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The Nowe Miasto–Zawichost Fault Zone is lo cated within the Teisseyre-Tornquist Zone that sep a rates the East Eu ro pean Craton from
the Palaeozoic Plat form and forms one of the most fun da men tal lithospheric boudaries in Eu rope. High-qual ity seis mic re flec tion pro -
files, cal i brated by sev eral deep wells, were in ter preted in an ef fort to as sess the tim ing and struc tural style of in ver sion tec ton ics within
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shal lower depths. The ge om e try of the iden ti fied in ver sion-re lated struc tures and the en-ech e lon pat tern of the Nowe Miasto–Zawichost
Fault Zone de scribed us ing pro cessed grav ity data strongly sug gest that in ver sion along the NE bound ary of the SE seg ment of the
Mid-Pol ish Trough was as so ci ated with strike-slip move ments.
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INTRODUCTION

The in ver sion of sed i men tary bas ins has been the sub ject of
in ten sive re search for at least the last two de cades. Dif fer ent as -
pects of ba sin in ver sion re gard ing both var i ous-scale tec tonic
pro cesses op er at ing within the bas ins as well as causal re la tion -
ships be tween in verted bas ins and sur round ing tec tonic do mains
(orogenic zones, spread ing cen tres) have been pre sented in nu -
mer ous pub li ca tions (e.g., Coo per and Wil liams, 1989; Cow ard,
1994; Bu chanan and Bu chanan, 1995; Ziegler et al., 2002). Ba -
sin in ver sion is of ten ge net i cally linked to pro cesses ac tive
within the zones of con ti nen tal col li sion or zones of ac tive
sea-floor spread ing. For ex am ple, the Late Cre ta ceous–Ter tiary
in ver sion within the Eu ro pean fore land is gen er ally at trib uted to
Al pine col li sion and At lan tic spread ing (Dadlez, 1980a;
Schröder, 1987; Ziegler, 1988, 1990; Stackenbrandt and
Franzke, 1989; Dronkers and Mrozek, 1991; Erlström et al.,
1997; Kockel, 2003; Niel sen et al., 2005, 2007).

In ver sion of sed i men tary bas ins is re lated to the com pres -
sive re ac ti va tion of extensional fault zones and their sub se -
quent ac tiv ity as re verse fault zones. Due to the obliq uity of the
com pres sive stress field and older extensional/transtensional
faults, ba sin in ver sion can of ten be re lated to im por tant
strike-slip (transpressive) move ments (Har ding, 1985; Wood -
cock and Schu bert, 1994; Lihou and Allen, 1996; Dubois et al.,
2002; Panien et al., 2005). Re verse fault ing causes grad ual up -
ward move ment of base ment blocks, which ul ti mately can lead
to the com plete de struc tion of the ba sin, fol lowed by up lift and
ero sion of its ax ial part (Hay ward and Gra ham, 1989).

A very im por tant as pect of ba sin in ver sion is the prob lem of 
dat ing its on set and main phases. In ver sion, be ing re lated to up -
lift and ero sion, should be re garded as a gen er ally de struc tive
pro cess, dur ing which large amount of de pos its can be eroded
and re-de pos ited. Such ero sion can in volve sed i ments de pos -
ited dur ing ba sin ex ten sion/sub si dence as well as sed i ments de -
pos ited dur ing the early stages of the ba sin in ver sion. Af ter a
sig nif i cant amount of in ver sion and up lift of the ax ial part of the 
ba sin, the only re main ing sed i men tary re cord of the in ver sion



might only be de tected within the so-called mar ginal troughs,
i.e. rem nant sed i men tary depocentres de vel oped along the
sides of up lifted ax ial part of the ba sin (cf., Voigt et al., 2008).

In this pa per the re sults of the anal y sis of high-qual ity seis -
mic data ac quired along the NE edge of the Holy Cross Mts.
(SE) seg ment of the in verted Mid-Pol ish Trough (Fig. 1) are
pre sented. The in ter pre ta tion of seis mic data was com bined
with a re-eval u a tion of the Up per Cre ta ceous biostratigraphy
and in te grated with the anal y sis of grav ity data. Such an in te -
grated ap proach has pro vided new in sights re gard ing the struc -
tural grain of the in ver sion, its ex act tim ing and the re la tion ship
be tween tec tonic and sed i men tary pro cesses dur ing ba sin in -
ver sion.

MID-POLISH TROUGH — REGIONAL
GEOLOGICAL SETTING

The Pol ish Ba sin formed the east ern most part of the Cen tral 
Eu ro pean Ba sin Sys tem (CEBS), a con ti nen tal ba sin sys tem re -
lated to the Permo-Me so zoic break up of Pangea (Ziegler,
1990; Scheck-Wenderoth et al., 2008). It is de fined as a rather
broad area cov er ing large part of Po land that was sub jected to
the re gional Permo-Me so zoic sub si dence and sed i men ta tion.
The ax ial part of the Pol ish Ba sin is called the Mid-Pol ish
Trough and it un der went much stron ger local ized sub si dence
(Pożaryski and Brochwicz-Lewiński, 1978, 1979; Krzywiec,

2006a). Sim i larly, the Mid-Pol ish Trough was the site of the
most in tense Late Cre ta ceous–Paleocene in ver sion ob served
within the Pol ish Ba sin (Ziegler, 1990; see e.g., Dadlez et al.,
1998; Kutek, 2001; Krzywiec, 2002a, 2006b; Stephenson et
al., 2003 for re cent sum ma ries and fur ther ref er ences).

Sub si dence and in ver sion within the Mid-Pol ish Trough was
con trolled by the NW–SE ori ented Teisseyre-Tornquist Zone
which marks re gional crustal-scale bound ary be tween the East
Eu ro pean Craton and the Palaeozoic Plat form (e.g., Dadlez,
1997 for sum mary and fur ther ref er ences; Fig. 1). The grad ual
re gional Permo-Me so zoic ther mal sub si dence pat tern was punc -
tu ated by three ma jor pulses of ac cel er ated tec tonic sub si dence in 
Zechstein–Scythian, Oxfordian–Kimmeridgian, and early
Cenomanian (Dadlez et al., 1995; Stephenson et al., 2003).

Since the Perm ian, the Pol ish Ba sin has been filled with
sev eral kilo metres of siliciclastics and car bon ates, in clud ing
thick Zechstein evaporites in its NW (Pom er a nian) and cen tral
(Kuiavian) seg ments (cf., Dadlez et al., 1998). To wards the SE, 
the Mid-Pol ish Trough ex tended into the tran si tion zone be -
tween the Peritethyan and Tethyan do mains, with lim ited
Perm ian and Tri as sic sed i men ta tion. Since the Ju ras sic, the
thick ness and depositional pat tern in this part of the ba sin was
strongly in flu enced by tec tonic pro cesses op er at ing within the
Mid-Pol ish Trough as well as by in creased re gional sub si dence
in the Tethyan do main (e.g., Kutek and Głazek, 1972;
Pożaryski and Żytko, 1981; Feldman-Olszewska, 1997;
Leszczyński, 1997a; Marek and Pajchlowa, 1997; Dadlez et
al., 1998; Kutek, 2001; Gutowski et al., 2005a, b; Gutowski
and Koyi, 2007).

Late Cre ta ceous–Paleocene intraplate compressional de for -
ma tion re sulted in re gional-scale in ver sion tec ton ics within the
Eu ro pean plate (e.g., Dadlez, 1980a, b; Norling and Bergström, 

1987; Liboriussen et al., 1987; Schröder, 1987; Vejb³k and
Andersen, 1987; Ziegler, 1987, 1989, 1990; Stackenbrandt and 
Franzke, 1989; Dronkers and Mrozek, 1991; Michelsen and
Niel sen, 1993; Mogensen and Jensen, 1994; Ziegler et al.,
1995, 2002; Erlström et al., 1997; Michelsen, 1997; Gras and
Geluk, 1999; Kossow and Krawczyk, 2002; Krzywiec, 2002a;
De Lugt et al., 2003; Kockel, 2003; Otto, 2003; Mazur et al.,
2005; Scheck-Wenderoth et al., 2008 for re cent sum mary and
fur ther ref er ences). This com pres sive event led to the com plete
in ver sion of the Pol ish Ba sin, re sult ing in sig nif i cant up lift and
ero sion of its ax ial part (i.e. the Mid-Pol ish Trough), which was 
trans formed into the so-called Mid-Pol ish Swell (e.g.,
Pożaryski and Brochwicz-Lewiński, 1978, 1979; comp.
Fig. 1). The re gional trend of the in ver sion was, sim i larly to the
re gional sub si dence trend, con trolled by the NW–SE —
trending Teisseyre-Tornquist Zone. In the SE seg ment of the
Mid-Pol ish Trough, Palaeozoic and Pre cam brian base ment
was ex posed as a re sult of this in ver sion and at pres ent forms
the core of the Holy Cross Mts. (cf. Fig. 1).

Nu mer ous con tri bu tions have been pub lished that deal with 
var i ous as pects of the in ver sion of the Mid-Pol ish Trough (e.g.,
Dadlez and Marek, 1969; Pożaryski and Brochwicz-Lewiński,
1978, 1979; Kutek, 1994; Dadlez, 1997; Pożaryski, 1997;
Karnkowski, 1999; Resak et al., 2007; Jarosiński et al., 2009).
Field struc tural ev i dences of in ver sion tec ton ics are scarce and
are avail able only within the SE (Holy Cross Mts.) seg ment of
the Mid-Pol ish Trough (see be low). Many pa pers have dealt
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Fig. 1. Lo ca tion of the study area (black rect an gle) on a sche matic map 
show ing main tec tonic units of Po land: NW–SE — trending in verted
Mid-Pol ish Trough de lin eated by subcrops of the Ju ras sic and older
rock, the Carpathians and the Carpathian Foredeep Ba sin



mainly with deep crustal pro cesses re spon si ble for ba sin in ver -
sion, and ver ti cal up lift of the ax ial part of the ba sin has been at -
trib uted to phase changes and the tran si tion of eclogite into
gab bro, and re lated ver ti cal crustal iso static move ments; the
role of re gional compressional stresses in this pro cess has also
been dis cussed (Znosko, 1979; Dadlez, 1980a; Dadlez et al.,
1995). Re cently pub lished mod els based on seis mic re flec tion
data sug gest that, sim i larly to the extensional/sub si dence phase
of the de vel op ment of the Mid-Pol ish Trough, re gional
pre-Perm ian base ment fault zones also con trolled base ment
block move ments dur ing its in ver sion (Krzywiec, 2000, 2002a, 
b, 2004a, b, 2006b; Krzywiec et al., 2003). In the cen tral
(Kuiavian) and the north west ern (Pom er a nian) seg ments of the 
ba sin both sub si dence-re lated base ment nor mal fault ing as well 
as in ver sion-re lated re verse base ment fault ing were sig nif i -
cantly fil tered by thick Zechstein evaporites, and this pro cess
led to re gional ba sin-scale me chan i cal de coup ling be tween the
sub-Zechstein base ment and the su pra-Zechstein (Me so zoic)
sed i men tary cover. In the SE seg ment of the Mid-Pol ish
Trough de scribed in this pa per, due to a small thick ness or lack
of the Zechstein evaporites de vel oped in mar ginal fa cies (cf.,
Dadlez et al., 1998), base ment fault ing has much more di rectly
con trolled thick nesses and fa cies dis tri bu tion dur ing both ex -
ten sion/sub si dence as well as dur ing com pres sion/in ver sion
(Pożaryski, 1948, 1997; Krzywiec, 2000, 2002a; Gutowski et
al., 2003). As pects of Mid-Pol ish Trough in ver sion in clud ing
amount of eroded ma te rial and tim ing of in ver sion tec ton ics
have also been dis cussed by Dadlez et al. (1995), Dadlez
(2003) and Stephenson et al. (2003).

Along the strike of the in verted Mid-Pol ish Trough, re gional
and lo cal vari a tions of the amount of to tal sub si dence as well as
sub se quent in ver sion and up lift can be ob served. At pres ent, the
top of the pre-Zechstein base ment is in net sub si dence in the cen -
tral (Kuiavian) part of the ba sin, while both its NW (Pom er a -
nian) and SE (Holy Cross Mts.) seg ments show up lift of their ax -
ial parts above the re gional level (cf., Krzywiec, 2002a, b; Wag -
ner et al., 2002; Dadlez, 2003; Lamarche et al., 2003; Krzywiec,
2004a, b; Mazur et al., 2005).

A very im por tant is sue re lated to the in ver sion of the
Mid-Pol ish Trough is the tim ing of its on set (cf., Dadlez et al.,
1995; Leszczyński and Dadlez, 1999; Świdrowska and
Hakenberg, 1999, 2000; Hakenberg and Świdrowska, 2001;
Świdrowska et al., 2008). Es ti mates of both the amount and ex -
act tim ing of the in ver sion ac cord ing to dif fer ent au thors var ies
be cause of the sig nif i cant amount of ax ial up lift and re lated ero -
sion of the Me so zoic cover, also partly re mov ing syn-in ver sion
Up per Cre ta ceous–Lower Ter tiary sed i ments. Es ti mates of ero -
sion based on com pac tion anal y sis sug gest that within the Pom -
er a nian seg ment of the MPT in ver sion started in Turonian and
was as so ci ated with to tal ero sion of up to 2 km (Dadlez et al.,
1997). Other au thors crit i cized these es ti mates, partly ne glect ing
de tails of the meth od ol ogy of Dadlez et al. (1997), and sug -
gested — us ing re gional re con structed thick ness and lithofacies
maps based on well data — that in the Turonian the en tire ba sin
un der went in creased sub si dence rather then up lift and in ver sion,
and that later (Turonian–Maastrichtian) re gional ba sin-scale
thick ness/fa cies vari a tions vis i ble on re con structed maps should
be at trib uted to rel a tive move ments of var i ous parts of the East
Eu ro pean Craton rather than the in ver sion of the Mid-Pol ish

Trough (Świdrowska and Hakenberg, 1999). Świdrowska and
Hakenberg (1999) also sug gested that, within the NW (Pom er a -
nian) seg ment of the Mid-Pol ish Trough, in ver sion started in the
Campanian, and that the ear li est ev i dence of in ver sion of the SE
(Holy Cross Mts.) seg ment of the Mid-Pol ish Trough could be
ob served only in the Maastrichtian. Re cent stud ies based on sub -
si dence and 1D ther mal mod el ling point to the late
Turonian/Coniacian–Maastrichtian/Paleogene in ver sion of the
Pol ish Ba sin (Resak et al., 2007).

Nu mer ous seis mic ex am ples il lus trat ing dif fer ent modes
and tim ing of in ver sion tec ton ics from the en tire Mid-Pol ish
Trough have been re cently pre sented by Krzywiec (2000;
2002a, b, 2004b, c, 2007, 2009), Krzywiec et al. (2003, 2004,
2006), Gutowski et al. (2003), Mazur et al. (2005) and
Scheck-Wenderoth et al. (2008). Re gional anal y sis of seis mic
data in di cates a Late Cre ta ceous–Early Ter tiary re ac ti va tion of
the gen er ally NW–SE trending fault zones and to a cer tain im -
por tance of both NW–SE and SW–NE di rected strike-slip
move ments. Anal y sis of seis mic data from dif fer ent parts of the 
ba sin shows that var i ous fac tors in flu enced in ver sion of the
Mid-Pol ish Trough:

1. Lo ca tion of older fault zones in re spect to the re gional
stress field gen er ated at plate bound aries;

2. Pres ence or lack of the Zechstein evaporites caus ing me -
chan i cal de coup ling (cf., Krzywiec, 2002a, b, 2004a, b, 2006a,
b; Scheck-Wenderoth et al., 2008). 

For ex am ple, Me so zoic nor mal fault zones lo cated be neath
the pres ent-day Carpathians have not been in verted (Krzywiec
et al., 2004); in ver sion of the ma jor fault zones within the Nida
Trough took place in the Maastrichtian or Early Ter tiary
(Krzywiec, 2004c; Scheck-Wenderoth et al., 2008); in ver sion
of the Nowe Miasto–Zawichost Fault Zone be gan as early as
late Turonian(?)–Coniacian times and con tin ued un til the
Maastrichtian–Early Ter tiary (Krzywiec, 2000, 2002a, 2007;
Gutowski et al., 2003; Gutowski and Koyi, 2007; see also be -
low); in ver sion of the Koszalin–Chojnice Fault Zone was com -
plex and multi-stage with the on set of in ver sion-re lated up lift
af ter the Turonian (Krzywiec, 2002a, 2004b); in ver sion of the
Oświno–Drawno–Człopy salt struc ture was also multi-stage
with its on set in Turonian–Coniacian times (Krzywiec, 2002a,
b; 2004b, 2006b). In the case of the last two struc tures time es ti -
mates of the in ver sion based on seis mic data are in good agree -
ment with those based on de tailed sedimentological–strati -
graphic well stud ies (Leszczyński, 2002). Sedimentological
and strati graphic anal y sis from wells in the cen tral (Kuiavian)
part of the Mid-Pol ish Trough in di cates that in ver sion started in 
Santonian–Campanian times (Leszczyński, 2000). All these re -
sults sug gest that in ver sion of the Mid-Pol ish Trough was a
rather het er o ge neous pro cess. In par tic u lar, in ver sion in cer tain
ar eas of the Mid-Pol ish Trough be gan ear lier than in other ar eas 
prob a bly be cause the in flu ence of re gional compressional
stresses was en hanced by the pres ence of the duc tile Zechstein
evaporites and/or by pre ferred lo ca tion and ori en ta tion of older
fault zones.

Re gional anal y sis of seis mic data from the cen tral and NW
Mid-Pol ish Trough al lowed re con struc tion of the re gional
sub-Zechstein fault pat tern pos si bly re spon si ble for sub si dence
and in ver sion of this ba sin (Fig. 2; Krzywiec, 2004c; Krzywiec
et al., 2006). In ver sion along the NE edge of the Mid-Pol ish
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Trough was gen er ally con trolled by the SW edge of the East
Eu ro pean Craton (cf., Dadlez, 1997); in the off-shore (S Bal tic)
and partly in the Pom er a nian seg ment it co in cided with the
so-called Koszalin–Chojnice Fault Zone. To wards the SE it ex -
tends into the Nowe Miasto–Zawichost Fault Zone. The in ver -
sion pat tern along the SW edge of the Mid-Pol ish Trough was
less fo cused and was con trolled by a sys tem of re gional en-ech -
e lon fault zones, gen er ally con cor dant — on a re gional scale — 
with the Holy Cross Fault Zone. (Krzywiec, 2004c; Krzywiec

et al., 2006). Apart from the ma jor base ment fault zones men -
tioned above, in clud ing the Holy Cross and the Nowe
Miasto–Zawichost Fault zones lo cated within the study area
de scribed in this pa per, nu mer ous other fault zones were ac tive
dur ing Mid-Pol ish Trough sub si dence and in ver sion and many
of these faults can be ob served on mag netic and — es pe cially
grav ity (Fig. 2) maps. There fore, fault zones shown on Fig ure 2
should be re garded as only a sketch of re gional base ment fault
pat terns and not as a de tailed tec tonic map.
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Fig. 2. Re gional in ferred fault pat tern within the pre-Zechstein base ment on the grav ity map of Po land and sur round ing ar eas
(af ter Krzywiec et al., 2006)

HCFZ — Holy Cross Fault Zone, NMZFZ — Nowe Miasto–Zawichost Fault Zone; red rect an gle — area shown on Fig ures 3 and 13



SE (HOLY CROSS MTS.) SEGMENT OF THE
MID-POLISH TROUGH — AN OVERVIEW

The study area (Fig. 3) has been the fo cus of in tense geo -
log i cal and geo phys i cal stud ies for many de cades. These stud -
ies, that in cluded re frac tion and re flec tion seis mic sur vey ing,
and grav ity and mag netic sur veys, were mo ti vated by dis cov er -
ies of hy dro car bons, hard coal de pos its and var i ous build ing
stones of eco nomic im por tance. In this re gion, two main struc -
tural com plexes can be dis tin guished that are im aged on the
seis mic data ana lysed in this pa per: the Palaeozoic (ex clud ing
Perm ian) com plex and the Permo-Me so zoic com plex. The
Palaeozoic (Car bon if er ous–De vo nian and older) com plex that
forms the base ment of the Permo-Me so zoic sed i men tary cover
in cludes two main units: the Radom–Kraśnik High and the
Lublin Ba sin (see Narkiewicz, 2007; Krzywiec, 2007, 2009, 
for a re cent sum mary and fur ther ref er ences).

DEPOSITIONAL SYSTEMS OF THE SE SEGMENT
OF THE MID-POLISH TROUGH

Permo-Me so zoic sed i men tary cover ana lysed in this pa per
was formed within the SE (Holy Cross) seg ment of the Mid-Pol -
ish Trough (Fig. 3), that was sit u ated within the tran si tional zone
be tween the Peritethyan do main (i.e. a sys tem of epicontinental
bas ins that de vel oped in west ern and cen tral Eu rope) and the
Tethyan rift bas ins to the south (e.g., Ziegler et al., 1995;
Golonka et al., 2000; Kutek, 2001). Sed i men tary and tec tonic
pro cesses that acted within the Holy Cross Mts. area dur ing the
time from the Callovian–Oxfordian bound ary (135 Ma) to the
end of the Cre ta ceous (65 Ma) re flect a tran si tion from ex ten sion
and sub si dence to com pres sion and ba sin in ver sion.

Stra tig ra phy and fa cies de vel op ment of the Me so zoic de -
pos its of the Holy Cross Mts. and their mar gins are well rec og -
nized and syn the sised in sev eral pa pers based on out crop and
well data (e.g., Kutek 1968, 1994; Cieśliński and Pożaryski,
1970; Daniec, 1970; Senkowiczowa, 1970; Karaszewski and
Kopik, 1970; Kopik, 1970; Malinowska, 1970; Matyja, 1977;

Matyja et al., 1989; Marcinowski
and Radwański, 1983; Gutowski,
1992a, b, 1998, 2004a, b;
Walaszczyk, 1992; Ogg and
Gutowski, 1996; Hakenberg and
Świdrowska 1997, 1998a, 2001;
Gutowski et al., 2005a, b). In this
pa per we fo cused on depositional ar -
chi tec ture of the Me so zoic (mainly
Up per Cre ta ceous) suc ces sion NE
from the Nowe Miasto–Zawichost
Fault Zone, i.e. within the footwall
of this in verted fault zone. It is char -
ac ter ized by al most ex clu sively Ju -
ras sic–Cre ta ceous de pos its, with a
very lim ited thick ness of the
Zechstein–Tri as sic cover. The hang -
ing wall of this in verted fault zone is, 
on the other hand, char ac ter ized by a
thicker Zechstein, Tri as sic and partly 
— Ju ras sic suc ces sion while Cre ta -
ceous cover is rather thin or ab sent
due to in ver sion-re lated ero sion (see
be low). A sum mary of the Ju ras -
sic–Cre ta ceous depositional sys tems 
within the study area (i.e. gen er ally
to wards the NE from the Nowe
Miasto–Zawichost Fault Zone) is
given in Fig ure 4.

PERMIAN AND TRIASSIC

The Perm ian–Lower Tri as sic
(Buntsandstein) con ti nen tal evapo -
ritic-siliciclastic se ries are widely
de vel oped in the Holy Cross Moun -
tains, as well as car bon ate ma rine
sed i ments re garded as Muschelkalk
and fine clastic Keuper se ries (Mid -
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Fig. 3. Lo ca tion of in ter preted seis mic pro files and se lected wells on a geo log i cal map
(with out post-Paleocene cover) of the study area (based on Pożaryski, 1997)

1–4 — seis mic pro files shown on Fig ures 9 and 10; HCFZ — Holy Cross Fault Zone, P — Palaeozoic, J1

— Lower Ju ras sic, J2 — Mid dle Ju ras sic, J3 — Up per Ju ras sic, K1+c — Lower Cre ta ceous + Cenomanian,
Kt — Turonian, Ks+cn — Santonian + Coniacian, Kk — Campanian, Km1 — lower Maastrichtian, Km2

1

— up per Maastrichtian (lower part), Km2
2 — up per Maastrichtian (up per part), Tr — Ter tiary; yel low as -

ter isk — lo ca tion of the Ożarów quarry (cf. Fig. 8)



dle–Upper Tri as sic). All these sed i ments are ab sent in the
Bąkowa IG 1, Ciepielów IG 1 and Płusy IG 1 wells, i.e. are not
pres ent to wards the NE from the in verted and up lifted ax ial
part of the Mid-Pol ish Trough. In gen eral, the study area is lo -
cated in the mar ginal parts of the Perm ian–Tri as sic ba sin, and
to wards the N and NW this suc ces sion is char ac ter ized by a
sig nif i cantly in creased thick ness (cf., Dadlez et al., 1998).

LOWER JURASSIC

The Lower Ju ras sic sed i ments are rather thin NE from the
Nowe Miasto–Zawichost Fault Zone. They are ab sent in the
Ciepielów IG 1 well but a few metres thick clastic unit with out
ma rine fauna was iden ti fied just above the Pa laeo zoic base -
ment in the Płusy IG 1 well. These sed i ments are pos si bly of
Lower Ju ras sic age and can be re lated to clastic flu vial/swampy 
sys tems (most likely the Hettangian–Sinemurian Zagaje For -
ma tion) de vel oped in the NE mar gin of the Holy Cross Mts.
(Pieńkowski, 1984, 1991, 1997). The thick ness of rel e vant de -
pos its very likely in creases to wards the SW, within the hang ing 
wall of the Nowe Miasto–Zawichost Fault Zone (i.e. to wards
the ax ial part of the in verted Mid-Pol ish Trough).

MIDDLE JURASSIC 

The transgressive suc ces sion of base con glom er ate pass ing
up ward into crinoidal lime stones and dolomites, that ap pears
above the Palaeozoic base ment in the Ciepielów IG 1 well, may
be at trib uted to the Mid dle Ju ras sic, most likely Callovian car -

bon ate ramp sys tem (cf., Niemczycka, 1974; Feldman-
 Olszewska, 1997). Rel e vant sed i ments are ab sent in the Płusy
IG 1 well. The top most part of this se quence is de vel oped as a
con densed layer (“nod u lar bed”) and rep re sents a starved ba sin
sys tem widely de vel oped in Cen tral and South ern Po land in the
Callovian/Oxfrodian tran si tion beds (e.g., Matyja and
Wierzbowski, 1996; Dembicz and Praszkier, 2003) and also in
the NE mar gin of the Holy Cross Mts. (Gutowski, 1992a, 1998).

UPPER JURASSIC

The Late Ju ras sic depositional sys tems and se quence stra -
tig ra phy were re cently sum ma rized on a re gional scale by
Gutowski et al. (2005a, b). The early Oxfordian sed i men ta tion
started with car bon ates of the open shelf sys tem (sponge
megafacies) (Matyja, 1977; Matyja and Pisera, 1991; Matyja
and Wierzbowski, 1995; Gutowski, 1998). The sys tem is char -
ac ter ized by denivelations of the sea bot tom rang ing up to 200
metres caused by growth of the cyanobacteria-sponge bioherm
build ups (Matyja et al., 1992) The sys tem was widely dis trib -
uted along the north ern Tethyan shelf in Eu rope and is com -
monly in ter preted as de pos ited dur ing ex cep tional highstands
of sea level, which re sulted in wa ter depths up to about 400
metres within the shelf (Matyja and Wierzbowski, 1996). A
shal low wa ter car bon ate ramp prograded onto the NE mar gin
of the Holy Cross Mts. in the lat est Transversarium Chron of
the mid dle Oxfordian (Gutowski, 1998, 2004a). The car bon ate
ramp was sub merged at the turn of Hypselocyclum and
Divisum Chrones of the early Kimmeridgian (Gutowski,
1992a, 1998; Kutek, 1994) and over lain by oys ter shellbeds
and marls de pos ited in open ma rine con di tions and rang ing up
to the Eudoxus Zone of the up per Kimmeridgian. These de pos -
its are cat e go rized as a car bon ate-clastic shelf sys tem. The top
of the Kimmeridgian strata in both of the men tioned wells
clearly has an ero sional na ture.

LOWER CRETACEOUS (NEOCOMIAN)

Neocomian strata have been drilled both in the Płusy IG 1
and in the Ciepielów IG 1 wells. They in clude up per
Valanginian–mid dle Albian and mid dle–up per Valanginian in -
ter vals re spec tively (Marek, 1974). They rep re sent a car bon -
ate–clastic shelf sys tem (cf., Leszczyński, 1997a).

UPPER ALBIAN AND UPPER CRETACEOUS 

The Up per Cre ta ceous suc ces sion, due to its re la tion ship
with the in ver sion of the Mid-Pol ish Trough, is of prime in ter -
est for this pa per. The late Albian world wide ma rine trans -
gres sion is re corded by the siliciclastic shelf sys tem (cf.,
Leszczyński, 1997b). Rapid ex pan sion of the sea in the early
Cenomanian (Walaszczyk, 1987) re sulted in shift ing the
clastic fa cies belt land wards and sed i men ta tion of pe lagic car -
bon ate sys tem sed i ments (cf., Leszczyński, 1997b), which
per sisted in the in ves ti gated area un til the end of the
Maastrichtian (Walaszczyk, 1992). The stra tig ra phy of
Turonian through Santonian strata in both ref er ence well sec -
tions is based on inoceramids and has been slightly re vised in
com par i son to the for mer scheme of Krassowska (1974). The
up per Albian sili ciclastic shelf sys tem is rep re sented by
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Fig. 4. Sum mary of the Up per Ju ras sic–Cre ta ceous depositional
sys tems of the SE Mid-Pol ish Trough, area lo cated to wards

the NE from the Nowe Miasto–Zawichost Fault Zone



glauconitic marly sand stones, of ten con tain ing phos phatic
nod ules (e.g., Cieśliński, 1976; Walaszczyk, 1987). The
Cenomanian–Maastrichtian pe lagic car bon ate sys tem is rep -
re sented by lime stone-opoka fa cies (Walaszczyk, 1992;
Leszczyński, 1997b) and con sists of a mo not o nous suc ces -
sion of rhyth mi cally bed ded mudstones, skel e tal wackestones 
and, rarely, packstones which of ten con tain cherts and flints
or are silified. The sed i ments are rich in fauna, mainly of
inoceramids, bel em nites, ammonites sponges, brachi o pods
foraminifers, radio lar ians and cal car e ous nannoplankton. The 
sys tem is be lieved to have been de pos ited in rel a tively deep
wa ter of an open ma rine shelf at depths up to 200 m and per -
haps even 500 m (Leszczyński, 1997b and lit er a ture cited
therein). Within this rather mo not o nous chalk suc ces sion
there is some ev i dence for lo cal ized progradation and
redeposition to wards the NE. Close to the Nowe
Miasto–Zawichost Fault Zone a lithostratigraphic unit — the
Janików Lime stones (up per Turonian) has been de scribed
that is com posed of grainstones in which the main com po -
nents are cri noids and bryo zoan frag ments (cf., Pożaryski,
1948; Walaszczyk, 1992). The Janików Lime stones have
been in ter preted by Pożaryski (1948) as a ta lus of an or ganic
reef de vel oped to the S, i.e., in the Holy Cross area and at least 
partly abraded due to the up lift of that area by
“Sub-Hercynian move ments”. Walaszczyk (1992) in di cated
their progradational, NE ori ented pat terns and trans port of the 
bioclastic ma te rial to NE. The Maastrichtian opoka beds are
con form ably over lain by sandy gaizes with lime stone in ter ca -
la tions of Danian age (Hansen et al., 1989), which start the
Paleogene suc ces sion com pris ing ma rine clastic sed i ments,
mainly glauconitic sands, grav els and clays of the Lower
Paleocene, Up per Eocene and Oligocene. 

TECTONICS OF THE SE SEGMENT
OF THE MID-POLISH TROUGH

The NE edge of this seg ment of the Mid-Pol ish Trough was 
con trolled by a fault sys tem col lec tively re ferred to as the
Nowe Miasto–Ostrowiec Świętokrzyski–Zawichost (Poża -
ryski, 1948, 1997) or the Nowe Miasto–Iłża Fault Zone
(Hakenberg and Świdrowska, 1997, 1998a, b; Świdrowska
and Hakenberg, 2000). In this pa per, this fault zone is re ferred
to as the Nowe Miasto–Zawichost Fault Zone (cf., Krzywiec,

2007, 2009). This fault zone was ac tive dur ing the Perm -
ian–Me so zoic evo lu tion of this seg ment of the MPT and di -
rectly in flu enced fa cies and thick ness pat tern in this part of the
ba sin (e.g., Hakenberg and Świdrowska, 1997, 1998a, b, 2001;
Gutowski 1998, 2004a; Gutowski et al., 2003, 2005a, b). For
in stance, a Late Ju ras sic ma jor ex ten sion and sub si dence stage
was re corded by the Oxfordian (Bathonian?)–Kimmeridgian
sed i men tary se quences, es pe cially by the rel a tively thick mid -
dle Oxfor dian–lower Kimmeridgian highstand sys tems tract,
the thick ness of which rap idly in creases within the SW limb of
the mar ginal fault zone. The over all ex ten sion/sub si dence was
in ter rupted in the Early Cre ta ceous by sev eral up lifts re corded
by strati graphic gaps and/or sub tle an gu lar un con formity be -
tween the up per Kimmeridgian and the up per Valanginian suc -
ces sions. Ma jor, re gional up lift re sulted in sed i men tary dis con -
ti nu ity and a cor re la tive ero sional gap which un der lie the up per
Albian transgressive sed i ments. Ero sion lo cally re moved the
Lower Cre ta ceous de pos its and even cut the Kimmeridgian se -
quence down to the Divisum Zone oo lites (e.g., in the Ożarów
quarry).

In his sem i nal pa per, Pożaryski (1948) pro vided a de tailed
ac count of the Ju ras sic–Cre ta ceous his tory of the Holy Cross
seg ment of the Mid-Pol ish Trough. His pa per, pub lished well
be fore mod ern con cepts of in ver sion of sed i men tary bas ins were
es tab lished, pre sented a con cep tual geo log i cal cross-sec tion
based on de tailed field map ping and shal low car to graphic wells
that shows a sys tem of re verse (i.e. in ver sion-re lated) faults dis -
sect ing both the Palaeozoic base ment as well as the Me so zoic
sed i men tary cover (Fig. 5). Later in ter pre ta tions, based on deep
re search wells and an a logue seis mic re flec tion data, in tro duced
very sig nif i cant mod i fi ca tions — in stead of re verse fault ing nor -
mal fault ing to wards the NE was pro posed (Żelichowski, in:
Niemczycka, 1974, 1975). No suit able geo log i cal ex pla na tion
was, how ever, given jus ti fy ing such a mod i fi ca tion; in par tic u lar, 
it was not ex plained how the footwall of such an extensional sys -
tem, be long ing to the ax ial part of the in verted sed i men tary ba -
sin, could be char ac ter ized by an in creased thick ness of Me so -
zoic sed i ments. Seis mic ex am ples il lus trat ing dif fer ent modes of
in ver sion within this part of the Mid-Pol ish Trough were re -
cently ana lysed by Krzywiec (2000, 2002a, 2007, 2009),
Krzywiec et al. (2003, 2004) and Gutowski et al. (2003) and
point to the re ac ti va tion of the gen er ally NW–SE trending fault
zones. The ob tained re sults fully con firm the con cepts of the in -
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Fig. 5. Syn thetic geological cross-sec tion across the NE bound ary of the Holy Cross seg ment of the Mid-Pol ish Trough based
on shal low wells and out crops only (Pożaryski, 1948)

Note sys tem of re verse faults, clearly in di cat ing late–post-Cre ta ceous in ver sion tec ton ics in this area; P — Old Paleozoicum, C — Zechstein, Tp —
Trias-Bunter, Tk-m — Trias-Keuper and Muschelkalk, Jl — Lower Ju ras sic, Jd — Mid dle Ju ras sic, Jm — Up per Ju ras sic, Kt-1 — Cre ta -
ceous-Turonian-Albian, Ks — Cre ta ceous-Senonian (orig i nal ex pla na tions of Pożaryski, 1948)



ver sion-re lated re verse fault ing pro posed by Pożaryski (1948,
1997). Field stud ies in di cate that Late Cre ta ceous tec tonic re ac ti -
va tion of the fault zone bound ing to the NE Holy Cross seg ment
of the Mid-Pol ish Trough in cluded strike-slip com po nent, and
re sulted in the de vel op ment of a se ries of small-scale en-ech e lon
faults (Jaroszewski, 1972; Lamarche et al., 1999, 2002;
Świdrowska and Hakenberg, 2000).

Within the SE (Holy Cross) seg ment of the Mid-Pol ish
Trough some field struc tural ev i dence of in ver sion tec ton ics
are avail able. They in di cate a com plex compressional Late
Cre ta ceous re ac ti va tion of older Me so zoic or/and Palaeozoic
fault zones, partly in a strike-slip (transpressional) re gime, ac -
com pa nied by the for ma tion of up lift-re lated extensional frac -
tures and con ju gate nor mal faults within the ax ial part of the
Mid-Pol ish Swell (e.g., Stupnicka, 1971, 1972; Jaroszewski,
1972; Lamarche et al., 1998, 2002, 2003; Konon, 2004).

The ma jor ity of the mod els of in ver sion of the SE seg ment
of the Mid-Pol ish Trough was con structed us ing data from
wells lo cated along both flanks of the in verted Mid-Pol ish
Trough (Kutek and Głazek, 1972; Hakenberg and
Świdrowska, 1998b, 2001; Świdrowska and Hakenberg,
2000). Ac cord ing to these mod els the ba sin was in verted not
ear lier than dur ing Maastrichtian–Paleogene times be cause
con structed maps and re gional geo log i cal cross-sec tions show
an in creas ing thick ness of these par tic u lar isochronic strati -
graphic units to wards the re con structed axis of the ba sin. Re -
cent re sults based on seis mic and well data sug gest that in ver -
sion had started sig nif i cantly ear lier, most prob a bly al ready in
the late Turonian and con tin ued dur ing Coniacian–Maastri -
chtian and post-Maastrichtian times (Krzywiec, 2000, 2002a,
2007, 2009; Gutowski et al., 2003). Prob lems re lated to the dat -
ing of in ver sion of this part of the Mid-Pol ish Trough are thor -
oughly dis cussed be low.

REVISED UPPER CRETACEOUS STRATIGRAPHY
FROM THE CIEPIELÓW IG 1 WELL

Stra tig ra phy of the Turonian through Santonian strata in
Ciepielów IG 1 ref er ence well sec tions is based on inoceramids 
and has been re vised in com par i son to for mer scheme
(Krassowska, 1974). The rich palaeontological re cord, par tic u -
larly in the lower part of the Up per Cre ta ceous, up to the mid dle 
Santonian, en abled the re vi sion of its bio- and chrono -
stratigraphical sub di vi sions.

The base of the Cenomanian is well marked by the
stratigraphically old est re cord of Inoceramus crippsi at depth
831.0 m. Up to 824.0 m inoceramids char ac ter is tic for the
lower Cenomanian oc cur, and al ready at depth 807.0 m the first 
rep re sen ta tive of Inoceramus ex gr. lamarcki Par kin son ap -
pears, in di cat ing at least the mid dle Turonian. It means that this
17 m thick in ter val be tween 807 and 824 com prises the mid -
dle–up per Cenomanian, lower Turonian and pos si bly also a
basal part of the mid dle Turonian, sug gest ing a strong con den -
sa tion and/or strati graphic gaps in this part of the Late Cre ta -
ceous, this sit u a tion well known from sur face ex po sures in the
area (see e.g., Cieśliński, 1959; Marcinowski, 1980; Wala -
szczyk, 1987). Al though no com plete Mytiloides ex gr.

labiatus (Schlotheim), a very good marker of the base of the
Turonian, was found, the oc cur rence of a lime stone bed, rich in
inoceramid prisms, at depth 815.3 to 814.7 m is taken here as
the base of the stage, closely cor re spond ing to the con clu sion
by Krassowska (1974). The inoceramid rich lime stone bed at
the base of the Turonian is a very charactersitic fea ture in the
area (e.g., Pożaryski, 1948; Walaszczyk, 1992). 

The Turonian ranges be tween depths 815 and 726.1 m. The
lat ter value ac cepted herein as the base of the Coniacian is pre -
cisely doc u mented by the first oc cur rence of Cremno ceramus
deformis erec tus (Meek, 1877), the ino ceramid marker of the
base of the Coniacian (see e.g., Walaszczyk and Wood, 1999).
The inoceramid re cord also en ables a fur ther substage sub di vi -
sion of the Turonian. As men tioned above, the base of the mid -
dle Turonian should be placed not higher than 807 m, and the
base of the up per Turonian is marked by the co-ap pear ance of
first, small Inoceramus perplexus Whitfield, 1877, and
Mytiloides sp., at depth 793.5 m. 

The base of the mid dle Coniacian marks the low est oc cur -
rence of Volviceramus koeneni (Müller), at depth 668.2 m.
More over, 50 cm higher was noted first Platyceramus ex gr.
mantelli. The re cord of Inoceramus percostatus or Inoceramus
annulatus, at depth 686.0 m, is in ter preted herein as a marker of 
the Inoceramus gibbosus Zone, the top most zone of the lower
Coniacian (see Walaszczyk and Wood, 1999). Mytiloides
subquadratus, the inoceramid marker of the base of the up per
Coniacian, is noted at depth 654.1 m. 

The base of the Santonian can not be pre cisely lo cated, as
the marker of the stage, Cladoceramus undulatoplicatus, was
not found in the Ciepielów sec tion. How ever, the first
Sphenoceramus pachti/cardissoides, noted at depth 635.0 m,
sug gests this bound ary to be lo cated only slightly deeper, as
dem on strated in other Cen tral Eu ro pean ar eas (Seitz, 1965;
Remin, 2004). Sphenoceramids are quite com mon up to depth
621.6 m, in di cat ing a rel a tively lower por tion of the stage. 

The fau nal re mains higher in the sec tion are too sparse to al -
low re li able statigraphic check ing. How ever, based on a com -
par i son with the clas sic ex po sures of the Vistula sec tion
(Pożaryski, 1938, 1948; Błaszkiewicz, 1980; Walaszczyk,
2004), the thick ness of the Santonian in the Ciepielów well as
as sumed in the orig i nal de scrip tion of this bore hole
(Krassowska, 1974), is highly over es ti mated, and most prob a -
bly does not ex ceed 100 m.

INTERPRETATION OF SEISMIC DATA

Sev eral deep wells lo cated within the study area (Fig. 3)
pro vided key strati graphic and lithological in for ma tion for
cal i bra tion of seis mic data. Re in ter preted Up per Cre ta ceous
biostratigraphy in the Ciepielów IG 1 well (see above) was re -
garded as the ref er ence point for the en tire study area. For this
well, sonic log and check shot data were avail able to gether
with nat u ral gamma and elec tri cal logs, and al lowed for very
de tailed cor re la tion of the well with seis mic data. In or der to
tie depth well data to time seis mic data, a syn thetic
seismogram was cal cu lated for this well, us ing sonic and den -
sity data (Fig. 6). Sev eral wave lets were tested and the best re -
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sults were ob tained for a zero-phase 35 Hz Ricker wave let.
The fi nal fit be tween syn thetic and mea sured wavefields was
achieved af ter rel e vant cor rec tions were ap plied to the sonic
log (ver ti cal shift and stretch-squeeze). As a re sult, the fol -
low ing strati graphic bound aries from the Ciepielów IG 1 well
were pre cisely tied to the seis mic wavefield and in ter preted
on seis mic data — top of: Campanian, Santonian, Coniacian,
Turonian, Cenomanian, Kimmeridgian, Oxfordian, Lower
Ju ras sic and top of the Palaeozoic (pre-Zechstein) base ment
(Fig. 6). On Fig ure 7 Ju ras sic–Cre ta ceous stra tig ra phy and
depositional sys tems are in te grated with seis mic data. This
fig ure also shows Ju ras sic–Cre ta ceous bound ary un der lined
by sub tle an gu lar un con formity. This bound ary is re lated to
an im por tant strati graphic gap (see above), well known from
nu mer ous out crops lo cated along the NE mar gin of the Holy
Cross Mts. (Fig. 8; e.g., Gutowski, 1998).

The ana lysed seis mic pro files, ac quired in 1997 and 1998,
are lo cated within the NE bor der zone of the Holy Cross Mts.
seg ment of the Mid-Pol ish Trough and partly cross its in verted
ax ial part (Fig. 3). This is a high-qual ity, high-res o lu tion
dataset, that al lowed for a very pre cise in ter pre ta tion of the en -
tire Me so zoic suc ces sion, es pe cially for the thick Up per Cre ta -

ceous in ter val. Seis mic ho ri zons are usu ally high am pli tude
con tin u ous events that could be traced over long dis tances.
Seis mic stra tig ra phy based on se lected seis mic ho ri zons is of at
least one or der higher res o lu tion than well-based
biostratigraphy, in par tic u lar for the Campanian and the
Maastrichtian, as within these com plexes at least 15–20 con tin -
u ous seis mic ho ri zons could be dis tin guished and cor re lated
(Figs. 6 and 7). Such good qual ity and res o lu tion of seis mic
data al lowed for pre cise anal y sis of thick ness vari a tions of the
Up per Cre ta ceous de pos its in im me di ate vi cin ity of the Nowe
Miasto–Zawichost Fault Zone that de fines the pres ent-day NE
bound ary of the in verted Mid-Pol ish Trough in Holy Cross
Mts. re gion (Figs. 2 and 3). 

Four pro files were se lected to il lus trate the pres ent-day
struc ture of the Nowe Miasto–Zawichost Fault Zone and sur -
round ing ar eas and its tectono-sed i men tary evo lu tion (Figs. 9
and 10; cf. Krzywiec, 2002a, 2007, 2009; Scheck-Wenderoth
et al., 2008).

All the four seis mic pro files show the ma jor in ver sion-re -
lated tec tonic struc ture of the bor der zone be tween the up lifted
(in verted) ax ial part of the Mid-Pol ish Zone (that in cludes the
Holy Cross Mts.) and its NE flank (Figs. 9 and 10). In this re -

Tectonostratigraphic model of the Late Cretaceous inversion along the Nowe Miasto–Zawichost Fault Zone, SE Mid-Polish Trough 35

Fig. 6. Syn thetic seismogram and its cor re la tion with seis mic data — well Ciepielów IG 1

GR — natural gamma-ray log, DT — acous tic log (with su per im posed check-shot data, white curve), DENS — den sity log, 
RC — re flec tion co ef fi cients; syn thetic seismogram was con structed us ing 35Hz zero-phase Ricker wave let



gion, Permo-Me so zoic de pos its within the up lifted hang ing
wall have not been drilled and, con se quently, strati -
graphic/thick ness re la tion ships shown on seis mic pro files
should be re garded at least in part as ap prox i mate, al though
fairly re li able. The Zechstein/Tri as sic bound ary was not drilled 
and is based on re gional thick ness re la tion ships known from
other wells in this re gion as well as on gen eral char ac ter is tics of 
the seis mic wavefield — it was cor re lated with a strong seis mic 
ho ri zon pos si bly re lated to the bound ary be tween Zechstein
evaporites and Tri as sic clastics. The Tri as sic/Ju ras sic bound ary 
was drilled by sev eral wells, but within the hangingwall it is
also partly ap prox i mate. The Ju ras sic/Cre ta ceous bound ary is
cal i brated by nu mer ous wells in the re gion and is re lated to the
high-am pli tude high-con ti nu ity seis mic ho ri zon that could be
traced over long dis tances. This seis mic event is re lated to the
sharp lithological con trast be tween Ju ras sic car bon ates and
marls and Cre ta ceous siliciclastics. The Ju ras sic/Cre ta ceous
bound ary could be fairly re li ably cor re lated across the Nowe
Miasto–Zawichost Fault Zone.

The en tire Perm ian-Me so zoic suc ces sion is char ac ter ized
by very prom i nent thick ness changes, with the Perm ian, Tri as -
sic and Ju ras sic de pos its sig nif i cantly in creas ing their thick ness 
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Fig. 7. Cor re la tion of Ciepielów IG 1 well with seis mic pro file show ing re la tion ship be tween the seis mic wave field, li thol ogy
(rep re sented by the nat u ral gamma log), stra tig ra phy and depositional sys tems 

Dot ted lines high light un con formity at the Ju ras sic–Cre ta ceous bound ary (cf., Fig. 8)

Fig. 8. Ju ras sic–Cre ta ceous bound ary as so ci ated with an im por tant
strati graphic gap, Ożarów quarry

 For lo ca tion see Fig ure 3
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to wards the SW (cf., Pożaryski, 1948, 1997;  Żelichowski in
Niemczycka, 1974, 1975; Krzywiec, 2000, 2002a, 2007,
2009). The Cre ta ceous suc ces sion com prises Cenoma -
nian–Maastrichtian de pos its; its up per bound ary is of clearly
ero sional char ac ter.

Pre-Cre ta ceous to Cenomanian sed i men tary cover im aged
on the an a lysed seis mic pro files is char ac ter ized by in creased
thick ness to wards the SW, i.e. to wards the in verted Mid-Pol ish
Trough. This re flects a sub si dence stage within the ba sin’s ax -
ial part, ac com pa nied by de po si tion of thick sed i men tary cover
above the hangingwall.

In con trast, al most the en tire pre served Up per Cre ta ceous
suc ces sion is char ac ter ized by a dif fer ent thick ness pat tern —
par tic u lar seis mic pack ages thin both to wards the SW as well
to wards the NE (Figs. 9 and 10). Seismostratigraphic in ter -
pre ta tion of the Up per Cre ta ceous suc ces sion was fo cused on
sub tle thick ness vari a tions in the vi cin ity of the bor der fault
zone re spon si ble for the sub si dence and sub se quent in ver sion
of the Mid-Pol ish Trough (i.e. the Nowe Miasto–Zawichost
Fault Zone).

The over all Up per Cre ta ceous depositional ar chi tec ture
im aged on seis mic data re sem bles a low-an gle progradational
com plex with a gen eral di rec tion of sed i ment sup ply from the
SW (cf., Krzywiec, 2000, 2007, 2009). Turonian de pos its
show only gen tle thin ning to wards the SW and are char ac ter -
ized by a very sub tle long-dis tance thin ning to wards the NE
(Figs. 9–11). Coniacian–Santonian de pos its more clearly
show the thick ness vari a tions men tioned above — they thin
to wards the SW, to wards the Nowe Miasto–Zawichost Fault
Zone, as well as to wards the NE. A lo cal zone of max i mum
thick ness of the Coniacian–Santonian de pos its is lo cated in
the im me di ate vi cin ity of this fault zone. Campanian de pos its
are char ac ter ized by much thick nesses, and con se quently it
was pos si ble to cor re late many intra-Campanian seis mic ho ri -
zons and de lin eate sev eral intra-Campanian pack ages. They
all show thin ning both to wards the SW and the NE. Bi-di rec -
tional thin ning of the Campanian de pos its, sim i lar to the same
fea ture ob served within the Coniacian–Santonian in ter val, is
rather lo cal, and de fines lo cal zones of thick en ing for each

mapped intra-Campanian pack age. The Maastrichtian was
sig nif i cantly eroded and it is mostly miss ing in the im me di ate
vi cin ity of the Nowe Miasto–Zawi chost Fault Zone. Nev er -
the less, pre served Maastrichtian de pos its also are char ac ter -
ized by clearly vis i ble thin ning to wards the SW and the NE.
Iden ti fied bi-di rec tional thin ning de fines a clinoformal seis -
mic pat tern re lated to the migation of lo cal zone of max i mum
thick ness com bined with sed i ment progradation from the SW
(i.e. zone of in ver sion-re lated up lift and ero sion) to wards the
NE (i.e. to wards mar ginal trough de vel oped along the in -
verted ax ial part of the Mid-Pol ish Trough). NE-ward and up -
ward mi gra tion of the zone of max i mum thick ness of the
Turonian(?)–Maastrichtian suc ces sion is ob served. This im -
plies progradation and aggradation, con nected to a rel a tively
high sed i ment sup ply and rel a tively high (ris ing) sea level
(Van Wag oner et al., 1988).

Other rather pe cu liar fea tures have been iden ti fied within
the Campanian–Maastrichtian suc ces sion apart from the thick -
ness vari a tions de scribed above. These are small-scale (up to
approx. 2 km wide) lo cal ized zones of asym met ri cal thick ness
in crease of the Up per Cre ta ceous pack ages (Fig. 12). They are
vis i ble on all seis mic pro files lo cated along the ana lysed in -
verted ax ial part of the Mid-Pol ish Trough (cf., Figs. 9 and 10).
They could rep re sent sub ma rine slides (cf., McAdoo et al.,
2000; Imbo et al., 2003) that de vel oped along flanks of the
Mid-Pol ish Swell dur ing its pro gres sive up lift. They might
have been con trolled by nor mal listric faults de vel oped in only
partly lithified Up per Cre ta ceous de pos its. Listric fault ing
would have been trig gered by pro gres sive up lift of ba sin axis,
in creased mor pho log i cal gra di ents along its flanks and grav i ta -
tional in sta bil ity (cf., Hesthammer and Fossen, 1999; Lykousis
et al., 2002), com bined with tec tonic move ments along base -
ment faults and re lated earth quakes. An al ter na tive — though
less fa vour able — ex pla na tion for the seis mic fea tures de tected
along the in verted ax ial part of the Mid-Pol ish Trough is that

they might rep re sent de pos its of con tour cur rents (cf., FaugorÀs
et al., 1999), that had moved along the in verted ba sin axis
(NW–SE).
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Fig. 11. En larged part of the seis mic pro file 3 from Fig ure 10 

Ob served thick ness re duc tions within the Turonian(?)–Maastrichtian to wards the SW and to wards the NE are re lated
to in ver sion and up lift of the Holy Cross seg ment of the Mid-Pol ish Trough (cf., Krzywiec, 2002, 2007, 2009)



DISCUSSION

De tailed in ter pre ta tion of seis mic data from the NE sur -
round ings of the Holy Cross Mts., lo cated within the ax ial part
of the in verted Mid-Pol ish Trough (Figs. 1 and 3) proves that
al most the en tire Up per Cre ta ceous com plex (Turo -
nian?–Maastrichtian) was de pos ited dur ing in ver sion of the
Mid-Pol ish Trough. This is im plied by the thick ness dis tri bu -
tion of par tic u lar seis mic pack ages, that thin to wards the SW
and to wards the NE, in con trast with the Permo-Ju ras sic suc -
ces sion that rap idly thick ens to wards the NE (i.e. to wards the
ba sin axis). Also, the pres ence of lo cal fea tures like sub ma rine
slumps/listric fault ing and/or con tour de pos its sug gest that dur -
ing de po si tion of the Up per Cre ta ceous com plex there was up -
lifted area to wards the SW from the study area, which could be
at trib uted to the in verted ax ial seg ment of the Mid-Pol ish
Trough. Such seis mi cally-de fined depositional ar chi tec ture is
com pat i ble with ear lier mod els con structed us ing mostly well
and out crop data, with ad di tional in for ma tion pro vided by an a -
logue seis mic pro files ac quire in the 1960s (Pożaryski, 1948,
1997; Fig. 5).

Such tim ing of in ver sion tec ton ics in the study area is con -
sid er ably dif fer ent from that pro posed by other au thors
(Hakenberg and Świdrowska, 1998b, 2001; Świdrowska and
Hakenberg, 1999, 2000; Świdrowska et al., 2008), all of whom 
as sumed only a late Maastrichtian–post-Maastrichtian in ver -
sion phase. Their re sults were, how ever, based on the anal y sis
of re gional thick ness and lithofacies maps, con structed us ing
well data only. Within the rel a tively nar row (up to 10 km) zone
of syn-in ver sion sed i men ta tion, flank ing the up lifted Mid-Pol -
ish Swell (Fig. 3; cf., Krzywiec, 2002a, 2007) and crit i cal for
dat ing of in ver sion tec ton ics, not enough well in for ma tion is
avail able to en able pre cise map ping of the syn-in ver sion sed i -
men tary suc ces sion. In the study area, only Bąkowa IG 1 well
is lo cated within this zone (Fig. 3), while other wells are lo cated 
out side the zone of iden ti fied in ver sion-re lated sed i men tary
fea tures, and this does not al low for the con struc tion of maps

with suf fi ciently pre cise fa cies vari a tions, re quired for anal y sis
of in ver sion-re lated sed i men ta tion. Ad di tion ally, well strati -
graphic res o lu tion for the rel a tively thick Up per Cre ta ceous in -
ter val is not pre cise enough to al low for de lin ea tion of sub tle
thick ness and fa cies changes within the Turonian–Maas -
trichtian com plex. This is in con trast to mod ern re flec tion seis -
mic pro files pre sented here that pre cisely im aged this in ter val
and have shown the Up per Cre ta ceous in ver sion-re lated
depositional ar chi tec ture.

A model de pict ing tectono-sed i men tary evo lu tion of the
stud ied SE seg ment of the Mid-Pol ish Trough dur ing its Late
Cre ta ceous in ver sion is shown on Fig ure 13. This model was
con structed us ing seis mic pro file 3 (Fig. 10) flat tened on top of
Ju ras sic (Fig. 13A), top of Cenomanian (Fig. 13B), top of
Turonian  (Fig. 13C), top of Coniacian (Fig. 13D), top of
Santonian  (Fig. 13E) and top of Campanian (Fig. 13F). Fig ure
13G shows pres ent-day con fig u ra tion re drawn from in ter preted 
seis mic pro file (Fig. 10). Re con struc tion for end of
Maastrichtian is not shown as in this area top of Maastrichtian
is ero sional, and no re li able sur face could be used to ap prox i -
mate depositional top of Maastrichtian. Flat tened seis mic pro -
file could be re garded as re li able first-or der ap prox i ma tion
when tec tonic ac tiv ity is mostly re stricted to ver ti cal move -
ments, i.e. when no sig nif i cant lat eral dis place ment takes place. 
This was the case dur ing in ver sion of the SE Mid-Pol ish
Trough, il lus trated on Fig ure 13. It must be, how ever, kept in
mind that this ap proach slightly un der es ti mates dis place ment
along bound ary fault shown on this model. Flat ten ing does not
also ac count for pos si ble ba sin floor gra di ent that must have ex -
isted be tween the up lifted ax ial part of in verted ba sin and its
flank, in rel a tively deep wa ters rang ing dur ing Late Cre ta ceous
be tween approx. 100–250 m. 2D cross-sec tion bal anc ing
would be re quired to re con struct ex act tectono-sed i men tary
evo lu tion along this pro file.

For sim plic ity, bound ary fault re spon si ble for sub si dence
and in ver sion was shown on Fig ure 13 as a dis crete fault plane,
al though most prob a bly more com plex model of dis crete fault -
ing within the deeper base ment com bined with drape fold ing
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Fig. 12. De tails of depositional ar chi tec ture of the Campanian suc ces sion de pos ited
along the in verted NE bound ary of the Mid-Pol ish Trough (cf. Fig. 10)



and dis trib uted fault ing at shal lower lev els should has been
con sid ered (see be low).

End of sig nif i cant ex ten sion and sub si dence is shown on
Fig ure 13A, where Tri as sic–Ju ras sic cover is char ac ter ized by
sig nif i cantly in creased thick ness within the ax ial part of the ba -
sin. For Albian–Cenomanian (cf., Figs. 9 and 10) only very mi -
nor sub si dence in this part of the ba sin, with no signs on in ver -
sions, could be ob served (Fig. 13B). In Turonian (Fig. 13C)
mi nor up lift within the ax ial part of the ba sin is al ready marked, 
re lated to mi nor thin ning of Turonian de pos its to wards SW.
Due to rel a tively small thick ness of the Turonian cover and
deep ero sion this thin ning could be ob served only in a rel a -
tively nar row zone, there fore late Turonian on set of in ver sion
tec ton ics should be re garded as a ten ta tive. For
Coniacian–Campanian (Fig. 13D–F) rather clear in ver sion-re -
lated thin ning to wards the SW as well as to wards the NE is ob -
served (cf., Figs. 9, 10 and 11). Thin ning to wards the SW (i.e.
to wards in ver sion axis) was caused by re verse re ac ti va tion of

ba sin bound ing faults (i.e. the Nowe Miasto–Zawichost Fault
Zone) that led to sig nif i cant up lift (upthrusting) of base ment
blocks as so ci ated with drape fold ing of sed i men tary cover.
This in turn re sulted in re duced ac com mo da tion space within
the ax ial part of the ba sin. Sim i lar fea tures re lated to in ver sion
tec ton ics could be ob served within the NW (off shore) part of
the in verted Mid-Pol ish Trough (Deeks and Thomas, 1995;
Krzywiec et al., 2003).

Fig ure 13 il lus trates pro gres sive up ward and NE-di rected
mi gra tion of zone of lo cal max i mum thick ness of par tic u lar in -
ver sion-re lated sed i men tary pack ages. This de fines ac tual,
rather small size (both ver ti cal and lat eral) of the mar ginal
trough that ex isted along the NE flank of in verted Mid-Pol ish
Trough. Re gional pres ent-day thick ness dis tri bu tion of the en -
tire Up per Cre ta ceous suc ces sion, with well de fined max i mum
(cf., Niel sen et al., 2005) is in fact mostly geo met ri cal ef fect of
post-in ver sion ero sion (Krzywiec, 2006b; Scheck-Wenderoth
et al., 2008).
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Fig. 13. Tran si tion from Ju ras sic ex ten sion and sub si dence to Late Cre ta ceous in ver sion and up lift
along the Nowa Iłża–Zawichost Fault Zone — model based on seis mic pro file 3 (Fig. 10)

Ver ti cal scale ap prox i mately equals hor i zon tal scale; see text for fur ther ex pla na tions



The seis mi cally-im aged depositional ar chi tec ture of the
Up per Cre ta ceous syn-in ver sion suc ces sion is sim i lar to what
can be ob served within the so-called Subhercynian Cre ta ceous
Ba sin (Voigt et al., 2004, 2008; Von Eynatten et al., 2008),
where pro gres sive tilt ing caused by the mid dle
Santonian–early Campanian base ment re verse fault ing within
the Harz Anticline re sulted in the de vel op ment of lo cal ized
thick ness and fa cies vari a tions, and pro gres sive un con formi -
ties. Due to later ero sion only rem nants of this syn-in ver sion
cover are now pre served. Within the Dan ish Cen tral Graben,
Late Cre ta ceous in ver sion took place in a rel a tively deep water
en vi ron ment with only mod er ate up lift, and there fore the strati -
graphic re cord of the in ver sion tec ton ics, de tected us ing seis -
mic data, is rel a tively com plete (Cart wright, 1989).

In ver sion-re lated struc ture im aged on seis mic pro files lo -
cated above the Nowe Miasto–Zawichost Fault Zone (Figs. 9
and 10), de spite im aged thick ness vari a tions, re lated both to the 
sub si dence as well as to in ver sion, does not show any im por tant 
dis place ment at the top of the pre-Perm ian base ment that could
be pos si bly cor re lated with down ward and up ward move ments
of the base ment blocks within the ax ial part of the Mid-Pol ish
Trough. This could be ex plained by a model based on re sults of 
an a logue mod el ling by Mitra and Is lam (1994). Un der this
model, deep crys tal line base ment, cov ered by rel a tively thick
pre-ex ten sion sed i men tary cover, is de formed by dis crete fault
(Fig. 14). Dur ing extensional phase (Fig. 14A), such base ment
fault ing is re lated to fault-prop a ga tion (drape) fold ing within
the pre-ex ten sion cover, as so ci ated with smaller scale dis trib -
uted fault ing within the tri-shear de for ma tion zone cen tered
above the base ment mas ter fault zone (Mitra, 1993; Mitra and
Is lam, 1994; Hardy and McClay, 1999). Base ment fault ing
leads to de po si tion of syn-ex ten sion suc ces sion. Dur ing in ver -
sion of the base ment fault (Fig. 14B), pre- and syn-ex ten sion
cover un der goes re verse fault-prop a ga tion fold ing. This re sults 
in de vel op ment of rel a tively wide, partly folded de for ma tion
zone lo cated above the base ment fault zone (Fig. 14B). Syn-in -
ver sion suc ces sion is char ac ter ized by thin ning to wards the up -
lifted base ment block.

In the study area, pre-ex ten sion cover con sists of De vo nian
and older rocks, de formed dur ing ear lier tec tonic phases, and
char ac ter ized by rather ho mog e nous seis mic pat tern, and to
var i ous de gree up lifted, folded and lo cally faulted, es pe cially
within the zone that co in cides with thick ness gra di ents of the
Permo-Me so zoic cover (Figs. 9 and 10). This could be ex -
plained by a fault-prop a ga tion drape fold ing caused by deeper
base ment fault ing, both nor mal (dur ing ba sin’s ex ten sion and
sub si dence) and re verse (dur ing ba sin’s in ver sion). Within the
Mid-Pol ish Trough, in clud ing its SE seg ment, base ment rocks
are deeply bur ied, as it was re vealed by re cently ac quired
high-qual ity deep re frac tion and wide-an gle re flec tion data
(Malinowski et al., 2005; Grad et al., 2006, 2007). There fore, a
model shown on Fig ure 14, seems to be fully ap pli ca ble as an
ex pla na tion of the ob served in ver sion-re lated struc ture of the
NE bound ary zone of the Mid-Pol ish Trough and its
Permo-Me so zoic evo lu tion.

Seis mic pro files pro vide two-di men sional in for ma tion re -
gard ing fault lo ca tion and ori en ta tion as well as thick ness vari -
a tions of the ana lysed Permo-Me so zoic sed i men tary cover.
How ever, the ob served tec tonic fea tures sug gest that in ver sion

tec ton ics along the Nowe Miasto–Zawichost Fault Zone (i.e.
along the NE bound ary of the Mid-Pol ish Trough) was also as -
so ci ated with strike-slip move ments. For ex am ple, on pro file 2
(Fig. 9), a pos i tive flower struc ture (base ment pop-up base ment 
block bounded by steep re verse faults and as so ci ated tight
drape fold within the Tri as sic–Cre ta ceous cover) can be ob -
served, in di cat ing a transpressive stress re gime. Such a con clu -
sion is con firmed by the anal y sis of grav ity data. Fig ure 15
shows a pro cessed Bouguer grav ity map (ver ti cal first de riv a -
tive) with su per im posed main fault zones: the Nowe
Miasto–Zawichost Fault Zone, ana lysed in this pa per, the
Skrzynno (Ostałów) Fault Zone, and the Holy Cross Mts. Fault
Zone. The Skrzynno Fault Zone (Kowalczewski, 2002) is also
a re verse fault zone re lated to in ver sion of the Mid-Pol ish
Trough (Krzywiec, 2000). The Nowe Miasto–Zawichost Fault
Zone could be cor re lated with an en-ech e lon pat tern, vis i ble on
the grav ity map. It can be ob served, for ex am ple, that the flower 
struc ture vis i ble on pro file 2 (Fig. 9) is in fact branch ing off the
main fault zone, and forms one of the en-ech e lon seg ments of
the en tire strike-slip fault sys tem (Fig. 15). Such a fault ar -
range ment sug gests that par tic u lar fault seg ments form ing the
Nowe Miasto–Zawichost Fault Zone and im aged on seis mic
pro files have been fi nally shaped dur ing re verse oblique- slip
fault ing within the Me so zoic cover due to the transpressional
tec tonic re gime re spon si ble for in ver sion of this seg ment of the
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Fig. 14. Model of tran si tion from ex ten sion to in ver sion,
based on re sults of sandbox mod el ling (from Mitra and Is -
lam, 1994, mod i fied and sup ple mented)

Due to large thick ness of pre-ex ten sion sed i men tary cover, nor -
mal or re verse fault ing along sin gle fault plane within the “crys -
tal line” base ment was trans ferred to rel a tively wide zone of
dis trib uted fault ing above the base ment, and net dis place ment
along the base ment fault is re lated to fold ing and only very mi -
nor fault ing within the top most part of pre-ex ten sion cover.
Such ge om e try could be com pared to struc ture of the in verted
Nowe Miasto–Zawichost Fault Zone im aged on seis mic data
(Figs. 9 and 10)



Mid-Pol ish Trough. This is com pat i ble with other stud ies
based on struc tural and palaeomagnetic data and sandbox mod -
el ling stud ies, all of which pos tu lated some role for strike-slip
move ments dur ing the Palaeozoic and Me so zoic his tory of this
area (Lewandowski, 1994, 2003; Lamarche et al., 1998, 1999,
2002, 2003; Nawrocki, 2000; Konon, 2004; Gutowski and
Koyi, 2007), al though mode and amount of strike-slip move -
ments pro posed by these au thors were dif fer ent.

CONCLUSIONS

Anal y sis of well, seis mic and grav ity data pro vided new in -
sights re gard ing the tectono-strati graphic his tory of in ver sion
tec ton ics along the NE bound ary of the Mid-Pol ish Trough:

1. In ver sion started in late Turonian?–Coniacian times, and
lasted un til Maastrichtian–post-Maastrichtian times;

2. It was as so ci ated with de po si tion of the Up per Cre ta -
ceous syn-tec tonic com plex, de vel oped within a rel a tively nar -
row zone lo cated to the NE from the Nowe Miasto–Zawichost
Fault Zone;

3. Within this com plex, char ac ter is tic thick ness vari a tions
and sub ma rine slump ing/listric fault ing and/or de pos its of con -
tour cur rents have been de tected, that point to syn-tec tonic in -
ver sion-re lated de po si tion;

4. Struc tural fea tures de tected on seis mic data in clude steep
re verse faults, upthrusted base ment blocks and pos i tive flower
struc tures;

5. In ver sion-re lated struc ture im aged on seis mic data could
be ex plained by deeper base ment re verse fault ing and as so ci ate
fold-prop a ga tion fold ing at shal lower depths;

6. The ge om e try of the iden ti fied in ver sion-re lated struc -
tures and en-ech e lon pat tern of the Nowe Miasto–Zawichost
Fault Zone prove that in ver sion along the NE bound ary of the
SE seg ment of the Mid-Pol ish Trough was as so ci ated with
strike-slip move ments.
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Fig. 15. Pro cessed grav ity map (first ver ti cal de riv a tive of Bouguer anom aly),
show ing the lo ca tions of the main fault zones within the study area

Note en-ech e lon pat tern of the Nowe Miasto–Zawichost Fault Zone, sug gest ing com po -
nent of strike-slip move ments dur ing in ver sion of this seg ment of the Mid-Pol ish Trough; 
SFZ — Skrzynno Fault Zone (cf., Krzywiec, 2000; Kowalczewski, 2002), HCFZ — Holy
Cross Fault Zone
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