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Dur ing the CELEBRATION 2000 ex per i ment, the area of SE Po land was in ves ti gated by rel a tively dense sys tem of deep seis mic sound -
ing pro files. Apart from five main pro files CEL01–CEL05, eight ad di tional pro files were ex e cuted be tween the edge of the East Eu ro -
pean Craton and the Carphatians: CEL06, CEL11, CEL12, CEL13, CEL14, CEL21, CEL22 and CEL23. In this pa per, we pres ent re sults
of mod el ling of re fracted and re flected waves with use of a 2D ray trac ing tech nique. All 13 pro files were jointly in ter preted with ver i fi -
ca tion of mod els at cross ing points, and a quasi 3D model of the crust and up per man tle was de vel oped. The ob tained P-wave ve loc ity
mod els of the crust and up per most man tle are very com plex and show a dif fer en ti a tion of the seis mic struc ture for tec tonic units in SE Po -
land. The depth of the Moho dis con ti nu ity in the in ves ti gated area changes from about 30 to about 52 km. As a sum mary of all seis mic
mod els, the Moho depth map for SE Po land is pre sented, as well as a map of the ex tent of the most char ac ter is tic crustal el e ments in the
area: a high ve loc ity body in the up per crust, di vi sion into two- and three-layer con sol i dated crust, ranges of very deep lay ers with low ve -
loc i ties in the up per and mid dle crust, ap prox i mate ranges of de tected ve loc ity ani so tropy in the up per/mid dle crust, ranges of the
high-ve loc ity lower crust and high-ve loc ity up per most man tle. Both maps are com pared with the main struc tural el e ments from tec tonic
map. This could form the base for a new geotectonic in ter pre ta tion of this com plex area. 
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INTRODUCTION

Cen tral Eu ro pean Lithospheric Ex per i ment Based on Re -
frac tion — CELEBRATION 2000 pro ject was an in ter na tional 
large-scale deep seis mic sound ing ex per i ment. It tar geted the
struc ture and evo lu tion of the com plex col lage of ma jor tec -
tonic fea tures in the Trans-Eu ro pean Su ture Zone (TESZ)
(Fig. 1), as well as the south west ern por tion of the East Eu ro -
pean Craton (EEC — south ern Baltica), the Carpathian Moun -
tains, the Pannonian Ba sin, the Bo he mian Mas sif and East ern
Alps (Guterch et al., 2000, 2001, 2003). The re sults of 2D seis -
mic mod el ling for the main pro files have been pub lished in a
num ber of pa pers (Janik et al., 2005; Malinowski et  al., 2005;
Hrubcová et al., 2005; Grad et al., 2006, 2007; Środa et al.,
2006; Guterch et al., 2007). It should be noted that the ex per i -
ment was 3D in na ture, mean ing that, to the ex tent pos si ble, all

shots were de signed to be re corded by all in-line and off-line re -
cord ers. Thus, the ul ti mate goal was a con sis tent 3D in ter pre ta -
tion of all ex ist ing data in the vast area cov ered by the ex per i -
ment (Malinowski et al., 2008). 

In this study, we pres ent part of re sults from the
CELEBRATION 2000 ex per i ment fo cused on the area of SE
Po land, which is a col li sion zone be tween the East Eu ro pean
Craton (EEC), Palaeozoic Plat form and Carpathian Moun tains. 
The rel a tively dense net of seis mic pro files cov er ing this area
con sists of five main pro files (CEL01–CEL05), and eight ad di -
tional pro files (CEL06, CEL11, CEL12, CEL13, CEL14,
CEL21, CEL22 and CEL23) (Fig. 1). The pro files cross all the
above men tioned tec tonic units; the EEC and TESZ with: the
Kuiavian Unit, the Radom–Łysogóry Unit, the Małopolska
Unit (or terrane) and the Up per Silesia Unit (USU), in the
north ern and cen tral parts. The main tec tonic lin ea ments here
are the Grójec Fault (GF), Kazimierz–Ujazdów Fault (KUF),
Kraków–Lubliniec Fault Zone (KLF), and the Holy Cross
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Moun tains Fault (HCF). The south ern part is cov ered by the
Carpathian orogen and its foredeep. The Pieniny Klippen Belt
(PKB) sep a rates the Outer and In ner Carpathians. Lo ca tions of
some im por tant tec tonic el e ments are dis played in Fig ure 1B
(e.g., Variscan and Cal edo nian fronts), how ever, these are still
a mat ter of con tro versy and dis pute be tween dif fer ent au thors
(cf. Birkenmajer, 1976; Książkiewicz, 1977; Franke, 1990;
Pożaryski, 1990; Dadlez et al., 1994; Kováč et al., 1994; Pha -
raoh et al., 1997; Berthelsen, 1998; Belka et al., 2002;
Antonowicz et al., 2003; Narkiewicz, 2007). 

THE DATA AND FORWARD 
RAY TRACING MODELLING

Dur ing the CELEBRATION 2000 ex per i ment we col -
lected data along 31 main and ad di tional pro files. Many of
them were lo cated in SE Po land. Re sults of 2D mod el ling and
tec tonic in ter pre ta tion along main pro files have al ready been
pub lished (CEL02 — Malinowski et al., 2005; TTZ-CEL03 — 
Janik et al., 2005; CEL05 — Grad et al., 2006; CEL01 and
CEL04 — Środa et al., 2006), as well as the re sults re lat ing to
seis mic ani so tropy in the up per/mid dle crust (Środa, 2006) and
3D first ar rival to mog ra phy (Malinowski et al., 2008). Still,
there re mains a huge data set of high qual ity re cord ings on all
ad di tional pro files. The data set for this pa per con sists of five
main pro files, CEL01–CEL05, and eight ad di tional pro files ex -
e cuted in SE Po land: CEL06, CEL11, CEL12, CEL13, CEL14, 
CEL21, CEL22 and CEL23. They are quite long, of ca. 300 km 
length (pro files CEL13, CEL21, CEL23, CEL14 and CEL06
— ex tended into Slovakia and Hun gary), or even lon ger, e.g.
the 430 km pro file CEL11. Other pro files are shorter: CEL12
and CEL22 are of ca. 210 and 90 km, re spec tively. Usu ally
there were only a few shot points at ad di tional pro files (Fig. 1),
and spac ing be tween re cord ings was about twice that along the
main pro files. So, al though the qual ity of re cords along ad di -
tional pro files is high (see ex am ples in Fig. 2), they have a
lower rank com par ing to main pro files. On the other hand, they
are very im por tant be cause they fill the gap be tween the main
pro files, and in ef fect they have a sub stan tial in flu ence on the
fi nal im age of the seis mic struc ture of the area of SE Po land. 

A cor re la tion and pick ing of seis mic phases was un der -
taken us ing the ZPLOT pack age (Zelt, 1994). For mod el ling of
re fracted and re flected waves, we used a 2D ray trac ing tech -
nique. The mod el ling of travel times, rays and syn thetic
seismograms was done us ing the SEIS83 pack age (Červený
and Pšenčík, 1983), sup ported by MODEL and XRAYS
(Komminaho, 1998). The ini tial mod els of the sed i men tary
cover and shal low base ment for most in di vid ual pro files
(CEL01–CEL05, CEL11 and CEL12) were con strained us ing
bore hole in for ma tion and ear lier geo phys i cal stud ies, in clud ing 
high-res o lu tion seis mic re flec tion sur veys (un pub lished data).
This in for ma tion pro vides a much more de tailed model of the
up per most 5–10 km of sed i ments than can be ob tained from the 
re frac tion pro files alone. The ini tial mod els of the shal low
struc ture were only slightly ad justed (in the sense of seis mic
ve loc ity and depth of bound aries) dur ing the ray trac ing pro ce -
dure. The over all ve loc ity mod els for all the pro files were suc -

ces sively mod i fied by a trial-and-er ror pro ce dure, and travel
times were re cal cu lated many times un til the agree ment was
ob tained be tween ob served and model-de rived P-wave travel
times. The fi nal lithospheric mod els de rived for the struc ture
along all pro files are shown in Fig ures 3–5 (ver ti cal ex ag ger a -
tion is 2.4:1 for the mod els, and about 20:1 for to pog ra phy). All 
13 pro files were jointly in ter preted with ver i fi ca tion of the
mod els at cross ing points. If nec es sary, mod els for the main
pro files were re-in ter preted to fit better in cross ing points, how -
ever, these changes were not sig nif i cant. The ac cu racy of first
ar riv als pick ing is about 0.05 s and for re flected phases (lat ter
ar riv als) about 0.1 s. Typ i cal mis fits for the ob served and cal cu -
lated P-wave travel times were of the or der of 0.1–0.2 s (Figs.
6–8). Fi nally, in ad di tion to ki ne matic mod el ling, syn thetic
seismograms were cal cu lated to con trol ve loc ity gra di ents
within the lay ers and the ve loc ity con trast at the seis mic bound -
aries. The fi nal syn thetic seismograms show good qual i ta tive
agree ment with the rel a tive am pli tudes of ob served re fracted
and re flected P-waves (see, for ex am ple, SP23140 from pro file
CEL13 in Fig. 6). 

The seis mic data used for mod el ling along the main pro files 
were of good qual ity, with a dense sys tem of sources and re -
ceiv ers. In mod el ling, clear first ar riv als and later re fracted/re -
flected phases were used. With the data of such a qual ity, the
ve loc ity and depth un cer tain ties of mod els de rived by 2D for -
ward mod el ling are on the or der of ±0.1 km/s and ±1 km, where 
the crustal struc ture is rel a tively sim ple, and ±0.2 km/s and
±2 km for com pli cated struc ture, re spec tively (e.g., Janik et al.,
2002; Grad et al., 2003, 2008). For the ad di tional pro files, un -
cer tain ties could be slightly larger. For ex am ple, pro file CEL22 
has one shot point only with re cord ings up to 100 km. For -
mally, it should be mod elled as 1D, but be cause we have in for -
ma tion from the cross ing point with pro file CEL03, we mod -
elled it as a 2D struc ture. The hor i zon tal res o lu tion in the ray
trac ing tech nique is about 20 km, or better for well doc u mented 
data, de pend ing from shots and sta tions spac ing.

MODELS OF THE CRUSTAL AND UPPERMOST
MANTLE STRUCTURE

The col lec tion of seis mic mod els of CELEBRATION 2000 
pro ject in SE Po land is shown in Fig ures 3–5. The mod els show 
large vari a tions in the in ter nal struc ture of the crust and the
Moho to pog ra phy within a rel a tively small area var ies over the
wide depth in ter val of 30–52 km. In gen eral, pro files con nected 
with the Carpathians are pre sented in Fig ures 3 and 4. Four pro -
files: CEL01, CEL04, CEL05 and CEL11/CEL13, cross nearly 
per pen dic u lar to the col li sion zone in the Carpathians, through
the TESZ to the EEC. Mod els for the CEL01 and CEL05 pro -
files are lim ited to study area. Two pro files, CEL11 and
CEL13, united into one transect are ca. 700 km long. CEL06
runs par al lel to CEL04, and CEL12 runs ap prox i mately along
the Carpathian axis (W–E in this area). Other pro files pre sented 
in Fig ure 5 are lo cated in the TESZ and the mar ginal zone of the 
EEC. Pro files CEL02, CEL21, CEL22, CEL23 and CEL11 run 
ap prox i mately in the SW–NE di rec tion, nearly per pen dic u lar
to the edge of the EEC; pro files CEL03 and CEL14 are nearly
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Fig. 2. Ex am ples of seis mic sec tions from ex per i ment CELEBRATION 2000 re corded in SE Po land

The trace-nor mal ized, ver ti cal-com po nent seis mic re cord sec tions for P-waves along one of the main pro file CEL05 are com pared with re cord sec tions from pro -
files  CEL01, CEL04, CEL05, CEL11, CEL13 and CEL14. Black tri an gles are shot lo ca tions. Band-pass fil tra tion 2–15 Hz. The re duc tion ve loc ity is 6 km/s. Ab -
bre vi a tions: Pg — seis mic re fracted waves from the up per and mid dle crys tal line crust, Pov — overcritical crustal re flec tions, PcP — re flec tions from the mid dle
crust dis con ti nu ities, PMP — re flected waves from the Moho bound ary, Pn — re frac tions from the sub-Moho up per most man tle, P1P — P-wave phases from the
up per man tle
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Fig. 6. Ex am ples of seis mic mod el ling along CELEBRATION 2000 pro files CEL11, CEL13 and CEL06

Seis mic re cord sec tions of P-waves (am pli tude-nor mal ized ver ti cal com po nent) with the o ret i cal travel times, syn thetic seismograms and se lected ray di a -
grams cal cu lat ing us ing the SEIS83 ray trac ing pack age (Červený and Pšenčík, 1983); band-pass fil tra tion 2–15 Hz; re duc tion ve loc ity 8.0 km/s; all ex am ples
were cal cu lated for the mod els pre sented in Fig ures 3–5; ab bre vi a tions of seis mic phases as in Fig ure 2
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Fig. 7. Ex am ples of seis mic mod el ling along CELEBRATION 2000 pro file CEL12, CEL14, CEL22 and CEL23

Ab bre vi a tions of seis mic phases and other ex pla na tions as in Fig ures 2 and 6



par al lel to the EEC edge, in NW–SE and WNW–ESE di rec -
tions, re spec tively (Fig. 1). Ex am ples of mod el ling are shown
in Fig ures 6–8. 

The study re vealed pro nounced lat eral vari a tions in Vp ve -
loc ity val ues in the crust and vari a tions of the Moho depth
(Figs. 3–5), which can be as so ci ated with the tec tonic units
crossed by pro files. In the south west ern part of the four
Carpathians pro files (Alcapa, Tisza), the crust con sists of only

two lay ers, the up per and lower crust, both with ve loc i ties Vp £

6.4 km/s. In the north ern part of the pro files (EEC), the crust
has one ex tra, ca. 12 km thick, layer at the bot tom with Vp =
6.7–7.0 km/s. Other char ac ter is tic fea tures of the EEC is a rel a -
tively thin sed i men tary cover with ve loc i ties Vp =

2.3–4.6 km/s. The crys tal line base ment with ve loc i ties Vp ³

6.0 km/s was found here at depths of 1–5 km in the north ern
part of study area and at depths of 7–10 km in the area of the
Lublin Trough. The ex cep tion is the CEL04 pro file which ends
in the Pol ish Trough.

The area be tween the Carpathians and EEC is
the most tec toni cally com plex area — the TESZ.
Along all pro files per pen dic u lar to the EEC edge
(Figs. 3–5) we ob serve 10–20 km thick up per most 

crust with rel a tively low ve loc ity (Vp £ 6.0 km/s)
as so ci ated with the Pol ish trough and the
Carpathian Foredeep. How ever, be neath the
CEL14 pro file, which crosses the same area in a
WNW–ESE di rec tion, nearly par al lel to the edge,
we ob serve much higher ve loc i ties, reach ing
6.4 km/s. This phe nom e non is ex plained by ani so -
tropy, and was doc u mented by Środa (2006) —
see the text be low. In the up per crust, nu mer ous

high ve loc ity bod ies (HVB, Vp ³ 6.9 km/s) were
de tected be neath the in ves ti gated area (pro files
CEL01, CEL02, CEL03 — see Figs. 3 and 5 re -
spec tively). In some cases they cor re spond to
“float ing re flec tors” (pro files CEL05 and
CEL14). For most pro files, rel a tively very low ve -
loc i ties, Vp = 6.2–6.3 km/s, for mid dle crust, at
depths of 20–30 km were de tected. For the TESZ
in SE Po land, we ob serve the lower crustal layer
with Vp = 6.7–7.0 km/s, sim i lar to the EEC.
Slightly higher ve loc i ties Vp ~7.2 km/s were
found in the lower crust in south west ern part of
the CEL02 pro file (Up per Silesian Unit). 

In a rel a tively small area of SE Po land, we ob -
serve strong vari a tions in the Moho depth and in
the crustal and sub-Moho ve loc i ties. The thick -
ness of the crust var ies from 32–34 km be neath
pro files CEL02, CEL04 and CEL14 in their west -
ern parts, to 40–52 km be neath east ern parts of
pro files CEL01, CEL02, CEL03, CEL05 and
CEL13. In the Carpathians, the Moho is at
40–42 km depth, ex cept for their cen tral part (pro -
files CEL04, CEL05 and CEL06) where it is
32–34 km only. An abrupt Moho rise was de tected 
along pro file CEL12, from depths of 44 km in the
W to 32 km in the S (Fig. 4). Sub-Moho ve loc i ties
have on av er age, val ues of 8.1 km/s in the NW and 

8.2 km/s in the SE part of the study area. Much higher ve loc i -
ties, of ca. 8.4 km/s, were found be neath pro files CEL03,
CEL14 and CEL21. This high-ve loc ity up per man tle (HVUM)
be neath the Moho was found ear lier on the TTZ-CEL03 pro file 
(Janik et al., 2005). A num ber of re flec tors in the up per man tle
were in tro duced at depths of ~57 km, 65–68 km and ~75 km in
or der to fit re flec tions P1P (Figs. 6–8). How ever, the ve loc i ties
be neath these re flec tors are not well con strained, be cause, we
usu ally do not ob serve re fracted waves from these in ter faces. 

The joint in ter pre ta tion of the net of pro files in the in ves ti -
gated area pro vides new data which has an in flu ence on the im -
ages of the pre vi ously pub lished mod els for main pro files.
Small changes in the bound aries and ve loc i ties of the lower
crust and up per man tle were im ple mented in the cen tral parts of 
the CEL02 (Fig. 5) and CEL05 mod els (Fig. 4) — com pare
with Malinowski et al., (2005) and Grad et al., (2006). For
mod els along CEL01 and CEL02, we at tempted to ver ify the
pos si bil ity of ex is tence of the HVUM at cross ings with pro file
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Fig. 8. Ex am ples of seis mic mod el ling along CELEBRATION 2000 pro files CEL21

Ab bre vi a tions of seis mic phases and other ex pla na tions as in Fig ures 2 and 6



CEL14 (see Figs. 3 and 5). Com par i son of cal cu lated and ex -
per i men tal travel times shows that, from the CEL01 and
CEL02 data, we can nei ther con firm nor ex clude the ex is tence
of the HVUM. 

SEISMIC CHARACTERISTICS OF THE CRUST
AND UPPERMOST MANTLE IN SE POLAND

Deep seis mic in ves ti ga tions car ried out on the
CELEBRATION 2000 pro files in SE Po land de tected com plex 
crustal struc ture in the con tact zone be tween the Palaeozoic
Plat form, Carpathians and the EEC. Mod els pre sented in Fig -
ures 3–5 were the ba sis for con strain ing of the Moho depth map 
(Fig. 9A) and a map show ing the ex tent of the most char ac ter is -
tic struc tural el e ments of in ves ti gated area (Fig. 9B). For the
area of SE Po land, the pre sented Moho map con tains more de -
tail com pared to the map on the con ti nen tal scale (Grad et al.,
2009). Rep re sen ta tive ve loc ity mod els for the Carpathians, Up -
per Silesian Unit (Variscides), TESZ, the edge of the EEC and
the EEC, are col lated on Fig ure 10. 

Moho depth. The depth of the Moho dis con ti nu ity in the
in ves ti gated area var ies from about 30 km to about 52 km. The
north ern part of the in ves ti gated area, as so ci ated with the EEC,
is doc u mented by parts of the CEL03, CEL01, CEL05, CEL13
and CEL21 pro files. Here Moho bound ary is more or less sta -
ble, with depths of 42–46 km. The deep est Moho (ca. 52 km)
was de tected be low the edge of the EEC (in the area crossed by
the CEL03, CEL05, CEL14 pro files) with an ex ten sion to NE
(CEL13 pro file). Tec toni cally, this is the edge of the craton, at
the SE ter mi na tion of the Lublin Trough. Re solv ing its tec tonic
back ground, we kept in mind that this area co in cides with ter -
mi na tion of the su ture be tween Fennoscandia and Sarmatia, the 
two main ter ranes that col lided to form west ern Baltica in the
Palaeoproterozoic (Bogdanova et al., 1996, 2005, 2006; see in -
set of Fig. 1). 

In the area SW of the craton edge, the Moho is 32–38 km
deep, with two lo cal max ima, slightly deeper than 42 and
44 km, di vided by a lo cal min i mum, at ca. 32 km depth. This is
an area at the in ter sec tion of CEL05, CEL04 and CEL12, in the
Outer Carpathians. The west ern max i mum is doc u mented by
the in ter sec tion of CEL04 and CEL12, and the east ern one by
CEL11. The up lift up to 32–36 km be tween them is doc u -
mented by pro files CEL05 and CEL12. An other lo cal min i -
mum, with ca. 32 km depth was de tected be low the bound ary
be tween the Małopolska and Up per Silesia units (in the area
crossed by CEL02, CEL01, CEL21 and CEL14). A third lo cal
min i mum in the Moho bound ary (ca. 36 km) was de tected in
the SE part of area (cross ing of CEL03, CEL11, CEL13 and
CEL14) which co in cides with the Narol Unit, pos tu lated by
Janik et al. (2005). 

High ve loc ity up per man tle. The HVUM (with ve loc ity
Vp ~8.4 km/s), de tected be low the P4, P1 and TTZ pro files
(Janik et al., 2005) ex tends SE, to the in ter sec tion of pro files
CEL01, CEL02 and CEL14, and the in ter sec tion of CEL04 and 
CEL02. It is partly over lapped by a sub-Moho layer with ve loc -
ity Vp ~8.1 km/s. The dome shape of the top of the HVUM was
ob tained by fit ting the cal cu lated traveltimes for the

south-west ward ob served branches of PmP and Pn waves with
the very high ap par ent ve loc ity from CEL21 and CEL14
(Fig. 5). Hence, the ve loc i ties of the HVUM are not as well
doc u mented in this re gion, as in the cen tral part of the body.
Com bin ing this in for ma tion with the Moho map (Fig. 9A), we
see that HVUM rises from a depth of 38 to 32 km. The HVUM
in the Palaeozoic plat form ap pears to be typ i cal for nearby Cal -
edo nian ter ranes and the north ern most parts of nearby Variscan 
ter ranes (Guterch et al., 1986, 1994; Jensen et al., 1999). 

Lower crust. In SE Po land we can dis tin guish two do mains 
a the ba sis of ve loc i ties in the lower crust. The line run ning ap -
prox i mately along the Pol ish–Slo vak bor der (Fig. 9B) di vides
ar eas of the lower crust with Vp = 6.7–7.0 km/s (to the north)
and Vp < 6.6 km/s (to the south). It could be in ter preted as the
max i mum range of the Baltica lower crust to the south (Grad et
al., 2002; Guterch and Grad, 2006). Rel a tively high ve loc ity
(Vp ~7.2? km/s) was found in the lower crust in the Up per
Silesian Unit but it should be noted that this value was de ter -
mined from dy namic prop er ties (am pli tude and fre quency) of
re flected waves only, and its ac cu racy is not as high as for ve -
loc i ties doc u mented by re fracted waves.

Up per/mid dle crust. Very low ve loc i ties in the up per/mid -
dle crust (Vp = 6.2–6.3 km/s at depths up to 20–30 km), were
de tected be low the Radom–Łysogóry and Małopolska units,
gen er ally in the area which con tin ues to the CEL05 pro file line.
This com plex has the same prop er ties as the layer de tected in
the Pol ish trough in pre vi ous in ves ti ga tions in NW and Cen tral
Po land, Pom er a nian and Kuiavian units (Guterch et al., 1994;
Grad et al., 1999, 2003; Jensen et al., 1999; Janik et al., 2005).
In the mar ginal area of the EEC we ob serve an up lift of the mid -
dle crust with ve loc ity Vp = 6.4–6.6 km/s to the depths of
15–10 km, which is much shal lower in com par i son with the
con tin u a tion of this layer to the north and south-east (Fig. 9B).
In the area along CEL03, be tween CEL01 and CEL05, this
layer over laps the pre vi ous one with lower ve loc i ties (Vp =
6.2–6.3 km/s). 

Ani so tropy. An anal y sis of data from pro files lo cated
around the CEL14 pro file re vealed az i muthal vari a tion of the
Vp ve loc ity in the up per/mid dle crust (depth 8–17 km). This is
ex plained by up per/mid dle crustal seis mic ani so tropy and was
ana lysed by anisotropic de lay-time in ver sion method (Środa et
al., 2006). The re sult, in di cat ing 8–12% ani so tropy (Vp =
5.6–6.4 km/s) fits with the ge ol ogy of the area, where tightly
folded metapelitic rocks are abun dant (Środa, 2006). The fast

ve loc ity axis di rec tion (115°, WNW–ESE) co in cides well with
the strike/hinge di rec tions of folds axes and other
deformational struc tures which crop out in the re gion. The
large time de lays in the up per/mid dle crust are caused by a sig -
nif i cant thick en ing of the Me so zoic/Ce no zoic and par tially also 
the Palaeozoic cover to wards the EEC mar gin (Środa, 2006).
This was doc u mented also by Środa et al. (2006), while the in -
crease in de lays in the south re sults from the thick en ing of the
low-ve loc ity sed i ments of the Outer Carpathians and the
Carpathian Foredeep. Be neath the Małopolska Unit, the de lays
are min i mal and are in gen eral lower than be neath the Lublin
Trough. This sug gests that the Neoproterozoic base ment oc -
curs here at shal lower depths than in the lat ter unit. The area of
de tected ani so tropy is some what ex tended in our in ves ti ga tion
(Fig. 9B) us ing dif fer en ti a tion of ve loc i ties be neath 2D pro -
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files. The range of the anisotropic area is marked in our Fig -
ure 9B by an yel low dashed line be cause it is re ally dif fi cult to
dis tin guish pre cisely from our data, par tic u larly if ani so tropy is
lower than 8%. 

High ve loc ity bod ies in the up per/mid dle crust. In the
tran si tion be tween the Kuiavian and Radom–Łysogóry units, a
se ries of high ve loc ity bod ies (HVB; Vp = 6.9–7.2 km/s) were
de tected at depths of 15–30 km be low the edge of the EEC
(Fig. 9B). The ex tent of the high ve loc ity body and deep Moho
in ter po lated from the CEL01, CEL02 and CEL03 pro files is pre -
sented in Fig ure 9B. These were ear lier in ter preted also from
seis mic and grav ity data by Grabowska and Perchuć (1985) and 
Grabowska and Bojdys (2001). This area partly over laps the
Lower Car bon if er ous volcanogenic rocks found in the Lublin
Trough (Ba sin) (Żelichowski and Kozłowski, 1983).

Unit di vi sion. At the bound ary be tween the
Radom–Łysogóry Unit and the Narol Unit pos tu lated by Janik
et al. (2005), the Moho dis con ti nu ity rises from depth of 52 to
43 km. It is con tro ver sial whether this bound ary is the edge of
the EEC or is con nected with the pro lon ga tion of the Holy
Cross Fault which sep a rates the Łysogóry re gion from the
Kielce re gion in the HCM (Dadlez, 2001). The crustal struc ture 
of this unit is also sim i lar to that of the EEC, ex cept for the ve -
loc i ties in the lower crys tal line crust, which do not ex -
ceed 7 km/s. The na ture of the man tle con tact be tween
Radom–Łysogóry and Narol units is un cer tain be cause this
area lies near the end of the pro file CEL03, in a zone of  lim ited
ob ser va tions. 

The main el e ments of the in ves ti gated area dis played on the 
tec tonic map (Fig. 2B) can be com pared with the map of Moho
bound ary (Fig. 9A) and lo ca tion of char ac ter is tic el e ments dif -
fer en ti at ing the struc ture of the crust and up per man tle
(Fig. 9B), on Fig ures 11A, B, re spec tively. At the first view, it
is rather dif fi cult to find any re la tion ship be tween them. The
shape of Variscan front seems to be par al lel to north-east and
east edges of the HVUM, also dis placed ca.100 km from this
line, but to the west. 

METODOLOGICAL DISCUSSION OF THE “OLD”
AND “NEW” RESULTS

The area of SE Po land was in ves ti gated us ing deep seis mic
sound ing 20–30 years ago along pro files VIII, LT-3, LT-4,
LT-5 and LZW (Guterch et al., 1983, 1986; Perchuć, 1984).
These pro files called “old” are shown in Fig ure 1A by thin
black lines. Seis mic mea sure ments along “old” pro files were
ac quired by the “con tin u ous” pro fil ing method. The dis tances
be tween the shot points were 45–90 km. The re cord ing was
car ried out in the dis tance in ter val from 50–90 km to
200–280 km from each shot point us ing multi-chan nel seis mic
in stru ments. The dis tances be tween the chan nels were 100 or
200 m, which per mits the ex act phase cor re la tion be tween re -
ceiver spac ing smaller than half a wave length (e.g., for Vp =
6 km/s and fre quency 10 Hz the length of the seis mic P-wave is
600 m). Iden ti fi ca tion and cor re la tion of seis mic phases was
done by a man ual pro cess us ing com pos ite seismogram cop ies.
The travel times of waves from in di vid ual shot points were
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drawn on the scale 1:100 000, with the time scale of 2 cm for
1 s. Cor re lated phases build a sys tem of re fracted and re flected
travel times used in the de ter mi na tion of seis mic ve loc i ties and
bound ary depths in the crust and up per most man tle. The dense
re cord ing sys tem was an ad van tage of this tech nique, but a dis -
ad van tage was that re cords started at 50–90 km from the shot,
and, as a re sult, in for ma tion about the up per most 10–15 km of
the struc ture was miss ing. 

In the multi-stage in ter pre ta tion pro cess of the “old” data,
the bound ary ve loc i ties were de ter mined from ap par ent ve loc i -
ties of re verse travel times of re fracted waves. In the in ter pre ta -
tion of the re flected waves the method of ef fec tive pa ram e ters
was used (e.g., Egorkin, 1966; Grad, 1983). The ef fec tive ve -
loc ity Vef was de ter mined from the travel time t(x) of re flected
waves and has a form:

( ) ( )[ ]V x x p x t xef ( ) /
/

=
1 2

where: x is the off set, p = dt/dx is the ray pa ram e ter. 

The ef fec tive depth of the re flec tor, hef , was de ter mined
from the for mula:

( )h x V t xef ef( / ) /
/

2 1 2 2 2 2
1 2

= -

Un der the DSS con di tions, the value of the ef fec tive ve loc -
ity may ex ceed the value of the mean ve loc ity by 10–15%. The
ef fec tive depth hef de ter mined from the re flected wave travel
time is also greater than the true depth H of the re flect ing
bound ary. The dif fer ence in creases with in creas ing dis tance
from the source, and un der the DSS con di tions it may ex ceed
20–30% (Grad, 1983). 

An other im por tant source of er rors was poor knowl edge of
the up per crustal struc ture. Re cord ings along “old” pro files
were made start ing from a dis tance of 50–90 km from the shot
point and depth and ve loc i ties for the up per most crustal struc -
ture were taken from shal lower re frac tion in ves ti ga tions
(Skorupa, 1974). Ac cord ing to these in ves ti ga tions, the con sol -
i dated base ment at about 10 km depth was char ac ter ized by a
ve loc ity of about 6.1 km/s. The “new” in ves ti ga tions showed
that this base ment has a ve loc ity about 5.8 km/s only, and ve -
loc i ties lower than 6.1 km/s are ob served down to 18–20 km
depth (Janik et al., 2005; Malinowski et al., 2005; Grad et al.,
2006; Środa et al., 2006). So, ve loc i ties (Vef) in the “old” in ter -
pre ta tions were sig nif i cantly over es ti mated (by about
0.2–0.3 km/s) as well as ef fec tive depths of Moho (by few km).
This was con firmed when pro files LT-2, LT-4 and LT-5 were
re in ter preted us ing mod ern ray trac ing tech niques (Grad et al.,
2005). In the light of this re in ter pre ta tion and the new re sults
from LT-7, TTZ, P2 and P4, the deep trough struc ture in the
TESZ in Cen tral Po land is not ob served, and the Moho depth
reaches 35–45 km only (Guterch et al., 1994; Grad et al., 1999,
2003; Janik et al., 2002, 2005). 

As a re sult of the “old” in ter pre ta tion, a few crustal blocks
were dis tin guished in SE Po land cor re spond ing to the East Eu -
ro pean Craton (EEC), Teisseyre-Tornquist Zone (TTZ), Holy
Cross Mts. Unit, Palaeozoic Plat form (PP), Małopolska Unit

and Carpathians (Guterch et al., 1986). The thick ness of the
Earth’s crust within the PP was de ter mined to be 35–38 km and
about 45 km be neath the EEC. The thick ness in the 100 km
wide TTZ was 50–60 km. The “new” 2D mod els of the crust
from the CELEBRATION 2000 pro files show some dif fer -
ences com pared to the “old” cross-sec tions ob tained 20–30
years ago (com pare Fig. 9A and Guterch et al., 1986). The big -
gest dif fer ence re lates to the TTZ (part of TESZ) struc ture,
while for the EEC and the Variscan crust, the ve loc ity mod els
are al most the same. In the “old” mod els the depth of the Moho
bound ary in the TTZ is sig nif i cantly deeper than in the “new”
mod els. As men tioned above, this re sults from over es ti mated
ef fec tive ve loc i ties for the up per crust and the use of the ef fec -
tive pa ram e ters tech nique. 

SUMMARY

In this pa per, we pres ent the re sults of seis mic mod el ling of
re fracted and re flected waves us ing the 2D ray trac ing tech -
nique. All 13 pro files from the CELEBRATION 2000 ex per i -
ment in the area of SE Po land were jointly in ter preted with ver -
i fi ca tion and con trol of the mod els at in ter sec tion points. The
ob tained mod els of the crust and up per most man tle are very
com plex and show dif fer en ti a tion of the seis mic struc ture be -
tween tec tonic units in SE Po land. The depth of the Moho dis -
con ti nu ity in the in ves ti gated area var ies be tween about 30 km
to about 52 km. The area of the EEC is char ac ter ized by
40–44 km thick crust, with a lo cal max i mum of up to 52 km.
This lo cal max ims cor re lates with the con tact zone be tween
Fennoscandia and Sarmatia. In the area SW of the craton edge,
the Moho is 32–38 km deep, with two lo cal max ima de tected in
the Outer Carpathians (42–44 km depth), di vided by a lo cal
min i mum at ca. 32 km depth. An other lo cal min i mum (ca.
32 km) was found be low the bound ary be tween the Małopolska 
and Up per Silesia units. A third lo cal min i mum, de tected in the
SE part of the area (ca. 36 km), co in cides with the Narol Unit
pos tu lated by Janik et al. (2005). The Moho depth is pre sented
in Fig ure 9A. In gen eral, sub-Moho ve loc i ties vary be tween 7.9 
and 8.2 km/s along the pro files. The HVUM with ve loc i ties Vp
~8.4 km/s de tected pre vi ously be neath the P4, P1, TTZ pro files
ex tends to SE, and was de tected also be neath the CEL21 and
CEL14 pro files. In the south-east, the HVUM is partly over -
lapped by a sub-Moho layer with a nor mal ve loc ity of Vp
~8.1 km/s. 

The lower crust could be sep a rated by a line run ning ap -
prox i mately along the Pol ish–Slo vak bor der into ar eas of
lower crust with Vp = 6.7–7.0 km/s (to the north), and Vp < 6.6 
km/s (to the south). The high ve loc ity lower crust was found
also in the Up per Silesian Unit. Very low ve loc i ties, Vp =
6.2–6.3 km/s, at depths of 20–30 km (mid dle crust) were de -
tected be low the Radom–Łysogóry and Małopolska units. We 
can ex tend the area of ob served ani so tropy pos tu lated from
Środa (2006) (Vp = 5.6–6.4 km/s; Fig. 9B) into the up per crust 
(depth 8–17 km) around the CEL14 pro file. High ve loc ity
bod ies were de tected at depths of 15–30 km be low the EEC
edge, in the area which partly over laps the Lower Car bon if er -
ous volcanogenic rocks found in the Lublin Trough

Seismic structure of the lithosphere between the East European Craton and the Carpathians from the net of CELEBRATION 2000 profiles 155



(Żelichowski and Kozłowski, 1983). Malinowski et al.
(2005) was in ter preted the HVB noted on the CEL02 pro file,
as a re sult of the Neoproterozoic break-up of the Rodinia
supercontinent. Ap prox i mately in the same area, the mid dle
crust with ve loc ity Vp = 6.4–6.5 km/s is up lifted (up to 15–10
km) in com par i son to the neigh bour ing ar eas. This up lift
could be ex plained as an ef fect of the col li sion of the EEC
with the tec tonic units to the south. 
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