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[1] The large-scale POLONAISE’97 seismic experiment investigated the velocity
structure of the crust and upper mantle in the Trans-European suture zone (TESZ) region
between the Precambrian east European craton (EEC) and Paleozoic platform that
comprises terranes added during the Caledonian and Variscan orogenies (530–370 and
370–225 Ma, respectively). This experiment included 64 shots recorded by 613 seismic
stations during two deployments. Very good quality data were recorded along five profiles,
and the longest and most important one (P4) is the focus of this paper. Clear first arrivals
and later phases of waves reflected/refracted in the crust and Moho were interpreted using
two-dimensional (2-D) tomographic inversion and ray-tracing techniques. The crustal
thickness along the profile varies from 30–35 km in the Paleozoic platform area to�40 km
below and due northeast of the TESZ, to �43 km in the Polish part of the EEC, and to
�50 km in Lithuania. The Paleozoic platform and EEC are divided by the Polish basin, so
the upper crustal structure varies considerably. In the area of the Polish basin, the P wave
velocity is very low (VP < 6.1 km/s) down to depths of 15–20 km, indicating that a very
thick sedimentary sequence is present. We suggest two possible tectonic interpretations
of the velocity models: (1) Baltica indented Avalonia, obducting its upper crust and
underthrusting its lower crust in a tectonic flake structure and (2) a rifted margin of Baltica
underlies the Polish basin. This model is similar to other interpretations of seismic profiles
recorded in the Baltic Sea. The second model implies that the Paleozoic platform solely
consists of Avalonian lithosphere and the EEC of Baltica lithosphere. It offers a simple
explanation of the difference in crustal thickness of the two platforms. It also implies that
the Caledonian and Variscan orogenies in this area were relatively ‘‘soft’’ collisions that
left this continental margin largely intact. INDEX TERMS: 7205 Seismology: Continental crust

(1242); 8105 Tectonophysics: Continental margins and sedimentary basins (1212); 8109 Tectonophysics:

Continental tectonics—extensional (0905); 8110 Tectonophysics: Continental tectonics—general (0905); 0905

Exploration Geophysics: Continental structures (8109, 8110); 9335 Information Related to Geographic Region:

Europe; KEYWORDS: crust, deep seismic sounding, seismic refraction, continental tectonics
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1. Introduction

[2] The structure and evolution of the contact between
Precambrian Europe to the northeast and Phanerozoic
terranes to the southwest (the Trans-European suture zone
(TESZ)) are still the main tectonic problems in Europe north
of Alps. The TESZ (Figures 1 and 2) is a broad, structurally

complex zone of middle to late Paleozoic accretion and
deformation that separates the Precambrian terranes of the
Baltic shield and east European craton (EEC) from the
younger terranes to the south and west [e.g., Berthelsen,
1992a, 1992b, 1998; Ziegler, 1990; Pharaoh et al., 1997;
Thybo et al., 1999]. The TESZ is a manifestation of the
complex collisions associated with the formation of Pangea
during the Paleozoic (Figure 2). The last of these collisions
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was the Variscan orogeny. Much of Poland and northern
Germany is covered by a deep (up to 10 km) basin, usually
called the Permian (Permian-Mesozoic) or Polish-north
German basin that was filled with Permian and Mesozoic
sediments during and after this orogeny. Kutek [2001]
interpreted its formation as being the result of an asymmet-
ric fault-bounded rift structure and a superimposed Upper
Cretaceous sag basin [see also Karnkowski, 1999]. The axis
of this basin is parallel and adjacent to the edge of the EEC
and the Variscan deformation front (VDF), and it is under-
lain by pre-Permian sedimentary rocks of unknown thick-
ness. For simplicity, we will use the term Polish basin to
refer to the large basinal structure, including pre-Permian
strata, that we have delineated.
[3] In addition to being a major crustal-scale feature, the

TESZ appears to be a deep-seated boundary because tomo-
graphic analysis of shear wave velocity structure of the

mantle under Europe shows that the TESZ separates regions
with high S wave velocities beneath the EEC from low-
velocity regions under the younger terranes [Zielhuis and
Nolet, 1994]. Another indication of the deep-seated nature
of the TESZ was obtained from observations of several
hundred earthquakes and explosions located in Europe. To
explain the observed blockage of energy from regional
seismic events by the TESZ region, the structural anomaly
between eastern and western Europe must reach at least
down to a depth of about 200 km [Schweitzer, 1995].
Tectonic inversion took place in the Late Cretaceous and
early Tertiary in the Polish basin area along the Teisseyre-
Tornquist Zone (TTZ). The term TTZ has previously been
subject to different definitions. Here TTZ describes a zone
associated with the southwestern edge of the east European
craton or the paleocontinent Baltica. Sorgenfrei-Tornquist
Zone (STZ) is its continuation in Scandinavia (Figure 1).

Figure 1. Location of POLONAISE’97 profile P4 and other seismic refraction and wide-angle reflection
profiles (P1, P2, P3, P5, LT-7, TTZ, EUROBRIDGE’95-EB’95) on the background of simplified
tectonic map of the Trans-European suture zone (TESZ) in central Europe. Stars and numbers refer to
the location of shot points along profile P4; ‘‘zero’’ of profile corresponds to Polish-German border.
Offsets of shot points: SP4270, �123.4 km; SP4010, 26.3 km; SP4020, 57.8 km; SP4030, 81.5 km;
SP4040, 109.1 km; SP4050, 139.6 km; SP9140, 165.0 km; SP4070, 191.4 km; SP4080, 235.9 km; SP4090,
286.9 km; SP4110, 320.8 km; SP4120, 346.2 km; SP9340, 380.8 km; SP4140, 413.3 km; SP4150,
444.9 km; SP4160, 470.5 km; SP9450, 518.5 km; SP4180, 536.9 km; SP4190, 574.2 km; SP4200,
598.0 km; SP4210, 636.6 km; SP4220, 678.7 km; SP4230, 713.5 km; SP4240, 792.1 km. CDF,
Caledonian Deformation Front; STZ, Sorgenfrei-Tornquist zone; TTZ, Teisseyre-Tornquist zone; VF,
Variscan Front; V.T.Europe, Variscan terranes of Europe.
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[4] As a result of the EUROPROBE TESZ project, a
number of recent geological and geophysical studies have
investigated this important tectonic boundary. The large
Polish Lithospheric Onsets: An International Seismic
Experiment, May 1997 (POLONAISE’97) seismic experi-
ment targeted the TESZ region [e.g., Guterch et al., 1998,
1999; Grad et al., 2002b] primarily in northern Poland
(Figure 1), and the analysis of crustal structure along the
various profiles is complete [Jensen et al., 1999, 2002;
Środa and POLONAISE P3 Working Group, 1999, Środa et
al., 2002; Wilde-Piórko et al., 1999; Krysiński et al., 2000;
Czuba et al., 2001, 2002; Janik et al., 2002; Grad et al.,
2002a]. As the last step in reporting these results, the purpose
of this paper is to present a detailed analysis of the main
POLONAISE’97 profile (profile P4, Figures 1 and 2).

2. Previous Geophysical Investigations and
Geologic Setting of the TESZ Region

[5] Prior to the POLONAISE’97 experiment, the LT-7 and
TTZ profiles (Figure 1) and early deep seismic sounding
(DSS) studies provided a good regional picture of crustal
structure in Poland [Guterch et al., 1986, 1994; Grad et al.,
1999]. In northwestern Poland, the crustal thickness at the
TESZ is intermediate between that of the EEC to the east
(40–45 km) and that in the Paleozoic terranes (Paleozoic
platform (PP)) to the southwest (�30 km). In southeastern
Poland, the TESZ region is associated with a crustal root
where the thickness may locally exceed 50 km. The recently
completed CELEBRATION 2000 experiment [Guterch et
al., 2000, 2001] will provide important details about the
structure of this complex region.
[6] Apart from complex seismic structure, the Polish part

of TESZ region is also associated with significant gravity
and magnetic anomalies that indicate a major change of
crustal structure [Królikowski and Petecki, 1995; Karaczun
et al., 1978; Wybraniec et al., 1998] as well as measured

heat flow variations that indicate a major change in thermal
regime (Figure 3). In general, the TESZ separates ‘‘cold’’
EEC lithosphere with low heat flow ca. 40 mW/m2 to the
northeast from ‘‘hot’’ lithosphere with higher heat flow of
40–70 mW/m2 in the Paleozoic terranes to the southwest
[e.g., Čermák et al., 1989; Plewa, 1998].
[7] The Bouguer anomaly values (Figure 3) display

values as low as �60 mGal in the Polish trough. However,
the northeasternmost portion of this gravity minimum over-
lays an intrabasement feature beneath the EEC. The adja-
cent Paleozoic terranes to the southwest and the EEC to the
northeast are characterized by near-zero to positive gravity
anomalies of up to +20 and +10 mGal, respectively. In spite
of differences in the interpretation of crustal densities and
structures reported by Grabowska and Raczyńska [1991]
and Królikowski and Petecki [1997] for profiles across the
TESZ, these workers agree on the existence of denser upper
mantle beneath the TESZ (100–130 kg/m3) than in neigh-
boring regions.
[8] The magnetic anomalies along profile (Figure 3)

within the TESZ are subdued (±100 nT), which may result
from the deeply buried magnetic basement. In contrast, the
EEC magnetic anomalies vary at short wavelength from
�1500 to +1500 nT and correlate well with tectonic features
and intrusions (Figure 3) within a lithologically diverse
Precambrian basement that is covered by only 1–2 km of
sediments.
[9] Over most of its length, the TESZ region is concealed

beneath younger basins filled with Permo-Mesozoic and
Cenozoic sedimentary sequences. However, available bore-
hole data combined with results of numerous geophysical
experiments indicate a polyphase structural evolution of the
TESZ, comprising several events ascribed to the successive
Caledonian, Variscan, and Alpine orogenies. The Caledo-
nian and Variscan orogenies produced a structurally com-
plex zone where early Paleozoic terranes were accreted to
the southwest margin of the ancient continent Baltica to

Figure 2. Reconstruction of major tectonic units of the Appalachian-Caledonian orogeny. Modified
from MacNiocaill et al. [1998] and Keller and Hatcher [1999]. STZ, Sorgenfrei-Tornquist zone; TESZ,
Trans-European suture zone; TTZ, Teisseyre-Tornquist zone.
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form this portion of the European continent [Berthelsen,
1992a, 1992b, 1998]. From a global tectonic perspective,
the TESZ region can be traced westward across the Atlantic
Ocean, into the Appalachian orogen (Figure 2), where it can
be correlated with the boundary zone between the Avalo-
nian terrane to the southeast and the North American craton
(Laurentia) to the northwest [Hatcher, 1989; Keller and
Hatcher, 1999]. Indeed, the Appalachian-Ouachita orogen
was shaped by a succession of Paleozoic tectonic events
comparable to those recorded in the TESZ [Keller and
Hatcher, 1999].
[10] West of the margin of the EEC (Figure 3), there is

virtually no direct information about the age of the base-
ment beneath the Polish trough. However, to the northeast,
that is, within the EEC, drill holes have provided consid-
erable information about the Precambrian basement
[Kubicki and Ryka, 1982; Ryka, 1984; Znosko, 1998;
Skridlaite and Motuza, 2001]. The Paleoproterozoic crys-
talline basement of the east European craton, adjacent to the
Polish segment of the TESZ, is mostly composed of
granulites, migmatites, anorthosites, and granite-gneisses
[Ryka, 1984]. These rocks form NE-SW trending belts,
sharply truncated by the TESZ [Bogdanova, 1996]. Several
large granitoid massifs (e.g., Dobrzyń and Mazowsze,
Figure 3) and anorthosite bodies (e.g., Kętrzyn and
Suwalki, Figure 3) have been delineated, and these massifs
are divided by belts of supracrustal metamorphic rocks such
as the Ciechanów Zone with its eastern Warmia (Wm) and
northern Z

:
ulawy (Zw) branches (Figure 3). The Ciechanów

Zone continues into Lithuania as the west Lithuanian
granulite domain (WLG). To the southeast, this belt is
separated from east Lithuanian domain (ELD) and
Mazowsze massif (Mz) [Skridlaite and Motuza, 2001] by
the Middle Lithuanian suture zone (MLSZ).
[11] The NE trending belts date from the initial assembly

of this part of Baltica by terrane accretion, and the north-
easternmost portion of profile P4 follows a feature that has
been interpreted to be a suture (MLSZ). The MLSZ is 30–
40 km wide and is marked by gravity and magnetic
anomalies and a zone of crustal deepening from 44 up to
50–52 km [EUROBRIDGE Seismic Working Group, 1999;
EUROBRIDGE’95 Seismic Working Group, 2001]. The
origin of this suture has been interpreted to be the collision
of two oceanic lithospheric plates [Skridlaite and Motuza,
2001]. Anorogenic granitoids rapakivi granite-gabbro-anor-
thosite bodies were intruded into the Paleoproterozoic crust
at 1.50–1.56 Ga. (e.g., Mazury complex (Mc), Figure 3)
[Sundblad et al., 1994]. The youngest magmatic rocks in
the region are intrusives of alkaline rocks and carbonatite
(e.g., Tajno intrusion (Ta), Figure 3) whose age is regarded
as Neoproterozoic-Paleozoic [Ryka, 1984]. The geological

position of these features might be related to the MLSZ in
which most of these intrusives are located (Figure 3).
[12] The platform sedimentary cover at the SW margin of

the EEC comprises three groups of sedimentary rocks: late
Vendian-early Paleozoic, Devonian-Carboniferous, and
Permo-Mesozoic. These groups of strata are separated by
regional unconformities and overlain by a thin Cenozoic
cover. The development of the latter two groups in a
pericratonic setting was closely related to Caledonian,
Variscan, and Alpine periods of tectonic activity along the
TESZ. The Lower Paleozoic sequence has its greatest
thickness and lateral extent along the SW margin of the
EEC. Its lower portion, represented by the late Vendian-
Middle Ordovician succession of thin shelf sediments, was
formed in a passive continental margin setting along the SW
edge of Baltica [Poprawa et al., 1999]. As a result of
Baltica’s collision with Avalonia, the shallow marginal
basin was rapidly subsiding as a Silurian foredeep on the
SW rim of the EEC [Poprawa et al., 1999]. The total
thickness of Silurian fine-grained sediments in this foreland
basin locally exceeds 4500 m.
[13] The Paleozoic platform of western Poland extends

between the Variscan Sudetes in the southwest, the Carpa-
thian thrust front in the south, and the EEC margin in the
NE (Figure 1). The age of its crystalline basement is mostly
unknown. It presumably comprises several Paleozoic ter-
ranes accreted to the SW margin of Baltica during Caledo-
nian and Variscan orogenic events [Poz:aryski, 1990;
Franke, 1990] or, alternatively, can be partly derived from
Baltica [Berthelsen, 1992a, 1992b, 1998]. Although a piece
of the Paleozoic platform of Poland is situated to the SW of
the Variscan deformation front (Figure 1), it generally
remains unclear if the Variscan tectonics is of thick- or of
thin-skinned characteristics in that area [Jensen et al.,
1999].
[14] The basement of the Paleozoic platform has been

reached by several drill holes and is mainly represented by
monotonous dark shales of Ordovician to Silurian age. These
rocks were intensely deformed and partly metamorphosed in
Late Silurian times [Dadlez et al., 1994], presumably due to
the collision of Baltica and Avalonia. These units are uncon-
formably overlain by an essentially undeformed Devonian to
Carboniferous platform succession up to a few thousand
meters thick. The latter conceal the position of the Caledo-
nian deformation front in NW Poland, which, according to
incomplete borehole data, approximately coincides with the
eastern margin of the TESZ.
[15] To the southwest of the Variscan deformation front,

the basement of the Paleozoic platform is documented only
from a small area of a structural high, the Wolsztyn ridge
(Figure 3). A flysch series accumulated in a Variscan foreland

Figure 3. (opposite) Geophysical and geological characteristic of profile P4. From top to bottom: location of profile on
the gravity map of Poland; Bouguer gravity and magnetic anomalies along the profile; heat flow curve along the profile;
location of the profile on the tectonic map of the area. BBG, Belarus-Baltic granulite belt; EECM, east European craton
margin; ELD, east Lithuanian domain; Db, Dobrzyń massif; Cn, Ciechanów zone; Kt, Kętrzyn anorthosite intrusion; Mc,
rapakivi granites and related rocks of the Mazury complex; MLSZ, Middle Lithuanian suture zone; Su, Z

:
ulawy anorthosite

intrusion; Mz, Mazowsze Massif; Ta, Tajno intrusion; TTZ, Teisseyre-Tornquist zone; WLG, west Lithuanian granulite
domain; Wm, Warmia branch; WR, Wolsztyn Ridge; VDF, Variscan deformation front; Zw, Z

:
ulawy branch. Compilation

from Ryka [1984], Plewa [1998], Karaczun et al. [1978], Królikowski and Petecki [1995], Kubicki and Ryka [1982],
Znosko [1998], and Skridlaite and Motuza [2001].
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basin [Poz:aryski et al., 1992] and reaches a maximum
thickness of approximately 2000 m. Its northern and
northeastern limit defines the location of the Variscan
deformation front under the Permo-Mesozoic cover [Jubitz
et al., 1986].

3. Data Acquisition and Processing

[16] The POLONAISE’97 seismic refraction and wide-
angle reflection experiment [Guterch et al., 1998, 1999] was
carried out in June 1997 along five profiles in central and
northern Poland, southeastern Germany, and Lithuania
(Figure 1). This international collaborative project involved
geophysical communities in Poland, the United States,
Denmark, Lithuania, Germany, Finland, Sweden, and Can-
ada. The recording of seismic waves from 64 explosions
(100–1000 kg of TNT each; Table 1) was conducted in two
deployments of 613 modern seismic recorders, with a
nominal station spacing of 3.0 km in general and 1.5 km
along the central part of profile P4 (Figure 1). More details
about the layout of the experiment and parameters of shot
points are provided by Guterch et al. [1999]. The seismic
sources were recorded at about 400 in-line receiver loca-
tions along profile P4 in both deployments. The large
number of shot points and receivers along the profiles and
excellent source efficiency produced high-quality data that
have provided detailed seismic models of the crust and
uppermost mantle along profiles P1 [Jensen et al., 1999], P2
[Janik et al., 2002], P3 [Środa and POLONAISE P3
Working Group, 1999], P5 [Czuba et al., 2001, 2002],
analysis of mantle phases [Grad et al., 2002a], and a 3-D
tomographic analysis of the entire data set [Środa et al.,
2002].
[17] POLONAISE’97 profile P4 is the focus of this paper

and examples of record section (4020, 4040, 9140, 4080,

4110, 9340, 4140, 4160, and 4180) obtained along it are
shown in Figures 4–6. One shot (4020; Figure 4a) even
carried energy over a distance of more than 500 km to
northeast from near the Poland/Germany border, even
though it was relatively small (300 kg TNT) [Grad et al.,
2002a]. The P wave field on the P4 profile record sections
has high signal-to-noise ratio and contains clear arrivals of
refracted and reflected waves from the sedimentary layers,
the crust, and the upper mantle. Identification and correla-
tion of seismic phases was done through a manual process
on a computer screen, using software that allows flexible
use of scaling, filtering, and reduction velocity.
[18] Refracted waves from the sedimentary cover (Psed)

are observed as first arrivals in the vicinity of shot points at
offsets 1–15 km. The apparent velocity is 4.0–5.5 km/s in
the SW part of the profile, decreasing northeastward to 2.5–
3.5 km/s. The sedimentary strata are far thicker in the Polish
basin than in the two surrounding platform areas. Individ-
ual, thin sedimentary layers cannot be modeled outside the
Polish basin because of the relatively coarse (1.5–3.0 km)
receiver spacing compared to the total thickness of the
sedimentary column.
[19] Following the arrivals from the sedimentary cover

(Psed phase), the refraction from the crystalline upper crust
(Pg) is detected as first arrivals to offsets of 100–200 km.
This phase is a first arrival to the greatest offsets in the
northeast. The basement topography and variations in
sedimentary structure can explain the undulation of the
intracrustal refractions in most of the seismic sections.
There are no abrupt transitions between upper and middle
crustal refractions; instead, a gradual transition between Pg

and refractions from the layer below is observed. The Pg

phase is observed to offsets of 100–150 km along the
southwestern end of the profile (SP4010–4120), with
apparent velocities of 5.5–6.0 km/s (Figures 4a–4c, 5a,

Table 1. Location and Parameters of Shot Points

Shot Number f, N deg/min l, E deg/min Height,a m, asl Date yy:mm:dd UT Time hhmm:ss TNT Charge, kg

4270 51�11.4350 13�13.8270 100 97:05:21 2005:01.814400 300
4010 51�28.5800 15�17.3930 133 97:05:20 2119:49.000154 900
4020 51�37.5340 15�40.5830 143 97:05:20 2249:49.000164 300
4030 51�44.4920 15�57.8080 68 97:05:21 2249:49.000165 300
4040 51�52.3830 16�18.1100 117 97:05:21 2119:49.000156 900
4050 52�01.3240 16�40.5030 80 97:05:21 0104:49.000168 300
9140b 52�10.5580 16�57.2260 63 97:05:21 2205:00.00 1000
4070 52�16.5620 17�18.5030 99 97:05:21 2319:49.000168 300
4080 52�28.9480 17�52.0920 110 97:05:20 2149:49.000169 600
4090 52�42.6360 18�31.2890 82 97:05:21 2149:49.000168 600
4110 52�52.7700 18�56.4460 59 97:05:22 0134:49.000171 900
4120 52�59.8730 19�15.7980 120 97:05:21 2349:49.000187 250
9340b 53�07.3770 19�44.3120 143 97:05:27 2305:00.000167 200
4140 53�18.1810 20�07.7100 187 97:05:20 2219:49.000174 900
4150 53�26.3090 20�32.7160 155 97:05:21 0019:49.000154 200
4160 53�33.5380 20�52.4310 142 97:05:21 2219:49.000174 900
9450b 53�46.1890 21�30.4010 130 97:05:22 0019:49.000153 300
9540b 53�46.1890 21�30.4010 130 97:05:27 2320:00.000170 300
4180 53�50.8980 21�45.2270 147 97:05:26 2320:00.000171 300
4190 54�00.2960 22�15.3300 137 97:05:26 2120:00.000157 900
4200 54�05.7340 22�35.0940 190 97:05:27 0020:00.000153 300
4210 54�14.4030 23�07.3270 180 97:05:28 0020:00.000155 300
4220 54�26.5670 23�40.3830 105 97:05:27 2105:00.270000 150
4230 54�35.6170 24�08.5830 196 97:05:27 2135:00.305000 300
4240 54�54.1500 25�14.5000 175 97:05:26 2105:00.465000 500

aHeight in meters above sea level.
bNumbers of shot points located in the cross points of the profiles.
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and 5b). To the northeast (SP9340, SP4140–4240), this
phase is observed to larger offsets (165–190 km) and has
higher apparent velocities of 6.0–6.25 km/s (Figures 5c and
6a–6c). Refractions from the middle and lower crust are
correlated as secondary arrivals in the seismic sections,

primarily at far offsets where the refractions merge with
wide-angle reflections. They are recorded up to 200–300 km
offset (e.g., SP4020 in Figure 4a) and are very important for
the determination of velocities in the middle and lower
crust.

Figure 4. Example of trace-normalized, vertical-component seismic record sections for (a) SP4020,
(b) SP4040, and (c) SP9140. A band-pass filter (2–12 Hz) has been applied. PMP and Pn, reflected and
refracted waves from the Moho; Pg, waves refracted from the basement, Psed, waves refracted/reflected in
sediments. Reduction velocity = 8.0 km/s.
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[20] The crust is highly reflective and several reflections
are correlated. Reflections from the top of the middle crust
are correlated on the record sections for SP4010–4080,
SP9340, and SP4140–4240. Reflections from the top of the
lower crust are observed throughout the profile. Compared
to the southwestern end of the profile (SP4010–4080), this
phase is 2 s later in the central part (SP4080–4150) and 1 s

later in the northeastern part (SP4160–4240) of the profile.
This phase shows varying amplitude along the profile and is
followed by a long coda of lower crustal reflectivity [Jensen
et al., 2002].
[21] The crossover distance between crustal and mantle

refractions (Pn) varies along the profile, demonstrating that
significant variations in crustal thickness and velocity

Figure 5. Example of seismic record sections for (a) SP4080, (b) SP4110, and (c) SP9340. Other
explanations as in Figure 4.
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structure are present. In the southwest, this crossover
distance is 110–130 km (Figures 4a, 4b, and 5a). In the
central and northeastern part of the profile, the crossover
distance is about 190 km (e.g., Figures 6a–6c), and at the
northeastern end of the profile, it is 205–230 km (SP4220–
4240).

[22] Reflections from the Moho (PMP) are observed in
almost all the seismic sections. The PMP phase is delayed
by 2 s for shots in the central part of the profile (SP4080–
4150) and 1 s for shots in the northeast compared to shots in
the southwest. The critical offset, where the amplitudes are
largest, is 80–105 km in the southwest (SP4010–4090),

Figure 6. Example of record sections for SP4140 (a), SP4160 (b), and SP4180 (c). Other explanations
as in Figure 4.
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130–145 km in the central part of the profile (SP4090–
4190), and 150–165 km to the northeast (SP4190–4240).
The postcritical PMP phase is commonly observed to offsets
of 150 km in the southwest and to 220 km (in some cases up
to 270 km) in the northeast. In general, the precritical PMP
phase is identified from offsets of 60 km in the southwest
and 120 km in the northeast. These differences indicate
pronounced structural variations along the profile.
[23] The refraction from the upper mantle (Pn) can be

identified as first arrival in most of the seismic sections. The
apparent velocity varies between 8.0 and 8.5 km/s along the
profile, although a much higher apparent velocity (up to
more than 9 km/s) in the central part of the profile indicates
an abrupt change in Moho depth (e.g., Figure 6a). Reflec-
tions from the upper mantle are observable on some of the
seismic sections and were discussed in a regional sense by
Grad et al. [2002a].

4. Derivation of Crustal Models

[24] The analysis of the data from P4 was a major task
and thus our group was divided into subgroups in order to
facilitate this effort. This approach also provided a mecha-
nism for the comparison of different modeling approaches
and discussion of differing opinions about phase identifica-
tions and correlations. This paper represents a synthesis of
our modeling and analysis efforts. The models derived are
based on seismic sections from 23 shot points along the
profile and are 800 km long, with the origin being the
Polish-German border. The surface topography varies by
less than 200 m along the profile, and the tops of the models
are assumed to be flat. This paper presents a synthesis of all
of the efforts of our group. The models are presented in
order of increasing complexity (Figures 7, 8a and 8b)
according to the degree of inclusion of secondary arrivals
and a priori information into the modeling, i.e., to the
amount of subjectivity that is potentially inherent in the
models. The models are based on the following model-
ing techniques: (1) first-arrival tomographic inversion
(Figure 7); (2) forward modeling and inversion of reflected
and refracted (Figure 8a); and (3) forward modeling with
2-D ray tracing (Figure 8b). The examples of modeling
are shown in Figures 9–13, and analysis of resolution
and uncertainties for all three techniques are shown in
Figures 14–16.
[25] The latter two approaches included kinematic and

dynamic modeling and involved considerable constraints
from drilling and other seismic profiles. Particularly, the
sedimentary thickness and velocity distribution in the mod-
els were generalized from borehole information and earlier
high-resolution reflection and refraction seismic surveys
that penetrated to a depth of �5 km and mainly constrain
the Mesozoic and upper Paleozoic sequence. On the basis of
this information, a preliminary, generalized model of the
shallow structure was constructed that was only slightly
adjusted during the ray-tracing procedure.

4.1. Tomographic Inversion of First Arrivals

[26] A preliminary P wave velocity model was computed
using tomographic inversion program package FAST
[Zelt and Barton, 1998]. The forward calculation of travel
times and ray paths uses the scheme of Vidale [1990], with

modifications by Hole and Zelt [1995]. The basic tomo-
graphic method is regularized inversion. The method allows
users to set constraints for flatness and smoothness of
perturbations to the Earth model [Zelt and Barton, 1998].
The velocity distribution derived from first-arrival travel time
tomography is shown in Figure 7. The model in FAST is
parameterized in a uniform grid. The difference between grid
points in the forward computation of the rays was 1 km. In
inverse computations, the cell size was 20 km in the
horizontal direction and 3 km in the vertical direction. The
picks for inversion were selected in a conservative manner.
Phases picked were not included in the inversion if there was
any reasonable doubt about them being first arrivals. The
total number of travel time picks was 2778, and the model
derived should be considered the least subjective and the
least detailed result that shows the broad and most robust
features of Earth structure across the TESZ region. The great
depth of the Polish basin and the large difference in crustal
structure between the Paleozoic platform and the EEC are
clear in this model (Figure 7b). All of the first-arrival picks
are shown in Figure 7a and demonstrate the structural
complexity across the region.
[27] The first starting model was a simple 1-D model with

a velocity 3.0 km/s at the surface to 8.8 km/s at the bottom
of the model at 100 km (see inset in Figure 7a). Several
inversions were done with slightly different parameters and
constraints. Both smoothness and flatness constraints were
used with varying weights on vertical and horizontal varia-
tions. The resulting 2-D models were converted to 1-D
models, and the starting model for the final inversion was
obtained by computing the average of these 1-D models.
The inversions with different constraints were repeated, and
the model with smallest misfit in travel times was selected
as the final tomographic model.
[28] The FAST inversion program was not designed to

define interfaces. Thus when comparing this model
(Figure 7) with the other models (Figure 8), an interface
should be presented by the isoline that is the average of the
velocities above and below the interface. Therefore the
8.0 km/s isoline should not be interpreted as the Moho.
Thus in Figure 7 we believe that the Moho is best repre-
sented by the velocity isoline whose value is�7.7 km/s so its
depth is �32 km under the Paleozoic platform and �40 km,
increasing to at least 50 km under the east European craton at
model distances 630–720 km. Under the eastern margin of
the TESZ (at model distances 300–400 km) there is an
increase in Moho depth to �45 km. When top of crystalline
basement is defined in a similar way, its depth is �20 km in
the Polish basin (for velocity isoline �6.1 km/s). The
tomographic inversion model presented here is almost iden-
tical to the two-dimensional tomographic inversion model
for profile P4 obtained using the approach of Hole [1992]
and presented earlier by Guterch et al. [1999].

4.2. Inverse Modeling of Reflections and Refractions

[29] The ray-tracing program RAYINVR [Zelt and Smith,
1992] for two-dimensional forward modeling and inversion
of travel times, amplitudes, and waveforms of all seismic
phases was used to obtain an average smooth velocity
model from the picked arrival times for refracted and
reflected phases. The seismic model and examples of the
modeling results are shown in Figures 8a and 10, respec-
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tively. The modeling proceeded from top to bottom, starting
at the surface and moving deeper layer by layer. In each
step, the depth and velocities at the top and base are
adjusted for each layer. After obtaining an approximate
forward travel time fit for the layer, an inversion is per-
formed. In the modeling, travel times from both refractions
and reflections are used to constrain the layer thickness and
velocity. Synthetic seismograms were also calculated to
provide comparisons of amplitudes. The amplitude infor-

mation was used to adjust the velocity gradients and
velocity contrasts at discontinuities.
[30] The seismic model shows a sedimentary sequence

with variable structure and thickness along the profile
(Figure 8a). The most significant feature of the sedimentary
sequence is the Polish basin, which is �125 km wide at km
180–305 and up to 20 km deep below the TTZ. In the
Polish basin and on the Paleozoic platform, the sedimentary
sequences consist of the Mesozoic and Permian (whose

Figure 7. Results of two-dimensional tomographic inversion of P wave first-arrival travel times for
profile P4. (a) P wave first-arrival travel time picks for the Paleozoic platform (green), TESZ (red), and
east European craton (blue) with first-arrival travel time (yellow line) for starting 1-D velocity model
shown in the insert. The complexity of the crustal structure along this profile is illustrated by the almost 4 s
of deviation of first-arrival travel times along most of the offset interval. Reduction velocity = 8.0 km/s.
(b) Two-dimensional P wave velocity model along P4 profile obtained using the tomographic inversion
program package FAST [Zelt and Barton, 1998]. Numbers are P wave velocities in kilometers per second.
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thickness is well known from drilling and previous detailed
seismic studies), and pre-Permian Paleozoic sediments
whose thickness in the Polish basin is unknown.
[31] The Mesozoic sequence, with P wave velocities of

1.9–4.8 km/s, is up to 5 km thick in the Polish basin, where
the highest velocities are observed. These strata gradually
thin to a few hundred meters away from this basin. In the
Paleozoic platform and the Polish basin, a layer (<3 km) of
late Paleozoic strata mainly consisting of Zechstein salt with
P wave velocity of 4.0–5.0 km/s can be identified. Below
this layer, a sequence of older Paleozoic strata with a
thickness of �2 km in the Paleozoic platform area and up
to 14 km in the Polish basin can be identified. In the deep
portions of the Polish basin, the exact age and nature of
these units has not been determined by drilling. However,
the P wave velocity of these strata is 4.5–5.2 km/s in the
Paleozoic platform and 5.1–5.9 km/s in the Polish basin,
strongly suggesting that they are sedimentary rocks. The
large thickness of low-velocity rocks in the Polish basin is a

common feature of all of the models (Figures 7 and 8), and
it has a strong influence on the arrival times and thereby on
the appearance of the seismic sections (e.g., SP4090 in
Figure 10). However, the age and origin of the rocks in the
deepest portion of the basin will be a major issue in the
discussion section of this paper.
[32] The upper crustal velocity structure is different on

the two sides of the Polish basin, whereas velocities, but not
thicknesses, of the middle and lower crust are similar along
the profile (Figure 8a). The top of the crystalline basement
is undulating on the Paleozoic platform, and the thickness of
the first layer constituting the crystalline crust is 7–11 km.
The P wave velocity is 5.9 km/s just below the sedimentary
sequence and 6.05 km/s at the base of this layer. The next
crustal layer in the platform area is 4–8 km thick (thickest
to the southwest) and is characterized by a high vertical
velocity gradient (VP = 6.1–6.4 km/s). Reflections within
the upper crust of the Paleozoic platform were interpreted to
originate from two separate reflectors of limited horizontal

Figure 8. Two-dimensional P wave velocity models for POLONAISE’97 profile P4 derived by ray
tracing. The thick solid lines are layer boundaries and thin or dashed lines are isovelocity contours in
kilometers per second; numbered triangles refer to shot points. (a) Model obtained by the ray-tracing
inversion program RAYINVR [Zelt and Smith, 1992]. (b) Model obtained by forward ray-tracing
modeling using the SEIS83 package [Červený and Pšenčı́k, 1983].
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extent. Since no velocity contrast can be identified, these
features were modeled as ‘‘floating reflectors’’ [Zelt and
Forsyth, 1994]. One reflector is 16 km long at a depth of
�9 km and dips �7� to the southwest, the other is 63 km
long and is located at a depth of 8–9 km.
[33] The first two layers of the crust of the east European

craton extend to depths of 22–26 km and have velocities
between 6.0 and 6.6 km/s. The interface between these
layers only represents a small velocity contrast of 0.03 km/s.
The upper layer is 16 km thick where it is thickest (550 km,
model coordinates), and it gradually thins to 8.5 km in
Lithuania. The velocity is �6.1 km/s at the top of the layer
and >6.3 km/s at the base. Such a layer is not interpreted to
be present beneath the Polish basin. Around 630 km along
the model, high velocities (6.30–6.33 km/s) were detected
in a narrow (<50 km wide) band in the uppermost crust.
[34] The middle and lower crust appear similar across the

whole model (Figure 8a), and this result is broadly consist-

ent with the tomographic results based only on first arrivals
(Figure 7). However, this continuity is due in part to the fact
that interfaces in the model are required to extend all the
way across it. These layers are not continuous in the model
derived by forward modeling (Figure 8b). The middle crust
is �10 km thick and has a high velocity gradient (VP =
6.50–6.90 km/s in the Paleozoic platform area and VP =
6.55–7.00 km/s in the EEC). The top of the middle crust is
�18.5 km deep in the Paleozoic platform. It steeply dips to
a depth of approximately 26 km beneath and just to the east
of the Polish basin (km 300–440) and rises to �22 km in
the EEC. The strong velocity contrast across the middle/
lower crust boundary (from �6.9 to 7.3 km/s) is determined
from modeling of amplitude information in the seismic
sections. High velocities are found in the lower crust along
the entire profile (VP = 7.3–7.6 km/s). However, ray
coverage is poor in the distance intervals of 0–100 and
700–800 km. The thickness of this layer is approximately

Figure 9. Synthetic seismograms and amplitude-normalized seismic record section for SP4020 with
theoretical travel times of P waves and ray diagram calculated for the model of the crust derived using the
SEIS83 ray-tracing technique. PI is lower lithosphere phase.
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7 km in the Paleozoic platform area. It is thinnest and
deepest under the Polish basin, and it gradually thickens
to the northeast in the EEC, where it attains a thickness of
�15 km in Lithuania.
[35] There is pronounced topography on the Moho along

the profile (Figure 8a). In the Paleozoic platform, the crustal
thickness is �35 km with a sharp change to the Polish
basin, where it is 44–46.5 km. For the next �160 km to the
northeast (�km 380–540) the Moho depth is �43 km and
further northeast it gradually increases to 51 km. Reversed
Pn arrivals show that the upper mantle velocities are
significantly different between the Paleozoic platform area
(�8.3 km/s) and the EEC (�8.1 km/s).

4.3. Forward Modeling by Ray Tracing With SEIS83

[36] Using constraints provided by drilling data and
previous studies, detailed forward modeling of all reflected
and refracted phases identified was undertaken using ray-

tracing calculations of travel times, rays and synthetic
seismograms. For these calculations, we used the ray theory
package SEIS83 [Červený and Pšenčı́k, 1983] enhanced by
employing the interactive graphical interfaces MODEL
[Komminaho, 1997] and ZPLOT [Zelt, 1994] with modifi-
cations by Piotr Środa. In the kinematic modeling, the
calculated travel times were compared with the experimen-
tal travel times. The model was successively altered by trial
and error, and travel times were calculated many times for a
suite of models until close agreement was obtained between
the observed and model-derived travel times.
[37] As in the derivation of the model in Figure 8a, the

sedimentary velocity distribution in the model was taken
from borehole information and earlier high-resolution
reflection and refraction seismic surveys. This information
gives a more detailed model of the sedimentary sequence
than can be obtained from the POLONAISE’97 data alone.
On the basis of this information, the sedimentary sequence

Figure 10. Synthetic seismograms and amplitude-normalized seismic record section for SP4090 with
theoretical travel times of P waves and ray diagram calculated for the model of the crust derived using the
RAYINVR inversion technique.
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was divided into seven layers with velocities from 1.8 km/s
(Tertiary and Quaternary) to 5.8 km/s for the deepest (early
Paleozoic?) sequences in the Polish basin. The initial model
needed to be only slightly adjusted during the ray-tracing
procedure to obtain a good fit to the POLONAISE’97 data.
The resulting shallow portion of the model was held fixed
as the deeper structure was modeled. Example results of the
ray-tracing 2-D modeling of the crust for different parts of
the profile are shown in Figures 9, 11, and 12.
[38] In the model derived using forward ray-tracing

technique with the SEIS83 program (Figure 8b), a large
thickness of relatively low velocity material was also
found in the Polish basin. In this basin, velocities of
4.7–5.8 km/s extend to 18–20 km depth and are underlain
by ‘‘basement’’ with a velocity of �6.4 km/s. The model
shows variable structure and depth of the basement on
both sides of the Polish basin. The top of the crystalline
basement of the EEC varies from about 8 km in the area

adjacent to the Polish basin at the platform’s margin to
only �1 km at the NE end of profile. The general
crystalline basement velocity (6.1–6.2 km/s) is typical
for cratonal areas, but at distances of 610–660 km along
profile, high-velocity (�6.4 km/s) basement was found.
This increase of velocities is very visible and documented
on reversed travel time branches of the Pg phase for shot
points SP4190 to NE and SP4210 to SW. In the velocity
models (Figures 8a and 8b), the corresponding high-
velocity intrusion reaches a depth of �8 km and could
be correlated with the Mazury complex (Mz) and Suwalki
anorthosite intrusion (Su), which also correlate with a
small positive gravity anomaly (Figure 3). The basement
of the Paleozoic platform SW of the Polish basin is
characterized by velocities of only �5.8 km/s and lies at
depths of 1–3 km. However, at distances of 70–140 km
along the model a deeper (1–4 km) boundary where the
velocity increases to �6.15 km/s is observed. This bound-

Figure 11. Synthetic seismograms and amplitude-normalized seismic record section for SP4140 with
theoretical travel times of P waves and ray diagram calculated for the model of the crust derived using the
SEIS83 ray-tracing technique. PI and PII are lower lithosphere phases.
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ary rises to its minimum depth at distance �125 km,
which corresponds to the Wolsztyn ridge that is charac-
terized by a positive gravity anomaly (Figure 3). Velocities
of 6.2–6.4 km/s are interpreted to extend to depths of

�26 km. The main evidence for this interpretation is
overcritical deep crustal reflections observed up to offsets
of 200–250 km with velocities <6.5 km/s. For examples,
see SP4010 to the NE (Figure 12a) and SP4020 to the NE

Figure 12. Amplitude-normalized seismic record sections for (a) SP4010 and (d) SP4150 with
theoretical travel times of P waves calculated for the model of the crust derived using the SEIS83 ray-
tracing technique. (b and c) Insets show zoomed parts of sections, where Pum and Pml are waves reflected
from discontinuities between upper/middle and middle/lower crust. PI is lower lithosphere phase. Other
explanations as in Figure 4.
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(Figure 9). This observation provides evidence for rela-
tively low velocities in the middle and lower crust along
the SW end of profile.
[39] A lowermost crust with velocities �7.0 km/s is

interpreted to be present from a distance of �100 km along
the model (Figure 8b). This interpretation is documented
(e.g., Figure 11), where overcritical crustal reflections at
distance 100–220 km along profile (offset larger than
�200 km) have significantly higher velocities than the Pg

wave closer to the shot point (offset 50–150 km). Another
example of this phenomenon under the Paleozoic platform
is the record section for SP9140 to the NE (Figure 4c).
Compared to the model in Figure 8a, the high-velocity
lower crust begins at a model coordinate of �100 km rather
than extending to the southwestern end of the profile. The
lack of a high-velocity lower crust to the SW in Figure 8b is
based on data from an additional shot in Germany (SP4270)
and detailed modeling of postcritical phases that required
lower gradients and velocities in the lower crust. At the far
northeast end of the models, they differ in the velocity of the
lowermost crust. As discussed below, this is a region where

ray coverage is sparse and resolution is thus low. However,
the EUROBRIDGE’95 profile [EUROBRIDGE Seismic
Working Group, 1999; EUROBRIDGE’95 Seismic Working
Group, 2001] crosses P4 at a model coordinate of �715 km,
and SP4230 is at the same location as EUROBRIDGE’95
SP9. The model in Figure 8b was thus derived using the
well-constrained lower crust from EUROBRIDGE’95 as a
constraint.
[40] In this velocity model (Figure 8b), the total thickness

of the crust changes from �30 km beneath Paleozoic plat-
form (0–200 km) to 35–38 km beneath Polish basin (200–
300 km) and to 42–50 km beneath the EEC (300–800 km).
The primary constraints on the Moho topography are the
PMP and Pn phases, and the most complex Moho topogra-
phy is observed in the contact zone between the Paleozoic
platform and the EEC. In deriving the model shown as
Figure 8b, both velocities and seismic boundary depths
were constrained to match at crossing points with profiles
P1, TTZ, P3, P5, and EUROBRIDGE’95 (Figure 1), with
the tolerance of �0.1 km/s and 1 km for velocity and depth,
respectively [Jensen et al., 1999; Grad et al., 1999; Środa
and POLONAISE P3 Working Group, 1999; Czuba et al.,
2001; EUROBRIDGE Seismic Working Group, 1999;
EUROBRIDGE’95 Seismic Working Group, 2001]. There
are also some clear phases that are reflections from mantle
discontinuities [Grad et al., 2002a], and phases PI and PII

(Figures 9, 11, and 12a) from discontinuities in the upper-
most mantle were modeled to produce Figure 8b. The
geometry at the SW end of the model is the result of the
top of the dipping body with a velocity of 8.15 km/s, giving

Figure 13. Amplitude-normalized seismic record sections
for (a) SP4050 and (b) SP4230 with theoretical travel times
of P waves calculated for the model of the crust derived
using the SEIS83 ray-tracing technique.

Figure 14. Depiction of accuracy and uncertainty for the
model derived by tomographic inversion (Figure 7) of first-
arrival travel times [Zelt and Barton, 1998]. (a) Travel time
misfit (RMS) for consecutive shot points; the average value
is 0.109 s. (b) Ray coverage versus depth.
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rise to the PI phase from its top and the PII phase from its
bottom. The high-amplitude PI and PII phases observed in
the record section shown in Figure 11 and the high apparent
velocities of the Pn phase are the basis for this interpreta-
tion. The bottom of this layer corresponds in depth with a
mantle reflector on profile P1 [Jensen et al., 1999]. High
velocities (8.3–8.4 km/s) in the uppermost mantle litho-
sphere were only found beneath the Polish basin area.
Similar velocities were also found in this area beneath the
TTZ [Grad et al., 1999] and P1 [Jensen et al., 1999]
profiles. The details of the mantle structure in Figure 8b
are nonunique, but high velocities clearly appear to have a
tectonic association with the TESZ. The 8.15 km/s body
may represent a continuation of Variscan lower lithosphere
from the southwest.
[41] Within the EEC at distances of 620–680 km in both

models (Figure 8), a rapid northeastward increase in the

depth of the Moho was found that is documented by
‘‘triplication’’ of the PMP phase (e.g., 570–630 km for
SP4230, Figure 13b). Velocity in the uppermost mantle
beneath the EEC increases systematically to the northeast
from �8.15 km/s at a distance of 350 km on the model to
8.25 km/s at the northeast end of the model.

4.4. Analysis of Resolution and Uncertainties

[42] Uncertainties for the model parameters are due to a
combination of several factors. Some amount of subjectivity
cannot be avoided as the arrival times of phases are picked
manually after correlation of phases in the record sections.
The subjectivity is smallest for first arrivals, but later phases
provide important constraints that should not be ignored,
even if their arrival times are subject to larger uncertainty
than first arrivals. On the basis of our experience and our
approach of subgroups independently picking phases, com-

Figure 15. Depiction of accuracy and uncertainty for the model derived by inversion of refracted and
reflected wave travel times using the RAYINVR method. (a) Travel time misfit (RMS) for consecutive
shot points and average value of 0.110 s. (b) Ray coverage for P4 profile model obtained using the
RAYINVR technique; gray areas correspond to penetration of refracted waves; lines above/below
discontinuities refer to reflections/refractions, respectively; black lines indicate reverse ray coverage, gray
lines indicate one-way coverage, and dashed gray lines indicate one-way coverage by multiple stations.
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parison of these picks between groups, and carefully track-
ing reciprocal travel times, we are confident that the picking
accuracy for refracted phases was usually about ±0.05 s and
about ±0.1 s for reflected phases. Errors due to uncertainty in
phase correlations cannot be estimated quantitatively, but the
accuracy of the correlations increases with increasing quality
and quantity of data. We had enough shots to jointly correlate
the major phases with considerable confidence. Even though
the RMS errors between observed and calculated travel times
were comparable in the various techniques, the different
techniques locally produce different fits between calculated
and observed travel times (Figures 14a and 15a) that were
manifested as variations in velocity between models. How-
ever, the ray coverage, depicted in Figure 15b, provides a
useful overview of how the portions of the model are con-
strained by reflected and refracted phases.
4.4.1. Analysis of the Model Derived by Tomographic
Inversion of First-Arrival Travel Times
[43] The average difference between observed travel

times and theoretical travel times computed from the final
model was 0.109 s. These residuals are shown together with
the RMS for each shot point in Figure 14. The ray density
reflects the reliability and resolution of the model. As
expected, the ray coverage was best in the upper 10 km
of the crust, where the average number of rays hitting the
cells was around 120. However, the average number of rays
per cell decreased rapidly to 35 at �20 km. At 45 km, the
number of rays started to decrease again and reached 1 ray
per cell at a depth of 60 km (Figure 14b). This modeling
approach requires that the velocity changes between neigh-
boring cells be limited, which often produces smoother
velocity gradients than are actually present. The thickness
of cells in the inversion is 3 km, which is so big that it is not
possible to obtain realistic depths for the top of the crystal-
line crust, except in area of Polish basin.

[44] A few specific problems in the inversion were
investigated. The relatively large RMS for SP4070
(Figure 14a) could be explained by low quality of data for
this shot point. For SP4220, 4230, and 4240, the large
contrasts between thin, low-velocity sediments (�3.5 km/s),
basement (�6.1 km/s), and high-velocity intrusion
(�6.45 km/s) were too great for the inversion to produce
a low RMS for these shots.
4.4.2. Analysis of Model Derived by Inversion of
Refracted and Reflected Travel Times
[45] The dense shot spacing provides extensive reversed

ray coverage. In general, there is dense reversed ray cover-
age for reflections for all first-order discontinuities, whereas
only the upper and lower crust, as well as the uppermost
mantle, have good coverage by refractions (Figure 15b). In
Figures 9–11, the ray coverage for typical shots in the
Paleozoic platform, Polish basin, and EEC are illustrated,
respectively. The overall ray coverage (Figure 15b) together
with the travel time residuals (Figure 15a) show how well the
model is constrained. On average, the misfit between the
observed and theoretical travel times (RMS travel time
residual) is 0.110 s for all 4987 data picks.
4.4.3. Analysis of Model Derived by Forward Ray
Tracing
[46] The accuracy of the model (Figure 8b) was tested by

sensitivity analysis for many arrivals. In Figure 16, an
example is shown for Pg and PMP waves for the SP4240
record section. The arrival time of the Pg phase was
calculated with the estimated velocity of 6.1 km/s and for
changes of +0.2 and�0.2 km/s. The arrival times of the PMP
reflection from the Moho were calculated for the estimated
depth of �50 km and for changes of depth ±2 km. The gray
shading spans the estimated uncertainty (±0.1 s) of the
picked arrival times that are shown as black dots. It is clear
from this figure that the uncertainties of the apparent velocity

Figure 16. Test of resolution of calculated Pg and PMP arrival times for SP4240 using the SEIS83
technique. The arrival time of the Pg phase for the final model with an upper crustal velocity of 6.1 km/s
is shown by a dark line, and the arrival times with the velocity perturbed by ±0.2 km/s are shown by
lighter lines. The arrival times of PMP phase reflected from the Moho in the final model (�49-km depth)
are shown by a dark line, and the arrival times with the depth perturbed by ±2 km are shown by lighter
lines. The gray belt extends across the uncertainty interval of ±0.1 s around the arrival times calculated
for the final model. Small black dots show our picked travel times both for Pg and PMP waves.
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determinations based on the first arrivals are much less than
±0.2 km/s. Similarly, this approach suggests that uncertain-
ties for the depth to intracrustal reflectors (and Moho) are
less than ±2 km. With data of the quality produced by the
POLONAISE’97 experiment, velocity and depth uncertain-
ties of models derived by 2-D forward modeling are on the
order of ±0.1 km/s and ±1 km where the crustal structure is
relatively simple and phase correlations are clear. For areas
with complicated structure, the accuracy of velocities and
depths should be about ±0.2 km/s and ±2 km, respectively
[see also Janik et al., 2002].
[47] Synthetic seismograms were calculated to control

velocity gradients within the layers and velocity contrasts
at the seismic boundaries. The model was iterated until
good agreement between the observed and theoretically
calculated amplitudes for the main phases was obtained
(Figures 9 and 11). However, the limitations of ray theory
must be kept in mind.
[48] The 2-D modeling does not take into account out-of-

plane refractions and reflections, which must have occurred
particularly in the structurally complex TESZ region. In the
future, the data from all profiles in this area should be
interpreted using a 3-D approach for both refracted and
reflected waves.

5. Interpretation and Discussion

[49] POLONAISE’97 profile P4 was designed to cross
the main tectonic features of the TESZ. All of the crustal
models derived during this study (Figures 7 and 8) show
generally the same strong structural variations from the
Paleozoic platform in the southwest, across the TESZ
region, onto the EEC to the northeast. In each model, the
crustal thickness varies considerably along the profile: 30–
35 km in the Paleozoic platform area, �45 km below and
due northeast of the TESZ, �43 km in the Polish part of the
EEC, and �50 km in Lithuania. The upper crustal structure
of the Paleozoic platform and EEC is different, and they are
divided by the deep (�20 km) Polish basin. We will
concentrate our discussion on features that all of the models
display, but many features in the more detailed models
derived by ray tracing are geologically significant and the
subject of ongoing analysis.
[50] The most conspicuous feature of the seismic velocity

models (Figures 7 and 8) is the �150-km-wide (model
coordinates �150–300 km) graben-like feature associated
with the Polish basin. All of the models show that this
feature contains rocks with VP < 6.0 km/s to its maximum
depth of 18–20 km. On the basis of compilations of seismic
velocity for various lithologies [e.g., Christensen and
Mooney, 1995], this material must be sedimentary rock that
is dominantly clastic. This feature correlates with a gravity
minimum and high heat flow values (Figure 3) possible due
in part to deep circulation of water in the basin [e.g.,
Majorowicz and Plewa, 1979; Čermák et al., 1989; Plewa,
1998]. The TTZ profile (Figure 1) crosses profile P4 at an
almost right angle at a distance of �280 km along the model
[Grad et al., 1999]. On the TTZ profile, velocities of only
�6.1 km/s are encountered at a depth of 20 km. Along the
LT-7 profile that lies �175 km north of and parallel to
POLONAISE’97 profile P4 (Figure 1), another 200-km-
wide graben-like structure was detected. This structure

contains rocks with a velocity less than 5.9 km/s, and
relatively low velocities (<6.0 km/s) were detected down to
a depth of 20 km [Guterch et al., 1994, 1999]. As an upper
crustal feature, the TTZ is not a pronounced structure in the
velocity models (Figures 7 and 8). The undulations in the
Mesozoic/upper Paleozoic sequence (between 220 and
320 km; Figure 8b) are caused by a combination of salt
tectonics and structural inversion whose magnitude may be
2–3 km in the area [Dadlez et al., 1994]. A crustal keel
extending to 45–46 km is present between model distances
280 and 380 km below the northeastern part of the TESZ and
extends northeast into the EEC. Under the southern Baltic
Sea, a crustal keel similar to that observed along profile P4 is
explained by a ‘‘subversion’’ process as the counterpart of the
upper crustal ‘‘inversion’’ [BABEL Working Group, 1993].
Another possible explanation of the crustal keel under the
Baltic Sea is underplating during the late Paleozoic [Thybo et
al., 1994]. A map of the Moho topography in Poland and
southern Scandinavia shows that a crustal keel is located
beneath and to the northeast of the TTZ and has a northwest
strike [Janik et al., 2002; Jensen et al., 2002]. The width of
the Moho trough ranges from 50 km in northwestern Poland
to 80 km in central Poland to about 90 km in southeastern
Poland [Guterch et al., 1986].
[51] In the Paleozoic platform, the metamorphic basement

surface is undulating but overlain by largely flat-lying
sedimentary rocks, which indicates tectonic activity during
deposition of the Lower Paleozoic sequence. The thickness
of the uppermost crystalline crust in the Paleozoic platform
is 6–12 km, and it has relatively low P wave velocities
(5.90–6.05 km/s), which suggest that it formed originally
from sedimentary and volcanic rocks. Similar upper crustal
velocities were also found in the Paleozoic part of the LT-7,
P1, and P2 profiles [Guterch et al., 1994, 1999; Jensen et
al., 1999; Janik et al., 2002]. Low velocities (<6.4 km/s) to
a depth of �20 km are observed on several other seismic
profiles in Variscan Europe (e.g., the EGT central segment
in Germany and BABEL profile A in the Baltic Sea
[Aichroth et al., 1992; BABEL Working Group, 1993; Grad
et al., 2002b]) and even down to the Moho in the southern
North Sea [Abramovitz et al., 1998]. In our P4 profile
models (Figures 7 and 8), velocities in the lower crust are
high near the intersection with POLONAISE’97 profile P1
(SP9140, �170 km, Figure 8a). Lower velocities are shown
at the southwesternmost end of the profile in Figure 8b, and
the lack of a high-velocity lower crust here is based on data
from shot in Germany (SP4270) and postcritical phases that
required lower gradients and velocities in the lower crust.
These findings suggest that a thick pile of sedimentary and
volcanic material evolved into the metamorphic upper crust
that we see today. The high-velocity lower crust is indica-
tive of truly mafic material that could have been underplated
during the rifting that formed the deep portion of the basin
or could be remnant oceanic crust. The Moho beneath the
Paleozoic platform is relatively flat at a depth of 30–35 km,
which is similar to values for nearby profiles [e.g., Aichroth
et al., 1992; Jensen et al., 1999]. This episode of creation of
continental crust seems clearly to be the result of Paleozoic
tectonic activity (Caledonian, Variscan) as the Avalonian
microcontinent and other terranes docked with Baltica
(Figure 2). An outstanding question is the extent of Avalo-
nian crust. However, the flat Moho may also be the result of
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subsequent metamorphic reactions that transformed an orig-
inal granulitic lower crust into eclogitic facies.
[52] In the Precambrian east European craton, the seismic

model traverses two terranes and the suture zone that
separates them [Skridlaite and Motuza, 2001]. At the far
northeast end of the model (Figure 8), the ELD extends
from 720 km to the end of the model (800 km). Most of the
EEC crossed by the model is part of the WLG (Figure 3)
that extends from about 400 to about 700 km along the
profile. These terranes are separated by a zone of deforma-
tion called the MLSZ (Figure 3). The western edge of the
WLG is the rifted margin of Baltica along which the tectonic
activity took place during the Phanerozoic. The sedimentary
cover is up to 10 km thick along this margin, but it thins
rapidly northeastward to <1 km. From this margin, the
crustal thickness increases northeastward from �40 to
�45 km, in agreement with the velocity model derived for
profile P3 [Środa and POLONAISE P3 Working Group,
1999]. In the Precambria suture zone area, the crustal
thickness rapidly increases over a short distance to
�50 km, and the profile crosses the Suwalki gabbro-
anorthosite intrusion (Su, Figure 3) [Ryka, 1984]. In the
velocity models, this intrusion corresponds to a narrow
(<50 km wide) high-velocity body (Vp = 6.4–6.5 km/s) in
the uppermost crust (Figure 8b). A similar body was
delineated along profile P5 [Czuba et al., 2001, 2002],
and the P4 and P5 models agree well at their intersection. In
the ELD at the northeast end of the model, the crustal
thickness of 50 km ties to the value obtained along the
EUROBRIDGE profile at the intersection [EUROBRIDGE
Seismic Working Group, 1999; EUROBRIDGE’95 Seismic
Working Group, 2001]. This thick crust is of interest
because it is in an area that is only a few hundred meters
above sea level. Thus the buoyancy of the crust must be
isostatically compensated by a thick and/or dense litho-
spheric mantle root. The uppermost mantle velocities deter-
mined here are typical for platform areas [e.g., Christensen
and Mooney, 1995] and in fact smaller than for the Paleo-
zoic platform. Thus deeper levels in the upper mantle must
be denser. This assertion is in agreement with the tomo-
graphic model of Zielhuis and Nolet [1994], who found a
deep-seated zone of high velocity beneath the EEC.
[53] The difference in the P wave velocity of the upper

mantle beneath the Paleozoic and Precambrian terranes is
consistent with the results of other surveys in the region.
The high-velocity (>8.25 km/s) upper mantle in the Paleo-
zoic platform appears to be typical for nearby Caledonian
terranes and the northernmost parts of nearby Variscan
terranes [Guterch et al., 1986, 1994; Jensen et al., 1999;
Abramovitz and Thybo, 2000]. In the Precambrian terranes,
low velocities �8.1 km/s were found along profile P3
[Środa and POLONAISE P3 Working Group, 1999] and
along P4 near its intersection with P3 (SP9340, �380 km
along profile, Figure 8). In addition, upper mantle velocities
along P4 show a tendency to increase toward the northeast
(Figure 8), which is in agreement with the intersecting
EUROBRIDGE profile [EUROBRIDGE Seismic Working
Group, 1999; EUROBRIDGE’95 Seismic Working Group,
2001]. Particularly high velocity (8.25–8.45 km/s) upper
mantle has been delineated near the TTZ in the model
derived by detailed ray tracing (Figure 8b) and along the
TTZ profile [Grad et al., 1999]. In addition, a northeast

dipping body with a velocity of �8.15 km/s appears in the
southwesternmost part of P4. These variations probably
reflect both the effects of the rifting during the breakup of
Rodinia and the late Paleozoic orogenic events.

6. Tectonic Models

[54] The area of profile P4 has experienced several major
tectonic events: (1) assembly of terranes during the Pre-
cambrian to ultimately form the supercontinent Rodinia,
(2) rifting along the margin of the EEC during the breakup
of Rodinia in the Neoproterozoic-Cambrian, (3) collision
between Baltica, the microcontinent eastern Avalonia, rem-
nant ocean crust, and/or other terranes caused accretion in
Ordovician and Early Silurian time, (4) further deformation
during the Variscan orogeny in the late Paleozoic, (5) exten-
sion and magmatism in the Permian and Triassic time, and
(6) tectonic inversion during the Alpine orogeny in Late
Cretaceous time. Presently, Europe is dominated by the
stress regime created from its interaction with Africa and
the ridge push from the North Atlantic (i.e., a southwest-
northeast compression). The results of this study shed
considerable light on the structure and tectonic evolution
of the TESZ region. However, there remain several possible
explanations about how these tectonic events are reflected
in the observed velocity structure.
[55] The issue of continuity of crustal structure beneath

the 20-km-deep basin along the margin of the EEC divides
the models into two classes: (1) those in which attenuated
Baltica lithosphere extends beneath this basin and some
distance beneath the Paleozoic platform and (2) those in
which the lithosphere of Baltica ends near this basin.
Although the upper crustal structure is clearly discontinu-
ous, the velocities of the middle and lower crust do not
change significantly along the model. Assuming that this
indicates that the two areas share a common origin, a flake-
type or crocodile-type collision [Meissner, 1989] could have
occurred in which Baltica indented Avalonia, obducting its
upper crust and underthrusting its lower crust/uppermost
mantle (Figure 17a). If this is the case, profile P4 may not
image the southwestern termination of Baltica-derived
lower crust. Along the north-south striking EGT Central
Segment in Germany, a high-velocity middle and lower
crust terminates abruptly at the Elbe line [Aichroth et al.,
1992; Thybo, 2001]. A flake-type collision between Baltica
and Avalonia is supported by the similarities of profile P4
and BABEL line A in the southern Baltic Sea [BABEL
Working Group, 1993] and the north-south striking MONA
LISA lines 1 and 2 in the southeastern North Sea
[Abramovitz et al., 1998; Abramovitz and Thybo, 2000].
In the MONA LISA lines, Baltica’s termination in the lower
crust is imaged as a transition from high (>7.0 km/s)
velocities in Baltica crust to low velocities (<6.4 km/s) in
the ‘‘pure’’ Avalonian portion of the crust. The flake-type
collision can also explain the difference in upper mantle
velocity between the Paleozoic platform and the EEC as an
original lithologic contrast or as a feature induced by the
Caledonian collision. In the latter case, the uppermost
mantle in the Paleozoic platform may consist of Avalonian
lower crustal rocks that due to deep burial during the
Caledonian orogeny were transformed into eclogite facies
rocks, such that their velocity resembles that of mantle
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material. In the EEC, the mantle is of Baltica origin and
lower velocity. Along MONA LISA lines 1 and 2, a similar
change in mantle velocity has been identified [Abramovitz
et al., 1998; Abramovitz and Thybo, 2000].
[56] The lower crust is about 50% thinner in the Paleozoic

platform than in the EEC. If the lower crust has the same
Baltica origin along most of the model, thinning of the
lower crust probably took place during an extensional event.
This could have occurred during Permian and Triassic time.
However, a more likely time would have been during the
initial rifting of Baltica because drilling data show that only
about the upper 25% (5 km) of the low velocity fill in the
Polish basin is Permian and younger in age.
[57] A second tectonic explanation for the observed

velocity structure is that the rifted margin of Baltica under-
lies the Polish basin. We present two end members of this
model that represent the cases of a strongly divergent
margin (Figure 17b) and one in which transtension played
a major role (Figure 17c), producing a very abrupt termi-
nation of the Baltica lithosphere. In either of these models,

the low velocities that extend to 20 km represent the
sedimentary sequence that developed along this margin
either passively or in pull-apart features and postorogenic
sequences that are Permian and younger in age (Figures 17b
and 17c). Either of these models also imply that the
Paleozoic platform is solely underlain by the lithosphere
of Avalonia/Variscan terranes and offer a simple explanation
for the large difference in crustal structure across the Polish
basin. They also imply that the Caledonian and Variscan
orogenies in this area were relatively ‘‘soft’’ collisions that
left the early Paleozoic margin of Baltica largely in tact. The
lack of deformation within the EEC is additional circum-
stantial evidence for a ‘‘soft’’ collision. In these models, the
orogenic sedimentary sequences (OS, Figures 17b and 17c)
in the Polish basin would consist of accretionary wedge/
foreland basin deposits. The complex mantle structure
Figure 17c as indicating the presence of the initial stage
of northeast dipping subduction perhaps related to the
Variscan orogeny. The analogies between these models and
models for the Ouachita orogenic belt in the south-central

Figure 17. Representation of possible tectonic interpretation of the area of P4 profile. (a) Tectonic flake
structure where indented accreted lithosphere obducting its upper crust and underthrusting its lower crust.
In this model, the southwest extension of the Baltica lithosphere lies below a portion of the Paleozoic
platform. (b) Divergent passive margin in which the Variscan orogeny represents a ‘‘soft’’ collision.
(c) Abrupt transtensional margin where the southwestern extent of Baltica lithosphere is minimal.
Abbreviations are as follows: POS, postorogenic sedimentary sequence; BDS, Baltica-derived
sedimentary sequence; OS, orogenic sedimentary sequence; PMS, passive margin sedimentary sequence;
RPS, rift (pull-apart) sedimentary sequence.
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United States are considerable [Mickus and Keller, 1992;
Keller and Hatcher, 1999]. Transform faulting has been
widely viewed as playing a role in the development of the
irregular Ouachita passive margin [Thomas, 1991] and
producing a rather abrupt continent-ocean transition in
lithospheric structure.

7. Conclusions

[58] The main objective of the POLONAISE’97 project is
to study the seismic structure of the transition between the
east European craton and the Paleozoic platform in the area
of Poland, and the 800-km-long profile P4 is the result that
best delineates this structure. Our efforts to model the data
from this profile employing a variety of 2-D ray-tracing
results are presented here and provide the following con-
clusions:
[59] 1. The Polish basin is a large structure (125 km

wide) that filled with sedimentary strata during the Paleo-
zoic and Mesozoic. The fill in this basin (Vp < 6.0 km/s)
reaches thicknesses of �20 km. This basin is asymmetric,
with its northeast margin being most abrupt. The crystalline
crust under this basin is only �20 km thick today, indicating
that the lithosphere of Baltica was either thinned drastically
or terminated along the northeast margin of the basin.
[60] 2. The crust of the accreted terranes to the southwest

is relatively thin and similar to that found in other non-
cratonal areas of western Europe. The east European craton
has thick (�45 km) three-layered crust.
[61] 3. The lower crust is relatively fast (Vp > 7.0 km/s)

along most of the P4 profile. However, lower values to the
southwest may indicate the termination of Baltica.
[62] 4. High-velocity (�8.35 km/s) uppermost mantle

lies beneath the Avalonia/Variscan terranes and may be
due to rifting and/or subduction.
[63] 5. Reflections from within the mantle lithosphere in

the southwest portion of profile P4 suggest the presence of a
northwest dipping body in the mantle.
[64] 6. Two general tectonic models are consistent with

the observed velocity structure, and they both involve an
abrupt discontinuity in lithospheric structure at the south-
west edge of the EEC. Also, suturing along structures with
moderate dips appears evident. In any case, the Variscan
orogeny appears to be a ‘‘soft’’ collision in this region that
did not greatly deform the pre-Permian strata (�15 km
thick) in the Polish basin associated with the rifted margin
of Baltica.
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75, 1990.
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Geophysics, Polish Academy of Sciences, Ks. Janusza 64, PL 01-452
Warsaw, Poland.
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