). Boreholes: Rsk-20, 1, 15, 24 — Ruski Komarivtsi-20, 1, 15,24 (15 km to NW from
the profile; 10 km to SE; 9 km to NW, respectively); Yabl-1, 2 — Yablunivska-1, 2 (20 and 22 km to SE); Krsh-1 — Krushelnitska-1 (3 km to SE); Kmr-1 — Komarnytska-1 (7.5 km to NW);
Nstn-1 — Nyzhnyostynavska-1 (1,5 km to NW); Yank-101 — Yankivska-101 (8.5 km to SE); Sstr-1 — South-Stryiska-1 (0.5 km to SE); Str-1 — Stryiska-1 (1 km to NW); Gsk-9 — Gaiska-9
(6 km to NW); Ltn-1 — Lyutnianska-1 (15 km to NW); Ltn-10 — Lyutnianska-10 (17 km to NW); Pyat-1 — Pyatichnska-1 (1 km to NW); BV-536 — Bilche-Volytska-536 (0.1 km); Lschn-1 —
Lischynska-1 (11 km to SE); Pr-1 — Peremyshiany-1 (7 km to SE); HI-1 — Hlyniany-1 (24 km to NW); Os-1 — Olesko-1 (7 km to NW); Bd-1 — Brody-1 (8.5 km to NW).
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modelling. For the cratonic part of the model, where the quality of
S-wave record sections is high, values of the V,,/V; ratio are adequately
defined. For other parts of the model (SW and central) V,/V; values
from the cratonic part are used. The P-wave and S-wave grids make
the input model for full waveform computations. As for the
ray-tracing modelling, the surface topography is taken into account.
The dominant frequency of the source impulse is 10 Hz, which
allowed performing calculations with such a large model in a reason-
able time, given the available computation resources and avoiding
spatial aliasing and numerical instability. Due to the large volume of
input data, the computations were performed on a grid of computers
using parallel computation capabilities (Kolomiyets and Kharchenko,
2008). Full waveform modelling allows simulation of the wave prop-
agation through the modelled structure such that all wave transfor-
mations (reflection, refraction, reverberations, etc.) at the main
boundaries in the model can be visualised through time as a series
of snap shots of the wave propagation through the model (Fig. 10).
A good agreement between the observed records and the full
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waveform synthetic sections supports the veracity of the ray-tracing
model. Comparison of the calculated full waveform synthetic sections
with seismic record sections as well as the ray diagrams for SP50100,
SP50104, SP50107, SP501010, SP501011 and SP501012 is presented
in Figs 9, 11-13, 16 and 17, respectively.

5. P-wave model

Forward modelling of all 14 seismic record sections produced a veloc-
ity model of the crustal structure along the PANCAKE profile (Fig. 7).
Sample documentation of the results of the 2D modelling for different
parts of the profile is shown in Figs. 8-17. The region may be divided
into three main crustal segments, based on the velocity structure and
geological considerations. From the south-west to the north-east, these
comprise: (i) the Pannonian Basin, the Transcarpathian Depression and
the Inner Carpathians; (ii) the Outer Carpathians, the Carpathian
Foredeep, including the TESZ; and (iii) the EEC, including Precambrian
and Neoproterozoic/Palaeozoic units.
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Fig. 8. Examples of details (high velocity bodies — HVB) of seismic modelling along the PANCAKE profile for SP50103, SP50104, SP50105, SP50107 and SP50108; seismic record sections of
P-wave with theoretical travel times and ray diagram of selected rays calculated using the SEIS83 ray-tracing technique. P-wave data have been filtered using the band-pass filter of 2—-
15 Hz and displayed using the reduction velocity of 6.0 km/s or 6.25 km/s. All examples were calculated for the model presented in Fig. 7. Other abbreviations are as in Fig. 4.
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5.1. Crustal velocity structure

5.1.1. Profile distance km 0-220
In the south-western part of the profile, only the Moho and the top
of the basement can be detected as velocity discontinuities in the

Earth's crust of the Pannonian Basin. The crust of the Pannonian
Basin (km O to ~160 of the profile) is approximately 22-23 km
thick and includes 2-5 km of sedimentary sequences (V, = 2.4-
3.7 kmy/s) underlain by a layer with V, = 5.95 kmy/s, interpreted as
being formed by folded Meso-Cenozoic sediments (Fig. 7). The thick-
ness of the latter decreases from ca. 6 km in the SW to ca. 2 km to-
wards the Transcarpathian Depression. Accordingly, the top of the
probable Palaeozoic basement (V, = 6.21 km/s) shallows to the
north-east from 8 to 3-4 km depth. The upper crystalline crust with
velocities of 5.9-6.3 km/s is underlain by a thin (1-3 km) crustal
layer with V, = 6.4 km/s (Figs. 9, 11, 13, 14). Further northeast, the
metamorphosed Upper Palaeozoic volcanic complex (reached by
boreholes near the PANCAKE profile), overlain by Neogene and
Palaeogene formations, forms the basement of the Transcarpathian
Depression with the top at a depth of about 3 km. In the
Transcarpathian Depression the depth to Moho is the same as in the
Pannonian Basin (ca. 22-23 km) and gradually increases to ca.
30 km north-eastwards beneath the Inner Carpathians and the
Pieniny Klippen Belt, mostly due to thickening of the basal crustal
layer with V, = 6.4 km/s. The average basement velocities of the
Pannonian Basin and the Transcarpathian Depression are ca.
6.07 km/s and 6.24 km/s, respectively. The lower crustal layer with
velocities typical of the continental mafic crust is absent beneath
both tectonic units.

The mélange zone of the Pieniny Klippen Belt is not clearly re-
solved by the PANCAKE seismic data. It has a block structure with
possible different velocities in the constituent blocks as indicated by
the presence of a high velocity body at a depth of ~4 km (km 200-
210) near SP50104 (Fig. 8). The 7000 m deep borehole Synevydne
1, nearest to the profile in this area (km ~270), did not reach the
basement below the flysch deposits (Lyzun and Zayats, 1997).

5.1.2. Profile distance km 220-380

Much of the Eastern Carpathians are characterized by the presence
of a 10-24 km thick upper part of the crust with relatively low veloc-
ity (3.10 to 5.50 km/s) which may correspond to sedimentary rocks
of the Carpathian orogen and may possibly include a part of its
Neoproterozoic to Mesozoic basement. The largest sequence of sedi-
ments (ca. 20-21 km) is along the western margin of the TESZ is
(Fig. 7) at km 280-290, which corresponds to the western margin
of the Carpathian Foredeep. The uppermost layers (V, = 3.10-
4.60 km/s) with thickness 2 to 7 km and dip of 5-7° towards the
southwest may correspond to the Carpathian flysch unit penetrated
by boreholes in the region. Several high velocity bodies (with V, =
5.35 kmy/s, 5.95 km/s and 6.05 kmy/s), identified within the interpreted
Carpathian flysch strata (Fig. 7), may represent magmatic intrusions
(e.g. Thybo and Schonharting, 1991). Further northeast (km ~290-
350), the 3.10 km/s layer, reaching ~2 km in thickness, is interpreted
as Miocene deposits of the Carpathian Foredeep.

The uppermost part of the basement below the Carpathian flysch
sediments has V, = 5.50 km/s. Interestingly, this layer is underlain
by a lower velocity layer (V, = 5.29 km/s). The latter may represent
sedimentary cover deposited on the thinned crystalline crust of a sim-
ilar (Proterozoic-Palaeozoic) age as the overlying layer (possibly
thrust over the cover) but of a different lithology and/or of a lower
metamorphic grade. Similar velocities (5.25 km/s) at similar depths
were measured in the basement of the Carpathian orogen along the
CELO5 profile (Grad et al., 2006a).

Below the lower velocity layer (V, = 5.29 kmy/s), the crust of the
Carpathians orogen to the north-east from km 260 has a three-layer
structure typical of cratonic crust with an approximately equal thick-
nesses (ca. 8 km) of the felsic upper crust (V, ~ 6.4 km/s), middle
crust (V, ~ 6.7 km/s) and mafic lower crust (V, ~ 6.93 km/s). The
lower crustal layer is absent beneath the western part of the orogen
(southwest of km 260).



Author's Personal Copy

V. Starostenko et al. / Tectonophysics 608 (2013) 1049-1072 1059

SP50100

model & waves

10 9=

e _—

S|
7
20 4 = __A—IPMP]

£ @/
— 30
£
o
8 40
50
PANCAKE

60 | T

150 200 250

Depth [ km ]

[ [ |
150 200 250

0 50 100
v PvPPMP P/)CPPMP
0 ¥ 2
10 -
. 20 —
€
=
s
o)
Q 40 —
50 —
60
0 50 100 150 200 250
sSWwW Distance along the profile [ km ] NE

Fig. 10. A series of snapshots of wave propagation in the model from shot point 50100 fixed at 5th, 16th and 28th second after the shot. (A) 5 s after the shot. Direct P-wave travels
in sedimentary layers, basement and has reached the mantle. Direct S-wave is clearly observed in the basement. Py;,P-wave travels upward after having been reflected from the
Moho. The P.P-wave (reflected from the basement and again from the surface) propagates downward as a secondary strong multiple P.P-wave. (B) — 16 s after the shot. Py is
ahead of Pgeq in the first arrivals at distances 84 km. P,, is ahead of PyP inside the basement but is behind Py and Pseq waves. The PyP reflection is weak. The Py;P-wave has been
reflected back from the surface and once again from the Moho as a multiple (PyPPyP) and has initiated a multiple refracted wave in mantle (PyPPy,. An artificial strong reflection
Pg:P from the model bottom is observed. (C) 28 s after the shot. P, is ahead in the first arrivals at distances 177 km on the surface; P,P follows immediately after P,,. The artificial
reflection from the bottom of the model (PyP) is ahead of PP inside the crystalline crust but is still behind PyP near the surface (distance ~ 160 km). Multiple waves Py,PPyP and

P.PPyP are observed on the surface at distances ~126 and 143 km respectively.

5.1.3. Profile distance km 380-650

The cratonic crust, from km ~380 (at the surface but km ~260 at
the Moho depth) to the north-eastern end of the profile, is consider-
ably thicker than the PB and has a distinct three-layer velocity struc-
ture. The sedimentary cover of the EEC, including its Neoproterozoic
(Vendian and Riphean) and Palaeozoic sediments, gradually thins
north-eastwards from 5 km near the TESZ to near-zero in the Ukrai-
nian Shield. The velocities of 5.1-5.5 km/s recorded in the sedimenta-
ry layers are in contrast to previous studies (Sollogub, 1986; Sollogub
et al.,, 1988), which did not observe such low velocities in this region.
The Palaeozoic sediments of the Lviv Trough with velocities 5.15-

5.28 km/s reach 5 km in thickness at the Rava Ruska fault (in the in-
terval of km 340-350). The Devonian strata, however, have velocities
up to 5.95 km/s due to metamorphism in the vicinity of the TESZ and
possibly also due to the presence of carbonate rocks. The transition to
the Archaean-Mesoproterozoic crystalline basement of the EEC is
marked by velocity increase to 6.10-6.20 km/s.

The upper crystalline crust of the EEC (down to depths of 20-25 km)
has V,, velocities similar to the upper crust of the Pannonian Basin (6.1-
6.3 kmy/s, Figs 13-17). However, within the EEC at km 320-480 and km
550-630 (the Lviv and Volyn-Podolsk troughs) it includes low velocity
lenses (with Vj, ~ 6.1 km/s) at depths of 12-18 km and 15-18 km,
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Fig. 11. Example seismic modelling result along the PANCAKE profile, SP50104; seismic record sections (amplitude-normalized vertical component) of P-wave with theoretical
travel times calculated using the SEIS83 ray-tracing technique. P-wave data have been filtered using the band-pass filter of 2-15 Hz and displayed using the reduction velocity
of 8.0 km/s. Full waveform synthetic seismograms using TESSERAL program (second diagram). Synthetic seismograms (third diagram) and ray diagram of selected rays using
the SEIS83 (bottom diagram). All examples were calculated for the model presented in Fig. 7. Other abbreviations are as in Fig. 4.

respectively (Fig. 7). The middle crust in the EEC is slightly faster (V, =
6.6-6.7 km/s) than in the PB lower crust with a thickness of ~9 km (in
depth ranges from 20-25 km to 27-33 km).

In the lower crust (down to Moho at 44-48 km depth), crustal ve-
locities increase to 6.9-7.4 km/s. A strongly reflective, 6-16 km thick,
lower crustal layer at depths of ca. 30-48 km can be divided into two
parts: a typical lower crustal layer (velocity 6.95 km/s) in the western
part of the EEC (km 260-410) and a ca. 5 km thicker high velocity

lower crust (HVLC) with V, = 7.2-7.4 km/s in the east (km 410-
590). The high velocities may represent modified lower crust, at least
in part, by magmatic underplating or mafic intrusion, as interpreted in
other locations worldwide (e.g. Clowes et al., 2002; Korsman et al.,
1999; Thybo and Artemieva, 2013). These high lower crustal velocities
are constrained only by strong overcritical reflected PyP phases ob-
served on shot record of SP50113 (the NE end of the profile). The
modelling of SP50104 (Fig. 11) shows that V}, in the lower crust cannot
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Fig. 12. Example seismic modelling result along the PANCAKE profile, SP50107; seismic record sections (amplitude-normalized vertical component) of P-wave with theoretical
travel times calculated using the SEIS83 ray-tracing technique. P-wave data have been filtered using the band-pass filter of 2-15 Hz and displayed using the reduction velocity
of 8.0 km/s. Full waveform synthetic seismograms using TESSERAL program (second diagram). Synthetic seismograms (third diagram) and ray diagram of selected rays using
the SEIS83 (bottom diagram). All examples were calculated for the model presented in Fig. 7. Other abbreviations are as in Fig. 4.

be higher than 7.0 km/s in the western part of the EEC, but must be
~7.4 km/s in the eastern (HVLC) block (SP50113, Fig. 15).

5.2. Moho boundary and upper mantle velocity

The crust along the PANCAKE profile shows large variations in
Moho depth (Fig. 7). In the south-western part of the profile, below

the PB and the Transcarpathian Depression, the depth to the Moho
is rather uniform (22-25 km). Beneath the Carpathians, the Moho
depth changes from 25 to 45 km over a relatively short distance of
ca. 100 km. This can be illustrated by the record section of SP50104,
where in its north-eastern part two PP branches are observed, one
at 7.6 s reduced time (km 230-300), and a second with higher appar-
ent velocity at ~9s (km 330-380) (Fig. 11). As noted before,
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Fig. 13. Example seismic modelling result along the PANCAKE profile, SP50110; seismic record sections (amplitude-normalized vertical component) of P-wave with theoretical
travel times calculated using the SEIS83 ray-tracing technique. P-wave data have been filtered using the band-pass filter of 2-15 Hz and displayed using the reduction velocity
of 8.0 km/s. Full waveform synthetic seismograms using TESSERAL program (second diagram). Synthetic seismograms (third diagram) and ray diagram of selected rays using
the SEIS83 (bottom diagram). All examples were calculated for the model presented in Fig. 7. Other abbreviations are as in Fig. 4.

velocities in the lower crust are based on the overcritically reflected
PmP phases only on record section of SP50104. Therefore, due to the
trade-off between the reflector depth and velocity in the overlying
layer, the Moho could be up to 4 km deeper if the lower crustal veloc-
ity is ~7.2 km/s, but not 6.9 km/s (Fig. 7). Within the EEC and the
eastern part of the TESZ, the depth to Moho is uniform and gradually
increases from ca. 45 km beneath the Carpathians Foredeep to ca.
40 km in the Volyn-Podolsk block of the Ukrainian Shield.

the EEC.

Similar to the depth to Moho, the sub-Moho velocities are distinctly
different beneath the Phanerozoic and cratonic Europe. They are around
8.0 km/s beneath the Pannonian Basin, slightly higher (8.0-8.1 km/s)
beneath the Eastern Carpathians, and have values (~8.3 km/s) beneath

Several sub-horizontal reflectors in the upper mantle, about 10-
20 km below the Moho, are observed beneath the EEC, similar to the
findings from the POLONAISE project (Grad et al, 2002), profiles
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Fig. 14. Example of results derived using the SEIS83 ray-tracing technique for SP50101 and SP50109 of the PANCAKE profile. Amplitude-normalized seismic record section of P-wave with

theoretical travel times (top and middle diagrams, respectively), and ray diagrams of P-waves

CEL11 (Janik et al., 2011), CEL04 (Sroda et al,, 2006) and CELO5 (Grad et
al., 2006a) and other cratonic settings (Abramovitz et al, 1997;
Artemieva and Meissner, 2012; BABEL WG, 1990). Two reflectors at
depths of ~45 km and ~75 km are found below the Pannonian Basin.
The upper one is at similar depth as reflectors found on the nearest pro-
files, CEL04 (Sroda et al., 2006) and CELO5 (Grad et al., 2006a).

5.3. Uncertainty analysis of the ray-tracing model

The shot times and locations for shots and receivers are measured
with GPS techniques to accuracies of the order of 1 ms and tens of me-
tres, respectively. Such errors are insignificant in a crustal-scale experi-
ment. Uncertainties of velocity and depth constraints in the model
obtained by the ray-tracing technique originate primarily from the un-
certainties of subjectively picked travel times, which are of the order of
0.1 s for refracted arrivals and up to 200 ms for reflections. However,
the uncertainty decreases with improving quality and increasing quan-
tity of data (the number of shots and receivers, the effectiveness of the
sources, the signal-to-noise ratio, possibility of checking the reciprocity
of the travel time branches, the ray coverage in the model).

Good quality data and careful interpretation has provided a model
that produces theoretical travel times fitting the travel time data close
to the picking uncertainty, except for the sedimentary and upper man-
tle reflection phases. Several modelling tests are performed to quantify
the uncertainty of the model parameters (Fig. 18). For example, in one
test the P-wave velocity in one crustal layer of the final model is
perturbed in the range of 0.2 km/s; in another test the Moho depth

(bottom diagram). Reduction velocity is 8.0 km/s. Other abbreviations are as in Fig. 4.

is perturbed by +2 km. As it is evident from Fig. 18, the accuracy of
the model is better than these values. Similar tests were performed
e.g. by Miller et al. (1997) in the Pacific Northwest, and Janik et al.
(2002), Grad et al. (2003b), Sroda et al. (2006) on POLONAISE and
CELEBRATION 2000 data. Diagrams of theoretical and observed travel
times, ray coverage and travel time residuals from forward modelling
(Fig. 19) show good agreement, with few exceptions. The RMS residual
values are 0.10 s for sediments, 0.30 s for the crust, 0.14 s for PyP,
0.16 s for P, phases, and 0.59 s for the upper mantle reflections. The
RMS residual value is 0.15 s for crustal refracted phases and 0.36 s for
reflections. The overall RMS value (for 3905 travel time picks) is 0.32 s.

6. S-wave velocity and V,/V,-ratio distribution

The S-wave record sections are prepared with a reduction velocity of
4.52 km/s, a band pass filter of 1-8 Hz and a compressed scale for the
time axis with a scale factor of 1.73 compared to the P-wave sections
(corresponding to an assumed mean value of V,/Vs = 1.73 for whole
crust). These choices allow direct comparison to corresponding P-
wave sections with a reduction velocity of 8.0 km/s (Figs 16 and 17).
S-wave arrivals were recorded only in the NE part of the profile, and
their low quality allows only for a limited number of travel time picks.
Although the main secondary and some primary S-wave phases may
be picked, with uncertainty, modelling of an independent S-wave veloc-
ity model is not possible. Instead, the best quality branches of S-wave
travel times are used to estimate the V,,/V; ratio in the crystalline crust
and upper mantle.
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The geometry of discontinuities is assumed the same as in the P-wave
velocity model (Fig. 7) and the V,,/V; ratio is assumed to be constant for
each layer of the EEC. Because of the low resolution of the data at small
offsets, all layers down to 10-13 km depth are modelled jointly which
resulted in a mean ratio of Vp/Vs = 1.67. In the deeper layers (V, =
6.25 km/s) V,/Vs = 1.73, and in the middle crust (V, ~ 6.6 km/s) V,/
Vs = 1.77. However, in the HVLC (V,~7.2-74Kkm/s), at the
north-eastern part of the profile, there are large values of V,/Vs = 1.80.
In the sub-Moho mantle, a reliable V,/V, estimate cannot be made
given unclear S, arrivals, and a normal V,,/V; value of ~1.73 was adopted.

7. Tectonic interpretation of the velocity model

The major features of our tectonic interpretation of the velocity
model (Fig. 20) are discussed from the Pannonian Basin in the south-
west to the Ukrainian Shield in the northeast.

7.1. The Pannonian Basin and the Transcarpathian Depression

For a continental region, the Pannonian Basin has an unusually thin
crust, less than 25 km, which is significantly thinner than a global aver-
age of ca. 30.5 km for continental extended crust (Christensen and
Mooney, 1995). However, the low average basement velocity (ca.
6.1 kmy/s) provides strong evidence for a continental type of crust. Fur-
thermore, the velocity is smaller than the global average for extended
continental crust (6.21 km/s) and significantly smaller than average
basement velocity (6.2-6.4 km/s) in the Variscan crust (Aichroth et al,

1992; Artemieva and Meissner, 2012), where a pre-existing mafic
lower crust may have been delaminated or thinned to a few kilometres
thickness, if still present beneath the crustal blocks. Aarge thickness of
sediments could imply an extensional basins; folded Meso-Cenozoic
sediments with V, = 5.95 km/s overlying the Palaeozoic basement
may represent nappe structures emplaced during the north-eastward
convergence of the ALCAPA micro-plate and the EEC. A low-frequency
seismic survey (Hajnal et al., 2004) and analysis of upper crustal xeno-
liths (Kovacs et al., 2000) suggest that some parts of the upper crust in-
clude deformed metamorphosed rocks of Mesozoic and Palaeozoic age
(Haas et al., 2000).

7.2. The Carpathian orogen and the TESZ

The crustal structure of the Carpathian orogen, where crossed by the
PANCAKE profile, is unusual in having a 20-21 km thick (meta)sedimen-
tary sequence consisting of three layers with similar thicknesses (with
V,, < 4.65 km/s down to a depth of 5-7 km, 5.45-5.55 km/s down to a
depth of 12-14 km, and V,, ~ 5.29 km/s in the bottom part). Analysis of
borehole and seismic data from Geotraverse II (Patalakha et al., 2003)
suggests that the boundary between the layers with V, = 4.60 and
V, = 5.50 km/s (at 4-6 km depth) in the Carpathian Foredeep is likely
to represent (approximately) the base of the flysch complex, where it is
thrust over older metasedimentary units forming the marginal part of
the EEC. Below the Carpathian flysch sediments, the uppermost part of
the basement with V, = 5.50 probably comprises Mesozoic cover, in-
cluding the Cretaceous flysch formations (Zayats and Moroshan, 2007).
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V, = 5.50 kmy/s is similar to velocity in the Neoproterozoic to Palaeozoic
sediments and metasediments of the Malopolska Unit at the south-
western EEC margin in SE Poland, about 150 km to the north-west of
the study area (Sroda et al., 2006).

The presence of a 20 km low-velocity sequence beneath the
orogen is unusual and must be tectonically associated with the TESZ
and the Outer Carpathian nappes.

Similar deep basement depressions are typical for many orogenic
belts, but are also common in back-arc basins, rifts, and rifted margins,
where sedimentary thicknesses in access of 15-20 km are often observed
(Artemieva and Thybo, submitted for publication; Cherepanova et al.,
2013; Ivanova et al, 2011; Kostyuchenko and Fedorov, 1998;
Maystrenko et al., 2003). A possible interpretation of the presence of a
20 km thick sedimentary cover beneath the Eastern Carpathian orogen
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includes westward extension of the cratonic upper crust (Vp, ~ 6.28 km/s)
towards and beneath the Carpathians (depths of 5-20 km at km 280-
310, Fig. 7). In this case, the crustal layer at ca. 15-21 km depth with a
velocity of 5.29 km/s above thinned EEC crust, may include the autoch-
thonous Vendian-Palaeozoic and Mesozoic cover of the EEC. The layers
above may consist of Proterozoic to Palaeozoic (possibly also Mesozoic)
metasediments which, in turn, form the basement of the Carpathian
flysch nappes.

The crystalline basement of the Carpathian orogen below 20 km
depth can be either the old (Proterozoic) basement of the overlying
Proterozoic/Palaeozoic units, or alternatively this part of the crust
can be either a modified, more reflective ALCAPA crust, or an exotic
crustal fragment, preserved after the closure of the Magura Ocean
caused by collision of the ALCAPA terrane and the EEC. As compared
to the ALCAPA crystalline crust to the south-west, the crust of the
Carpathians contains more discontinuities that produce reflected
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seismic phases, although the velocity distribution is similar. The seis-
mic recordings from this part of the profile are characterized by long
codas to the arrivals, as compared to sharp pulses from the ALCAPA
crust (Figs. 11-13). However, such codas are observed even for the
phases recorded very close to the shot points, which suggests that
the apparent reflectivity of the whole crust could also entirely result
from large and numerous impedance contrasts in the overlying sedi-
mentary sequences, which overprint the waves emerging out of the
crystalline crust with reverberations (see also Jensen et al., 2002).

The Carpathian orogen is unusual in not having a pronounced
crustal root (the Moho is at 46-50 km depth which is similar or
slightly thinner that the crust to the east). Although the depth to
Moho in the Carpathians is similar to the global average for continen-
tal orogens (ca. 46 km), most of the Phanerozoic orogens have well
documented crustal roots which are distinct features as compared
to the adjacent crustal blocks (Artemieva et al., 2006; Cassinis,
2006; Diaz and Gallart, 2009; TRANSALP WG, 2002). Although these
orogens are not adjacent to cratonic crust, in contrast to the
Carpathians, the Palaeozoic Uralides at the eastern margin of the
EEC have a pronounced crustal root, locally down to 55-60 km
(Kashubin et al., 2006).

Surprisingly, the TESZ (south of km 340) shows no marked Moho
or basement topography. However, there is significant thinning of the
crystalline crust of the EEC and thickening of the Proterozoic/
Palaeozoic metasedimentary units overlying the EEC margin towards
the TESZ (Fig. 7). The Rava Ruska zone marks the north-eastern limit
of the TESZ along the profile (Kruglov et al., 2007). According to seis-
mic modelling (km 300-340, Fig. 8), the top of the crystalline base-
ment and other seismic boundaries dip southwestward within the
TESZ at an angle of ~15°, which may indicate a low-angle emplace-
ment of the TESZ under the Carpathian orogen. The gravity low
(about —90 mGal) over the Carpathian orogen (Fig. 7) has a pointed
shape that indicates a narrow zone of low density (and low-velocity)

rocks in the upper layers of the crust, which must be associated with a
thick sedimentary sequence. An abrupt change in Moho depth (km
260-280) just below this anomaly indicates possible crustal scale de-
formation around the TESZ in a narrow sub-vertical zone.

7.3. Western margin of the East European Craton

The crystalline crust of the EEC has a three-layered structure typ-
ical for cratons worldwide (Fig. 7) (BABEL Working Group, 1993;
Beloussov et al., 1991; Clowes et al., 2002; Drummond, 1988;
Durrheim and Mooney, 1994; Gintov and Pashkevich, 2010; Grad et
al., 2006b; McConnell et al., 1966; Meissner, 1986). Towards the
Ukrainian Shield, the cratonic crust gradually thickens in the upper
and lower crustal layers, with relatively constant velocities and thick-
nesses in the middle crust. A high velocity lower crust in the
north-eastern part of the profile (km 460-560) coincides with the lo-
cation of volcanism related to the Pripyat Trough and may imply the
presence of intrusive magmatic rocks in the crust.

Two low-velocity lenses at depths of 12-18 km, ca. 3-5 km thick
and ca. 100 km long are interpreted beneath the major troughs
(Lviv and Volyn-Podolsk) at the western margin of the EEC, between
the TESZ and the Ukrainian Shield. Similar low velocity zones in the
same depth interval were recognized in the crust of the southern
margin of the Siberian craton, the Baikal rift, and the adjacent fold
belts by receiver function analysis without information on lateral ex-
tent (Zorin et al., 2002). Based on seismic, gravity and geological data,
these low velocity zones were interpreted to correspond to thick
mylonite zones associated with major thrusts. Since mylonites are
highly anisotropic, ductile flow in thrust zones can result in mineral
orientation, with high seismic velocities along the foliation direction
and minimum velocity in the direction perpendicular to the mylonite
foliation. By a direct analogy with the interpretations for Siberia
(Zorin et al., 2002), it can be argued that the upper crustal low
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velocity layers may mark large thrusts oriented parallel to the TESZ
(the direction of ductile flow) in the highly deformed crust at the cra-
tonic margin.

8. Discussion
8.1. The Pannonian Basin and the Transcarpathian Depression

The PANCAKE profile images the crust close to areas of the
Pannonian Basin and Carpathians, which were studied previously by
the CELEBRATION 2000 profiles (Grad et al., 2006a; Janik et al.,
2009, 2011; Sroda et al., 2006). These studies, as well as older refrac-
tion profiles (Posgay et al., 1978; Sollogub et al., 1988), document a
similar crustal structure of the PB to the PANCAKE results, i.e. a 22—
30 km thick crust composed of two crystalline layers and a 2-5 km
thick sedimentary cover.

Seismic reflectors are identified at depths of 40 and 75 km in the
mantle beneath the Pannonian Basin similar to observations in
other seismic sections in the Carpathian-Pannonian region (Grad et
al.,, 2006a,b; Janik et al., 2011; Oeberseder et al., 2011; Posgay et al.,
1995; Sroda et al., 2006). These two horizons may correspond to

two lithospheric layers, Kovacs et al. (2012) inferred in the ALCAPA
lithosphere based on mantle xenoliths. These authors propose that a
layer between the Moho and ca. 40 km depth represents old litho-
sphere that has undergone several deformation events. The deeper
layer between 40 and 60-70 km depth may represent juvenile litho-
sphere added to the older lithosphere by thermal relaxation (cooling)
following Miocene extension. This conclusion is in agreement with an
independent line of evidence that suggests that during the Miocene
extension, solidus temperature (~1000-1100 °C) in the Pannonian
Basin may have been reached at a depth of 40 km (Green et al,,
2010; Kovacs et al., 2012; Kutas, 1993; Kutas et al., 1989), while the
present lithosphere-asthenosphere boundary in this region is esti-
mated to be at a depth of 60-70 km (Artemieva et al, 2006;
Horvath, 1993; Konecny et al., 2002; Kutas, 1993; Posgay et al., 1995).

8.2. The Carpathians orogen

According to the CELEBRATION 2000 models to the northwest of
the PANCAKE profile, in the Outer Carpathians the thickness of the
sedimentary nappes increases eastwards, from 8 to 10 km along
CELO1 and CELO4 (Sroda et al., 2006) to 17-18 km along CELO5 and
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CEL11, whereas it is more than 20 km thick along the PANCAKE pro-
file. The difference in the crustal thickness across the Carpathian arc
from northwest to southeast is more pronounced for the southern
(CEL11, PANCAKE) than for the northern profiles (CELO1, CELO4,
CEL05).

According to the results of Geotraverse II (Sollogub et al., 1988),
which is sub-parallel and close to the PANCAKE profile (Fig. 1), the
greatest depth of the flysch sequences of the Outer Carpathians is
10-14 km, whereas it is only 5-8 km interpreted in the PANCAKE
profile. The Geotraverse Il model includes the Palaeozoic/Proterozoic
basement down to a 20-24 km depth below the inferred flysch layer.
This layer apparently corresponds to low velocity metasedimentary
strata in the PANCAKE model at similar depths (down to 22 km).
The Moho depth in the Geotraverse Il model reaches 63 km beneath
the Carpathian orogen, which is much deeper than in the PANCAKE
model (max 46 km). However, at the depth corresponding to the
PANCAKE Moho, the Geotraverse Il model includes a velocity discon-
tinuity into a deeper layer with V, = 7.5-7.6 km/s. These velocities
were earlier interpreted as being representative of a mixture of crust-
al and ultramafic rocks (Sollogub et al., 1988). However, in that study
the interpretation of the reflected waves was based on the method of
effective parameters (e.g., Egorkin, 1966; Grad, 1983) which cannot
provide reliable constraints on the velocities, in particular below re-
flectors. Given the DSS acquisition conditions, the value of the effec-
tive velocity may exceed the value of the mean velocity by as much
as 10-15%. The effective depth determined from the reflected wave
travel time is also larger than the true depth of the reflecting bound-
ary. The difference increases with increasing distance from the
source, and with the DSS data it may exceed 20-30% (Grad, 1983;
Janik et al., 2009).

8.3. Western margin of the East European Craton

Profiles CEL11, CELO5 and CELO1 also cross the EEC and
Carpathians (Fig. 1) and reveal a three-layered crustal structure and
Moho depth >50 km (along CELO5) in the EEC, similar to the central
and north-eastern parts of the PANCAKE profile. In the ca. 250 km
wide area between the CELO5 and PANCAKE profiles, a shallower
Moho (ca. 37 km) was detected where crossed by profiles CELO3,
CEL11, CEL13 and CEL14. This area, referred to as the Narol Unit

low velocity layer; HVLC — high velocity lower crust. Other abbreviations are as in Fig. 7.

(Janik et al., 2009, 2011; Narkiewicz et al., 2011), is relatively poorly
constrained because it is located at the ends of the CELEBRATION
2000 profiles. The PANCAKE data, acquired slightly further to the
southeast, do not confirm the presence of thin crust as in the Narol
Unit.

V,/V; ratio has been estimated on profile EUROBRIDGE'97, which
is located ~100 km to the east of the north-eastern end of the
PANCAKE profile (Thybo et al., 2003). The V,/V; ratio values for
upper crust in the PANCAKE model are similar to values for the south-
ern part of the Podolian Block in the EUROBRIDGE'97 model. The
PANCAKE values for the middle and high-velocity lower crust corre-
spond to the values for middle and lower crust of the Volyn Block
(north of the Podolian Block) from the EUROBRIDGE'97 model. In
some places, P-wave velocities and the depth of the Moho boundary
are similar on both profiles.

8.4. The EEC-TESZ transition

Our seismic model allows for inferences about the tectonic bound-
aries (Fig. 20) between the EEC (and adjacent Proterozoic/Palaeozoic
units), the Carpathian orogen and the Pannonian Basin structures
(ALCAPA micro-plate). According to Fodor et al. (1999) and Horvath
(1993) a marine basin that existed between these tectonic units before
Neogene time was subducted beneath the Pannonian Basin. However, it
is difficult to trace the location of the presumed subduction-related su-
ture, as it was likely obliterated by subsequent tectonic events, includ-
ing the formation of post-subduction asthenospheric upwelling
beneath the PB and collision between the EEC and ALCAPA. The present
boundary between these units extends from the surface (at km ~360)
to the south-west along the overthrust of the Outer Carpathians over
the cratonic margin up to the PKB where, presumably, it continues
into the crystalline crust. However, the precise location of this continu-
ation cannot be reliably constrained from the wide angle data (Fig. 20).
The data presented in Fig. 8 (km 150-200) suggest the existence of a su-
ture zone between the EEC and the ALCAPA micro-plate (Fig. 20), where
V,, velocities (6.18, 6.20, 6.23 km/s) are slightly reduced as compared to
the adjacent crust.

CELEBRATION 2000 data indicate that thickening of crust often co-
incides with the location of thick sedimentary sequences in young
tectonic structure of Western Europe which may not be in crustal
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isostatic equilibrium. It has been suggested that the Carpathian
orogen and Carpathian Foredeep may have formed by bending of
EEC under the ALCAPA and due to the weight of the sedimentary
load (Janik et al., 2011). The results of the PANCAKE project indicate
that the formation of the Outer Carpathians and their Foredeep can-
not be reconciled by such mechanism only, and that more complex
models are required for understanding the formation of these units.

According to CELEBRATION 2000 models of the Carpathian litho-
sphere, the crust at the EEC/ALCAPA contact has almost constant
thickness or a moderate crustal root is present (profiles CELO1,
CEL04; Sroda, 2010; Sroda et al, 2006) in the Outer Western
Carpathians, where the Palaeozoic units of the TESZ are characterized
by a moderate crustal thickness (Matopolska Unit, Bruno-Silesian
Unit). In the east (CELO5, CEL11, PANCAKE), where the thick EEC
crust reaches close to the Carpathian front, large (> 10 km) variations
in the crustal thickness are observed across the Carpathian arc.

However, in the PANCAKE model, these variations are observed
not beneath the presumed EEC/ALCAPA contact, but beneath the
TESZ. Beneath the contact, the Moho depth increases only moderate-
ly, similarly to the Western Carpathians, whereas a substantial in-
crease of depth occurs ~100-120 km further to the north-east. This
substantial change in crustal thickness (to ca. 43 km), even if occur-
ring beneath the Outer Eastern Carpathians, is therefore not a result
of Carpathian orogenic processes. It is an expression of the old contact
of the EEC and Palaeozoic TESZ units, rather than the EEC and the
ALCAPA contact.

The Moho depth is constant along the PANCAKE profile beneath
the ALCAPA and it does increase to the north-east as indicated from
the CELEBRATION 2000 data (Janik et al., 2011). North-eastward
deepening of the Moho is observed outside the border of ALCAPA.

9. Conclusions

The 650 km long wide-angle reflection/refraction survey PANCAKE
constrains crustal structure across the TESZ. Based on the observed
thickness and velocity structure of the crust, profile PANCAKE can be di-
vided into three segments (Fig. 20).

The south-western segment of the profile includes the Pannonian
Basin, where the crust is thin (20-25 km with ca. 2-5 km of sedi-
ments), lacks any mafic lower crustal layer, and has low average base-
ment velocities (ca. 6.07 km/s and 6.24 km/s, respectively beneath
the Pannonian Basin and the Transcarpathian Depression). Upper
mantle velocity is ca. 8.0 km/s.

In the central segment (the Outer Eastern Carpathians and the
Carpathian Foredeep), the Carpathian orogen may be thrust over the
south-western edge of the EEC. The sequences of sedimentary rocks ex-
ceed a thickness of 20 km, and includes up to 8 km of the Carpathian
flysch above more than 12 km of older metasedimentary rocks. Crustal
thickness increases from 22 km to 45 km towards the TESZ, the maxi-
mum change of the Moho topography (at km ~240-300, Fig. 20) occurs
directly beneath the Proterozoic/Palaeozoic units and their basement,
and a lower crustal layer exists only beneath the Outer but not the
Inner Carpathians. Beneath the Outer Carpathians and the Carpathians
Foredeep, the depth to Moho is almost constant (ca. 44-46 km),
which indicates that the orogen does not have a pronounced crustal
root.

The north-eastern segment (the EEC) is characterized by a three lay-
ered crust with an almost constant crustal thickness (up to 48 km),
largely uniform velocity structure and sub-horizontal velocity disconti-
nuities. Low velocity lenses at around 15 km depth are interpreted as
thick mylonite zones which mark thrusts oriented parallel to the TESZ
(the direction of ductile flow) in the highly deformed crust at the cra-
tonic margin. High-velocity lower crust (7.2-7.4 km/s) around the
Ukrainian Shield may represent magmatic intrusions. High upper man-
tle velocities of 8.3 km/s are typical for cratonic regions.

Subhorizontal mantle reflectors in the lithosphere are observed at
depths of 60-70 km beneath the EEC in the north-eastern and central
segments of the profile. Two upper mantle reflectors are interpreted
beneath the Pannonian Basin at depths of ~45 km and ~75 km.
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