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In ter pre ta tion of the re gional high-res o lu tion seis mic data of the PolandSPANTM sur vey in the Grudzi¹dz-Polik area re vealed
a new depositional ar chi tec ture of the Up per Cre ta ceous suc ces sion that dif fers sub stan tially from the pre vi ously as sumed
layer-cake model, com monly ap plied to Perm ian-Me so zoic se quences. A pre vi ously un rec og nized re gional un con formity, di -
vid ing the Up per Cre ta ceous suc ces sion into two units char ac ter ized by very dif fer ent in ter nal ge om e tries, was iden ti fied and 
mapped. The lower unit, with a gen er ally layer-cake in ter nal pat tern, is over lain by an up per unit com posed of a re gion ally
low-an gle suc ces sion that pinches out to ward the south. This newly re vealed re gional pat tern re mained un rec og nized in pre -
vi ous re gional com pi la tions based on bore hole data, which sug gested that a layer-cake depositional ar chi tec ture pre vailed
through out the en tire Up per Cre ta ceous. This new im age of Up per Cre ta ceous depositional pat terns has far-reach ing con se -
quences for un der stand ing of the evo lu tion of the Pol ish Ba sin in the Late Cre ta ceous, in clud ing its sub si dence and burial
his tory, de po si tion, and tec tonic de vel op ment. A re-eval u a tion of the chronostratigraphy of the Up per Cre ta ceous of the Pol -
ish Ba sin is needed to tem po rally con strain the suc ces sion of sed i men tary and tec tonic events re vealed here.
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INTRODUCTION

Rec og niz ing the in ter nal ge om e try of subsurface sed i men -
tary rock suc ces sions is of ten dif fi cult, due to lim ited cov er age
or res o lu tion of the avail able seis mic or bore hole data. This is
par tic u larly true in ar eas where in ter pre ta tions of subsurface
ge ol ogy are en tirely based on long-dis tance cor re la tions of
scat tered bore holes, with no other geo log i cal and geo phys i cal
data – in par tic u lar, seis mic pro files – lo cated be tween them. In
such sit u a tions, cer tain as sump tions about inter-bore hole cor -
re la tions, rock unit thick ness, and strati graphic ge om e try must
be made be fore a fi nal geo log i cal model can be con structed. In
ar eas with rel a tively sim ple ge ol ogy de void of any sig nif i cant
tec tonic dis tur bances, a clas sic layer-cake ge ol ogy model can
be ap plied. This model as sumes that rock lay ers are trace able
over large dis tances (tens and hun dreds of kilo metres), and do
not show any sub stan tial changes in li thol ogy, fos sil con tent,
and rel a tive thick ness over their en tire ex tent (Levorsen, 1943;
Brett, 1982, 2000; Brett et al., 2007; Gjelberg and Steel, 2012).
Con se quently, syn chro nous lithostratigraphic bound aries are
ex pected; in other words, the lithostratigraphy should ef fec tively 
mir ror the chronostratigraphy, at least in a re gional, ba sin-scale

con text (Ainsworth et al., 1999). The clas sic ar eas where layer-
 cake ge om e try mod els have been suc cess fully ap plied for
strati graphic cor re la tion are plat form and cratonic bas ins (e.g.,
Armitage and Allen, 2010; Allen and Armitage, 2012): for in -
stance, the An glo-Paris Ba sin (Mortimore and Pomerol, 1987;
Perrodon and Zabek, 1990; Bristow et al., 1997), the West Si -
be rian Ba sin (Vyssotski et al., 2006; Kontorovich et al., 2014),
the Parnaiba Ba sin (Tozer et al., 2017; Daly et al., 2018), some
of the intra-cratonic bas ins on the North Amer i can Craton
(Sloss, 1963; Merriam, 2006; Bur gess, 2019), and intra- crato -
nic bas ins in Af rica (Burollet, 1984).

A sys tem of Up per Cre ta ceous bas ins dom i nated by pe lagic 
car bon ates, such as chalk, “chalk-like” lime stone, gaize (car -
bon ate-si li ceous rock con tain ing de tri tal quartz and sponge
spicules), and opoka (car bon ates con tain ing biogenic sil ica), is
well-known over ex ten sive ar eas of the East Eu ro pean Craton
and the West Eu ro pean Plat form (e.g., Ziegler, 1990; Voigt et
al., 2008; Vejb³k et al., 2010; Mortimore, 2011; Torsvik and
Cocks, 2016). In these bas ins, a pat tern of hor i zon tal lay ers with 
broadly layer-cake pat terns can be an tic i pated, for the most
part; in many cases, how ever, the depositional ar chi tec ture of
the Up per Cre ta ceous suc ces sion is more com plex due to re -
gional Late Cre ta ceous ba sin in ver sion and as so ci ated re ac ti -
va tion of salt struc tures, which led to strati graphic pinch-outs,
in ci sions, and lat eral thick ness changes (e.g., Ziegler, 1990;
Vejb³k and Andersen, 2002; Esmerode et al., 2007; Surlyk
and Lykke-Andersen, 2007; Krzywiec et al., 2009, 2018a;
Gennaro et al., 2013; Larsen et al., 2014; Arfai et al., 2016;
Krzywiec and Stachowska, 2016; van der Voet et al., 2018;
Hübscher et al., 2019).
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The layer-cake ge ol ogy model has com monly been ap plied
to the Perm ian-Me so zoic Pol ish Ba sin, es pe cially the por tion
de pos ited above the East Eu ro pean Craton. The Up per Cre ta -
ceous of cen tral and north-east Po land has al most ex clu sively
been in ter preted through un evenly scat tered bore holes, sup -
ported by lim ited seis mic cov er age of gen er ally poor qual ity
(e.g., Bac-Moszaszwili and Morawska, 1975; Jaskowiak-
 Schoeneichowa and Krassowska, 1983; Leszczyñski, 1997,
2010, 2012, 2017a). In most cases, the avail able lo cal 2D seis -
mic sur veys from that area were in tended to tar get Pa leo zoic
and older units, and as such were in suf fi cient to prop erly de pict
the ba sin-scale depositional ar chi tec ture of the Permo-Me so -
zoic ba sin infill (cf. Krzywiec et al., 2018a). Ma jor ad vance -
ments in this field have only re cently be come pos si ble, with the
ac qui si tion of mod ern, high-res o lu tion re gional seis mic data
through the PolandSPAN™ pro ject (cf. https://www.ion -
geo.com/Data_Li brary; cf. Krzywiec et al., 2014a, b). The re -
gional seis mic pro files of the PolandSPAN™ (Fig. 1, in set) sur -
vey have yielded a high-qual ity im age of the en tire Phanerozoic
sed i men tary cover of the East Eu ro pean Craton in Po land, in -
clud ing the Up per Cre ta ceous suc ces sion (cf. Krzywiec et al.,
2014a, b). Un par al leled spa tial cov er age cou pled with ex cel lent 
seis mic im ag ing, in clud ing shal low in ter vals (the top most few
hun dred metres), has al lowed the rec og ni tion of pre vi ously un -
known seismostratigraphic fea tures that, in some cases, have
en abled a sig nif i cant re-eval u a tion of the re gional Me so zoic his -
tory (Krzywiec et al., 2018a).

In this ar ti cle, we pres ent the re sults of a de tailed seismo -
stratigraphic anal y sis of the Up per Cre ta ceous suc ces sion and
its in ter nal ge om e try in the War saw Seg ment of the
Koœcierzyna - Pu³awy Synclinorium (Fig. 1; ¯elaŸniewicz et al.,
2011), from PolandSPAN™ re gional seis mic pro files. A hith erto 
un known re gional un con formity, and other lat eral vari a tions
within the depositional ar chi tec ture of the Up per Cre ta ceous
suc ces sion in com pat i ble with the layer-cake depositional

model, have been de tected. We ex am ine the re la tion ship of this 
re gional un con formity with the bore hole-based stra tig ra phy,
and pro pose a pre lim i nary, qual i ta tive model for the de vel op -
ment of the Up per Cre ta ceous sed i men tary suc ces sion.

GEOLOGICAL SETTING

The study area is lo cated in cen tral Po land, within the War -
saw Seg ment of the Koœcierzyna-Pu³awy Synclinorium lo cated
along the north-east flank of a ma jor in ver sion struc ture, the
Mid-Pol ish Swell (Anticlinorium) (Fig 1; ¯elaŸniewicz et al.,
2011; cf. Krzywiec et al., 2018a). Palaeogeographically, the Up -
per Cre ta ceous of the study area con sti tutes the north-cen tral
part of the Pol ish Ba sin, which in turn formed the east ern most
part of the Perm ian-Me so zoic Cen tral Eu ro pean Ba sin Sys tem
(Ziegler, 1990; Marek and Pajchlowa, 1997; Scheck- Wen -
deroth et al., 2008; Doornenbal and Stevenson, 2010). The
Teisseyre-Tornquist Zone, lo cated within the thinned, mar ginal
edge of the East Eu ro pean Craton, had con sid er able in flu ence
on the evo lu tion of the Pol ish Ba sin (cf. Kutek and G³azek,
1972; Dadlez et al., 1995; Dadlez, 1998; Mazur et al., 2015;
Miko³ajczak et al., 2019). The study area is lo cated north-east of 
this zone, with its Up per Cre ta ceous suc ces sion form ing part of
the sed i men tary cover of the East Eu ro pean Craton.

Dur ing the Perm ian and Me so zoic, the Pol ish Ba sin un der -
went sev eral pulses of ac cel er ated tec tonic sub si dence in the
Zechstein–Scythian, Oxfordian–Kimmeridgian and Early Ceno -
manian (Dadlez et al., 1995; Stephenson et al., 2003), and was
filled with a thick siliciclastic-car bon ate suc ces sion, un der lain by
basal Zechstein (Up per Perm ian) evaporites (for re gional over -
view and nu mer ous fur ther ref er ences see Krzywiec et al.,
2017b). The ba sin depocentre was lo cated ax i ally, within the
so-called Mid-Pol ish Trough (e.g., Po¿aryski and Brochwicz-
 Lewiñski, 1978; Dadlez, 2003). Dur ing the Late Cre ta -
ceous–Paleo gene, due to the Al pine-Carpathian col li sion and/or
the Af rica-Ibe ria-Eu rope con ver gence, the Pol ish Ba sin un der -
went in ver sion (cf. Kutek and G³azek, 1972; Dadlez, 1998; Kutek, 
2001; Krzywiec, 2002, 2006; Mazur et al., 2005), to gether with
many other bas ins in Eu rope (Ziegler, 1987, 1990; Kley and
Voigt, 2008; Voigt et al., 2020; von Eynatten et al., 2020). Con se -
quently, the Mid-Pol ish Trough was up lifted and trans formed into
a pos i tive struc ture, the Mid-Pol ish Swell. As a con se quence of
this re gional up lift, the Up per Cre ta ceous suc ces sion was largely
eroded from the area, in clud ing any growth strata that may have
doc u mented the pro gres sive up lift of the Mid-Pol ish Swell. The
in ver sion led to the de vel op ment of mar ginal troughs subparallel
to the swell (e.g., Krzywiec and Stachowska, 2016), with well-
 pre served Up per Cre ta ceous suc ces sions. Near to the Mid -Pol -
ish Swell, these mar ginal troughs are filled with in ver sion-re lated
syntectonic de pos its, which grad u ally dis ap pear far ther away
from the in ver sion axis (Krzywiec et al., 2009, 2018a). The
syntectonic de pos its also ac com pany salt struc tures (diapirs, pil -
lows) and other salt-re lated struc tures on both sides of the
Mid-Pol ish Swell (Leszczy ñski, 2000, 2002; Krzywiec, 2006,
2012; Ro wan and Krzywiec, 2014).

UPPER CRETACEOUS OF THE POLISH BASIN –
AN OVERVIEW

The Late Cre ta ceous Ba sin in Po land formed part of an ex -
ten sive, rel a tively warm, and shal low Cen tral Eu ro pean epi -
continen tal sea (e.g., Hal lam, 1985; Hay, 2008; Thibault et al.,
2016), char ac ter ized by siliciclastic, car bon ate, and si li ceous
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Fig. 1. Tec tonic and geo logic sketch-map of Po land 
(with out Ce no zoic; com piled af ter Dadlez et al., 2000 

and ¯elaŸniewicz et al., 2011)

Light green – Up per Cre ta ceous; dark green – Lower Cre ta ceous;
white – pre-Cre ta ceous; yel low rect an gle – study area (see Fig. 2);
red line – re gional seis mic pro file stud ied herein (see Fig. 6); the ex -
tent of the PolandSPANTM seis mic pro files is shown in the in set
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car bon ate sed i men ta tion (Voigt et al., 2008; Leszczyñ ski, 2010, 
2012). As sum ing that the chalk rep re sents the deep est fa cies
of this ba sin (Walaszczyk and Remin, 2015; Machalski and
Malchyk, 2019), and tak ing 100–250 m as the es ti mated depth
at which the Eu ro pean chalk was de pos ited (H¯kansson et al.,
1974; Boussaha et al., 2017), the sup posed max i mum depth of
the Pol ish Ba sin did not ex ceed 250 m (Abdel-Gawad, 1986;
Œwierczewska-G³adysz, 2006; Dubicka and Peryt, 2012). Most
of the ba sin, how ever, was much shal lower, as sug gested by
stud ies in south-east Po land (Abdel- Gawad, 1986; Walaszczyk 
and Remin, 2015; Machalski and Malchyk, 2019).

The gen eral fa cies pat tern of the Late Cre ta ceous Pol ish
Ba sin was strongly con trolled by eustatic sea-level changes
(Haq et al., 1988; Han cock, 1989; Haq, 2014). The mid-Cre ta -
ceous trans gres sion be gan to wards the end of the Early Cre ta -
ceous, in the Mid dle/Late Albian, and con tin ued to the end of
the Cre ta ceous (Haq et al., 1988; Han cock, 1989; Haq, 2014).
Ini tially, the sea cov ered the ax ial part of the ba sin (i.e. the
Mid-Pol ish Trough), suc ces sively en croach ing onto flank ing ar -
eas to wards the north-east and south-west, and ul ti mately cov -
er ing most of pres ent-day Po land (e.g., Cieœliñski, 1959;
Marcino wski and Radwañski, 1983). The sea dis ap peared from 
the Pol ish Ba sin in the Early Paleocene (e.g., Ziegler, 1987;
Piwocki et al., 2004; Jarosiñski et al., 2009).

Al though rel a tively uni form in fa cies, the Up per Cre ta ceous
suc ces sion of the Pol ish Ba sin shows quite dis tinct lat eral and
ver ti cal lithological changes, con trolled by (1) prox im ity to the
source area(s), (2) ba sin depth, and (3) lo cal in ver sion-re lated
tec tonic move ments (e.g., Jaskowiak-Schoeneichowa and
Krasso wska, 1988; Krassowska, 1997; Leszczyñski, 2010,
2012). The pat tern re vealed in pub lished lithofacies maps
(Jaskowiak -Schoeneichowa and Krassowska, 1988; Leszczyñ -
ski, 2010, 2012) dem on strates the pres ence of sandy fa cies
within the prox i mal zones of the ba sin (best pre served far ther to 
the north and in the south-west of Po land), and car bon ates
(lime stone, marl, opoka, chalk, with lo cally abun dant cherts and 
flints) pre vail ing in cen tral pe lagic zones far away from sur -
round ing lands. Mudstone and claystone fa cies, of ten cal car e -
ous, con sti tute the tran si tion zones. The study area (Fig. 1), lo -
cated within the north-east flank of the Mid-Pol ish Trough, was
in a tran si tion zone be tween the pe riph eral re gions of the ba sin
and the open, pe lagic sea.

Siliciclastic sed i men ta tion also oc curred in the cen tre of the
ba sin, where it was as so ci ated with compressionally-re ac ti -
vated salt or lo cal in ver sion struc tures. Syntectonic, in ver sion-
 re lated Up per Cre ta ceous de pos its have been iden ti fied in nu -
mer ous bore holes and im aged by seis mic data (Jaskowiak -
-Schoneichowa, 1979; Leszczyñski, 2000, 2002; Krzywiec et
al., 2003, 2009, 2018a; Krzywiec, 2006, 2012; Krzywiec and
Stachowska, 2016).

DATA AND METHODS

SEISMIC DATA

This study was based on the PL1-1100 seis mic pro file (Fig.
1), one of the re gional NW–SE ori ented seis mic re flec tion pro -
files ac quired as a part of the PolandSPANTM sur vey. The part
of this pro file stud ied is lo cated be tween the Grudzi¹dz IG 1 and 
Polik IG 1 deep re search bore holes (Fig. 2), where the en tire
Up per Cre ta ceous suc ces sion was cap tured in great de tail.
Some seis mic pro files were ac quired in this part of the ba sin in
pre vi ous de cades, mostly in the late 1980s, but they did not al -
low a de tailed rec og ni tion of in ter nal struc ture in the Up per Cre -
ta ceous suc ces sion. This was mostly due to sparse seis mic

data cov er age, the rel a tively short length of par tic u lar seis mic
pro files, their in suf fi cient res o lu tion, and gen er ally poor im ag ing
qual ity within the up per parts of these pro files cov er ing the Up -
per Cre ta ceous suc ces sion (Fig. 3); in fact, in some cases,
parts of the Up per Cre ta ceous and Ce no zoic were not been im -
aged at all (Fig. 3A). The PL1-1100 re gional seis mic pro file has
suf fi cient length and is char ac ter ized by good qual ity, high-res o -
lu tion im ag ing of the shal low est part; it re vealed var i ous
seismo stratigraphic fea tures within the Up per Cre ta ceous suc -
ces sion pre cisely, in clud ing lo cal and re gional un con formi ties,
lo cal in ci sions, and lat eral changes of thick ness.

The PolandSPANTM sur vey was ac quired in 2012 by ION
Geo phys i cal as a part of their global BasinSPAN TM Pro ject
(https: //www.iongeo.com/Data_Li brary). It con sists of
~2200 km of seis mic pro files ac quired us ing high-end pa ram e -
ters: long off sets (12 km), tight sta tion spac ing (25 m), long re -
cord lengths (12 sec), and high nom i nal fold (480) and broad -
band sweep (2–150 Hz) (cf. Krzywiec et al., 2014a, b, 2017a,
2018a, b; Mazur et al., 2015). All these data have been pre-
 stack time and pre-stack depth mi grated. The seis mic pro files
of PolandSPANTM pro vide un par al leled in sight into the deep
sub surface, and have al ready been used to de ci pher var i ous
as pects of the Pre cam brian, Pa leo zoic, and Me so zoic struc ture 
and evo lu tion of north-east and south-east Po land (e.g., Mazur
et al., 2015, 2016; Krzywiec et al., 2018a, b; Miko³ajczak et al.,
2019; Kufrasa et al., 2020).

In this study, in ter pre ta tion of seis mic data was fo cused on
the in ter nal ge om e try of the Up per Cre ta ceous sed i men tary
suc ces sion. Due to the ab sence of any dis cern ible tec tonic de -
for ma tion in this part of the ba sin, spe cial at ten tion was paid to a 
de tailed anal y sis of the pat tern of seis mic re flec tions and their
ter mi na tions, in ter preted to de pict de tails of the Up per Cre ta -
ceous depositional ar chi tec ture (cf. Vail et al., 1977; Catuneanu 
et al., 2011), hith erto re garded as mostly ad her ing to the layer-
 cake depositional model.

BOREHOLE DATA

The PL1-1100 seis mic re flec tion line was cal i brated us ing
two deep re search bore holes: Grudzi¹dz IG 1 and Polik IG 1
(Leszczyñski, 2011a; Podhalañska and Sikorska-Jaworowska,
2018a). The bore holes, drilled by the Pol ish Geo log i cal In sti tute 
in 1972 (Grudzi¹dz IG 1) and 1987 (Polik IG 1), are lo cated in
the im me di ate vi cin ity of the in ter preted seis mic pro file (<230 m
apart). Both have a suf fi cient set of geo phys i cal data that, af ter
ap pro pri ate cor rec tions and pro cess ing, al lowed for pre cise
bore hole-to-seis mic ties. Ad di tion ally, both bore holes pen e -
trated the en tire Up per Cre ta ceous suc ces sion.

Data on the strati graphic and lithological char ac ter is tics of
the Up per Cre ta ceous suc ces sion have been re trieved from the 
Cen tral Geo log i cal Da ta base of the Pol ish Geo log i cal In sti tute
(CBDG; http://baza.pgi.gov.pl/), and from var i ous pub li ca tions
(Jaskowiak-Schoeneichowa and Krassowska, 1983; Gawor -
-Biedowa, 2011, 2018a, b, 2019; Leszczyñski, 2011a, b, c,
2012, 2017a, b, 2018a, b, 2019; Podhalañska and Sikorska-
 Jaworowska, 2018a, b). Strati graphic sur faces from the bore -
hole re ports broadly cor re spond to the stan dard strati graphic
sub di vi sion of the Up per Cre ta ceous (Gale et al., 2020). Al -
though both the Grudzi¹dz IG 1 and Polik IG 1 bore holes have
the sta tus of re search bore holes, core re cov ery of the Up per
Cre ta ceous sec tion was rather sparse: 8.3% for Grudzi¹dz IG
1, and only 1.2% for Polik IG 1. Con se quently, any biostrati -
graphic stud ies, which re quire rock ma te rial re trieved from
these bore holes, may have a lim ited scope. The avail able strati -
graphic frame work for these two bore holes should there fore be
re garded as ap prox i mate.
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BOREHOLE-TO-SEISMIC TIE

In or der to cor re late the bore hole depth data with seis mic
time data, 1D seis mic for ward mod el ling was con ducted for the
Grudzi¹dz IG 1 and Polik IG 1 bore holes to pre dict the seis mic
re sponse of the Up per Cre ta ceous suc ces sion (cf. Onajite,
2014). Syn thetic seismograms were cal cu lated fol low ing the
pro ce dure de scribed be low.

First, the qual ity of the well logs used as an in put data was
thor oughly checked. For both bore holes, re sis tiv ity (EN10) and
sonic (DT) logs were ana lysed. In Grudzi¹dz IG 1, the re sis tiv ity 
log cov ered the 123–1075 m in ter val, and the sonic log the
948–1075 m in ter val; in Polik IG 1, the re sis tiv ity log ex tended
through the 0–1250 m in ter val, and the sonic log the
297–1250 m in ter val. The sonic log in ter vals ab sent from the
Grudzi¹dz IG 1 (123–948 m) and the Polik IG 1 (0–297 m) suc -
ces sion were cal cu lated by con vert ing the re sis tiv ity log to a
sonic log us ing the Kim-Rudman equa tion (cf. Rudman et al.,
1975). In both bore holes stud ied, the den sity of the Up per Cre -
ta ceous suc ces sion was ob tained by con vert ing sonic logs to
den sity with the Gardner equa tion (cf. Gardner et al., 1974).

The sonic logs were sub se quently cal i brated by check-shot
data. Fi nally, syn thetic seismograms were cal cu lated us ing
sonic and den sity logs (Sher iff and Geldart, 1995) and seis mic
wave lets ex tracted from seis mic data us ing fre quency match -
ing. A syn thetic seismogram for the Grudzi¹dz IG 1 bore hole
was cal cu lated us ing a zero-phase seis mic wave let, with an av -
er age dom i nant fre quency of ~35 Hz, ex tracted from the

PL1-1100 seis mic pro file and 10 nearby seis mic traces in the
win dow-ex trac tion time range 0.36–1.26 s. Sim i larly, a syn thetic 
seismogram for the Polik IG 1 bore hole was con structed us ing a 
zero-phase wave let with a dom i nant fre quency of 27 Hz, ex -
tracted from the PL1-1100 seis mic pro file with a win dow-ex trac -
tion time range of 1–2 s. To sup port the 1D seis mic strati graphic 
anal y sis, nat u ral gamma ray logs (GR) yielded gen er al ized in -
for ma tion on ver ti cal lithological changes in the Up per Cre ta -
ceous suc ces sion stud ied.

UPPER CRETACEOUS SUCCESSION 
IN THE STUDY AREA – SUMMARY OF PREVIOUS

RESULTS BASED ON BOREHOLE DATA

The Up per Cre ta ceous of the study area has been rec og -
nized in sev eral bore holes drilled in the 1960s–1990s (Fig. 2).
The macro- and micro fauna re cov ered from cores and drill cut -
tings has sug gested the pres ence of com plete (at the stage
level) strati graphic se quences of the Up per Cre ta ceous suc -
ces sion over most of the study area (Jaskowiak- Schoeneicho -
wa and Krassowska, 1983; Gawor-Biedowa, 2011, 2018a, b,
2019; Leszczyñski, 2011b, c, 2012, 2017a, b, 2018a, b, 2019;
Podhalañska and Sikorska-Jaworowska, 2018b). Only a few
stud ies from the southeasternmost part of the study area re -
ported hardgrounds and other dis con ti nu ity sur faces; these
were de scribed from the Campanian-Maastrichtian bound ary of 
the Dêbe 6 bore hole and from the Lower/Up per Maastrichtian
bound ary of the P³oñsk 8 and Dêbe 2 bore holes (Leszczyñski,
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Fig. 2. Lo ca tion of the PolandSPANTM seis mic pro file (red lines) on the geo log i cal map of Cen tral Po land
 (with out Ce no zoic; sim pli fied af ter Dadlez et al., 2000)

Grey lines – other, mostly older seis mic pro files (com piled af ter Cen tral Geo log i cal Da ta base, http://baza.pgi.gov.pl/);
yel low lines – seis mic pro files shown in Fig ure 3; in sert as in Fig ure 1

https://gq.pgi.gov.pl/article/view/8226/pdf_318


1997, 2012, 2017a; Fig. 2). A strati graphic gap span ning the
up per most Campanian–Lower Maastrichtian was re ported
from the area be tween the Bodzanów IG 1, Ciechanów 1, and
Dêbe 2 bore holes (Jaskowiak-Schoeneichowa and Krasso -
wska, 1983; Fig. 2).

Some doubts about the pre ci sion of the strati graphic frame -
work were al ready raised by var i ous au thors such as
Jaskowiak -Schoeneichowa and Krassowska (1983), Leszczyñ -

ski (1997, 2011c, 2017a, 2018a, b, 2019) and Gawor -Biedowa
(2018a, b, 2019), and at trib uted to in com plete cor ing, poor
knowl edge of the true na ture of the strati graphic re cord (due to
mass redeposition and/or a poor palaeontological re cord), sub -
se quent mix ing of the cored ma te rial, and the lack of eas ily rec -
og niz able cor re la tive peaks in the well logs. Con se quently, the
stan dard stra tig ra phy avail able ei ther in the CBDG da ta base or
in var i ous pub li ca tions and re ports should not be treated as

Aleksandra Stachowska and Piotr Krzywiec / Geological Quarterly, 2021, 65: 21 5

5 km

5 km

5 km

5 km

VE = 18

VE = 18

VE = 17

VE = 17

T
W

T
 (

s)

0

T
W

T
 (

s)

0

T
W

T
 (

s)

0

T
W

T
 (

s)

0

0.6

0.2

0.4

0.8

0.6

0.2

0.4

0.8

0.6

0.2

0.4

0.8

0.6

0.2

0.4

0.8

SENW

NW SE

SENW

NW SE

PL1-1100

T0490684

T0560588

PL1-1100

A

B

Fig. 3. Com par i son of PolandSPAN™ and older seis mic pro files

A – on the T0490684 pro file (ac quired in 1984) the first ~300 m (~0.3 s) are not im aged at all, and
de tails of the Up per Cre ta ceous ge om e try are not vis i ble even deeper; in con trast, the en tire Up -
per Cre ta ceous suc ces sion is pre cisely im aged on PL1-1100; B – on the T0560588 pro file (ac -
quired in 1988), the en tire Up per Cre ta ceous suc ces sion is im aged, al though the res o lu tion is
much poorer com pared to the PolandSPAN™ pro file; yel low line: Cre ta ceous-Ce no zoic bound -
ary; dark green line – top of the Lower Cre ta ceous; blue line – top of the Ju ras sic; the lo ca tion of
par tic u lar seis mic pro files is shown on Fig ure 2

https://gq.pgi.gov.pl/article/view/8226/pdf_318
https://gq.pgi.gov.pl/article/view/8226/pdf_318
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“rock-solid”, and the ex is tence of sub stan tial er ror bars for all of
the strati graphic bound aries ex am ined here must be kept in
mind while work ing with seis mic data.

UPPER ALBIAN–CENOMANIAN

The Up per Albian suc ces sion be gins with quartz- glauco -
nitic sand stones with phos phates, re flect ing ba sin-wide trans -
gres sion. Within most of the study area, the top most Albian
sand stones pass up wards into marls (Unis³aw IG 1, Che³m¿a 1
and Grudzi¹dz IG 1 bore holes; Fig. 2), and only in the north-
 west part of the area do the sand stones con tinue higher up-sec -
tion. The Albian suc ces sion does not ex ceed 10 m in thick ness.
The Cenomanian is char ac ter ized by a grad ual up wards in -
crease in car bon ate con tent: con se quently, clay-marly lime -
stones ap pear in the Grudzi¹dz area and lime stones in the
Polik area (Jaskowiak-Schoeneichowa and Krassowska, 1983;
Leszczyñski, 2011c, 2018b). The Cenomanian is up to 90 m
thick, with the thick est Cenomanian re corded in the north west -
ern part of the study area and near the axis of the War saw Seg -
ment of the Koœcierzyna-Pu³awy Synclinorium, close to the
Lipno 2–Bodzanów IG 1 line (Fig. 2). 

The Albian lacks any biostratigraphic in di ces. In con trast, the
Cenomanian is quite well-doc u mented by both mi cro- and
macrofauna [foraminifers: Gavelinella cenomanica (Brotzen) in
the Polik IG 1 and Bodzanów IG 1 bore holes (Gawor-Biedowa,
2018b, 2019), Rotalipora greenhornensis (Mor row) and Praeglo -
botruncana stephani (Grandolfi) in the Bodzanów IG 1 bore hole
(Gawor-Biedowa, 2019); inoceramid bi valves: Gnesio ceramus
crippsi (Mantell) in the Bielsk 1, Gradzanowo 2, Polik IG 1, and
¯uromin 1 bore holes (CBDG, http://baza.pgi.gov.pl/; Jasko -
wiak- Schoeneichowa and Krassowska, 1983; Gawor-Biedowa,
2018b) and Inoceramus etheridgei Woods in the Gradzanowo 2
bore hole (CBDG, http://baza.pgi.gov.pl/)].

TURONIAN–LOWERMOST CONIACIAN

The Turonian-low er most Coniacian in ter val is char ac ter -
ized by a lithofacies tran si tion from lime stone in the north-east,
to marly lime stone in the synclinorium axis (close to the Lipno 2
– Bodzanów IG 1 line), and opoka in the north-west of the study
area (Fig. 2). In the vi cin ity of Grudzi¹dz IG 1, the basal
Turonian con sists of light grey lime stone, which changes up -
ward into grey marly opoka and opoka. In the Polik area, the en -
tire unit is dom i nated by marly lime stone and lime stone, with
cherts and flints (Jaskowiak-Schoeneichowa and Krassowska,
1983; Leszczyñski, 2010, 2012). The thick ness of the in ter val
grad u ally in creases to wards the synclinorium axis, reach ing up
to 162 m in the Sierpc 1 bore hole. Re duc tions in thick ness are
noted in the vi cin ity of lo cal tec tonic struc tures (e.g., the Lipno
struc ture in the Lipno 2 bore hole, with an ob served thick ness of
~124.5 m). A few biostratigraphic in di ces of the in ter val have
been re ported from the Polik re gion: namely, the inoceramid bi -
valves [Inoceramus lamarcki Par kin son and Cremnoceramus
crassus inconstans (Woods) from the ¯uromin 1 bore hole;
Jaskowiak-Schoeneichowa and Krassowska, 1983)], and
foraminifers (iden ti fied in a few cored in ter vals; e.g., Gawor -
-Biedowa, 2019). Some foraminifers have also been re ported
from the Grudzi¹dz area; how ever, most are char ac ter ized by
long ranges that do not pro vide pre cise strati graphic con straint
(Gawor-Biedowa, 2011, 2018a). A Late Turonian–Early Conia -
cian age was in di cated by re ports of Stensioeina praeexculpta
(Keller) (Jaskowiak-Schoeneichowa and Krassowska, 1983).

UPPER PART OF CONIACIAN

Dark grey and grey muddy opoka and claystone, as well as
marly lime stone, from bore holes lo cated near the part of the
seis mic pro file in ter preted (Fig. 2) were iden ti fied as be ing
within the up per part of the Coniacian, with a to tal thick ness of
up to 60 m (Jaskowiak-Schoeneichowa and Krassowska, 1983; 
Leszczyñski, 2011c, 2018b). The bound ary be tween the si li -
ceous and car bon ate lithofacies lies west of the ¯uromin
1–Polik IG 1–Bielsk 1–Bodzanów IG 1 bore hole line and east of
the Skêpe 1–Sierpc 1 bore hole line, and ex tends far ther south -
-east along the Mid-Pol ish Swell (Jaskowiak-Schoeneichowa
and Krassowska, 1983). Due to poor cor ing, the scar city of
macrofossils, and the pres ence of foraminifers char ac ter ized by 
long strati graphic ranges, rec og ni tion of the up per part of the
Coniacian in most of the study area is of very low con fi dence
and was pri mar ily based on of ten ques tion able lithological sim i -
lar i ties de rived from well log data. Due to the ab sence of clear
lith o logic dif fer ences, avail able geo phys i cal well logs – such as
nat u ral GR logs – are of lit tle use.

SANTONIAN

The Santonian is dom i nated by si li ceous lithofacies in the
north-west, and by si li ceous-car bon ate lithofacies (mostly opoka
with cherts and flints) in the cen tral and south-east parts of the
study area (Fig. 2; Jaskowiak-Schoeneichowa and Krasso wska,
1983; Leszczyñski, 2010, 2012). The lithofacies bound ary in the
north ern and cen tral por tions of the study area is sim i lar to that
ob served in the up per part of the Coniacian, while in the south
the bound ary reaches the Mid-Pol ish Swell. The thick ness dis tri -
bu tion ob served in this in ter val is sim i lar to the thick ness dis tri bu -
tion in the Turonian-low er most Coniacian de scribed above: it in -
creases from the north-east (91 m in the Dzia³dowo 1 bore hole)
to the south-west, to wards the synclino rium axis (166 m in the
Bielsk 1 bore hole), with lo cal re duc tions near lo cal tec tonic struc -
tures. The Santonian age of the opoka in the Polik re gion has
been dem on strated by the inoceramid bi valves Sphenoceramus
patootensiformis (Seitz) (Bie¿uñ 1 bore hole; CBDG,
http://baza.pgi.gov.pl/), S. cardissoides (Gold fuss) (Gradzanowo
3 bore hole; CBDG, http://baza.pgi.gov.pl/), and S. cf. pinniformis
(Willett) (Szczawno 1 bore hole; cf. Jaskowiak-Schoeneichowa
and Krassowska, 1983). The Santonian age of the opoka in the
Grudzi¹dz area is less cer tain, and is sug gested only by a few
foraminiferal spe cies (Gawor-Biedowa, 2011).

CAMPANIAN

In the study area, the Campanian is mostly rep re sented by
marly lime stone with lime stone, marl, and opoka in ter ca la tions,
with nu mer ous cherts and flints. North-west of the Skêpe 1
bore hole, the si li ceous lithofacies con sist mainly of light grey
opoka (Jaskowiak-Schoeneichowa and Krassowska, 1983).
The great est Campanian thick nesses, of up to 277 m (Skêpe 1
bore hole), are noted in the synclinorium axis (close to the
Lipno-Bodzanów line). In the south ern part of the study area,
the Lower Campanian age of the marly lime stone is in di cated
by the bel em nite Gonioteuthis quadrata (Blainville) (Dzier¿a -
nowo GEO-1 bore hole; Jaskowiak-Schoeneichowa and
Krasso wska, 1983). In the Grudzi¹dz re gion, a few foraminifers
char ac ter is tic of the Campanian and Maastrichtian were iden ti -
fied [Cibicido ides involutus (Reuss), Angulogavelinella gro -
dnensis (Akimez), Gavelinella monterelensis (Ma rie); Gawor -
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-Biedowa, 2011, 2018a)], and in the Polik re gion, a Campanian
age is in di cated by a char ac ter is tic foraminiferal as sem blage
(Jaskowiak -Schoeneichowa and Krassowska, 1983).

MAASTRICHTIAN

The Maastrichtian is dom i nated by si li ceous car bon ates,
which be come sand ier in the north west ern part of the study
area; cal car e ous sand stones and sandy lime stone ap pear in
the Unis³aw IG 1 bore hole (Leszczyñski, 2018a), and sandy
marly lime stone in ter ca la tions ap pear within the opoka in the
Che³m¿a 1 and Grudzi¹dz IG 1 bore holes (Leszczyñski,
2011c). In the vi cin ity of Grudzi¹dz IG 1, the up per most part of
the Cre ta ceous suc ces sion is more marly, with sandy lime stone 
in ter ca la tions con tain ing flints and cherts (Leszczyñski, 2018a). 
In the Up per Maastrichtian of the cen tral and south east ern
parts of the study area, chalk-like lime stones (the Bie¿uñ 1,
Ciechanów 1, Dzia³dowo 2, and Szczawno 1 bore holes) and
gaizes (e.g., Dzia³dowo 1 bore hole) also oc cur (Fig. 2; cf.
CBDG, http://baza.pgi.gov.pl/; Jaskowiak-Schoeneichowa and
Krassowska, 1983). The great est Maastrichtian thick ness, lo -
cally rang ing up to 400 m (in the vi cin ity of the Lipno 2 bore -
hole), is known from near the synclinorium axis.

In the Grudzi¹dz and Polik ar eas, the Maastrichtian was
doc u mented by a few macro- and micro fauna finds ob tained
from frag men tary cores. In the Polik re gion, the foraminifer
Angulogavelinella gracilis (Marsson) shows the pres ence of the 
Lower Maastrichtian, while Gavelinella complanata (Reuss),
Bolivinoides draco (Marsson), and Karreria fallax Rzehak are
char ac ter is tic of the Up per Maastrichtian (Gawor-Biedowa,
2018b). In the same re gion, the ammonite ge nus Hoplo -
scaphites was re ported from the Bie¿uñ 1 bore hole (CBDG,
http://baza.pgi.gov.pl/), and the bi valves Chlamys acuteplicatus
(Alth) and Entolium cf. membranaceum (Nilsson) from the
marly lime stone of the Dzia³dowo 1 bore hole (Jaskowiak -
-Schoeneichowa and Krassowska, 1983). The Lower Maastri -
chtian age of the sandy-marly lime stone in the Grudzi¹dz IG 1
bore hole has been dem on strated by the bel em nite Belemnella
cf. lanceolata (Schlotheim) (Leszczyñski, 2019) and the fora -
minifers Gavelinella complanata (Reuss), Cibicidoides bembix
(Marsson), Osangularia navarroana (Suchman), and Karreria
fallax Rzehak (Gawor-Biedowa, 2011).

DEPOSITIONAL ARCHITECTURE OF THE UPPER
CRETACEOUS SUCCESSION BASED 

ON SEISMIC DATA

1D SEISMIC STRATIGRAPHIC ANALYSIS 
AND BOREHOLE-TO-SEISMIC TIE

Bore hole-to-seis mic ties en abled the cor re la tion of strati -
graphic tops, well log data, and lithological logs with seis mic
data (Figs. 4 and 5). Based on bore hole re ports, all of the Up per 
Cre ta ceous strati graphic stages have been doc u mented in the
Grudzi¹dz IG 1 and Polik IG 1 bore holes (Leszczyñski, 2011a;
Podhalañska and Sikorska-Jaworowska, 2018a). It should be
re mem bered, how ever, that due to in com plete cor ing and other
prob lems with es tab lish ing the de tailed stra tig ra phy de scribed
above, the ex act lo ca tion of stage bound aries in both bore holes 
should be treated as ap prox i mate, with a cer tain mar gin of er ror
as so ci ated with the depth of each chronostratigraphic bound -
ary. Nev er the less, in the ab sence of more re li able strati graphic

data, a 1D seis mic strati graphic anal y sis was car ried out us ing
the strati graphic de scrip tions from the bore hole re ports
(Leszczyñski, 2011a; Podhalañska and Sikorska-Jaworowska,
2018a).

A syn thetic seismogram con structed for Grudzi¹dz IG 1
(Fig. 4) re vealed sev eral clear pos i tive and neg a tive re flec tions.
The neg a tive re flec tor in the lower part of the Cre ta ceous suc -
ces sion (1038–1040 m), in sand stones and sandy marls with
glauconite, cor re sponds to an Up per Albian phosphorite ho ri -
zon (which is rec og nized widely in the Pol ish Ba sin; e.g.,
Cieœliñski, 1959). This ho ri zon is as so ci ated with a strong pos i -
tive peak on the nat u ral GR log. Higher up, a high-am pli tude
pos i tive re flec tor is as so ci ated with the intra-Cenomanian
organodetrital lime stone/clay marl tran si tion (drilled at
1026.5 m). Above, a Cenomanian pos i tive re flec tor cor re -
sponds to the marl/claystone bound ary (drilled at 979 m) lo -
cated within the marly-claystone lithological suc ces sion, which
is char ac ter ized by rel a tively high val ues on the nat u ral GR log.
A clear tran si tion from a neg a tive to a pos i tive re flec tor would be 
ex pected slightly higher, at the claystone-lime stone tran si tion
mark ing the Cenomanian-Turonian bound ary. Un for tu nately,
the ex pected re flec tors are not pres ent, prob a bly due to the lack 
of a mea sured sonic log in this in ter val and the sub sti tu tion of a
cal cu lated sonic log in stead. High-am pli tude neg a tive re flec tors 
are noted dis tinctly higher, within the opokas and clayey opokas 
just above the Santonian-Campanian bound ary, and pos i tive
and neg a tive re flec tors are re corded at the sandy lime stone –
gaize tran si tion at the Maastrichtian-Danian bound ary. Ad di -
tion ally, sev eral low-am pli tude re flec tors are vis i ble, cor re -
spond ing to sub tler changes in li thol ogy. In gen eral, it can be
con cluded that there is a rel a tively good match be tween the
syn thetic seismo gram cal cu lated for the Grudzi¹dz IG 1 bore -
hole and the seis mic data (Fig. 4).

The syn thetic seismogram cal cu lated for Polik IG 1 shows
an even better cor re la tion with seis mic data than the syn thetic
seismogram for Grudzi¹dz IG 1. The ma jor re flec tors in the syn -
thetic seismogram cor re spond to key lithological bound aries
(Fig. 5). The first high-am pli tude neg a tive re flec tor cor re sponds
to the bound ary be tween marly sand stones/sandy marls with
glauconite phos phates in the Up per Albian (1214.5 m). Due to
sig nal in ter fer ence and tun ing ef fects (the so-called thin bed ef -
fect; Widess, 1973), this neg a tive re flec tor may cor re spond to
the tran si tion be tween marls and lime stones at the Albian-
 Cenomanian bound ary. Sim i lar to the Grudzi¹dz IG 1 bore hole,
the ho ri zon with phosphorites and glauconite in the Up per
Albian suc ces sion is as so ci ated with a pos i tive peak on the GR
log. In the Cenomanian suc ces sion, both high-am pli tude pos i -
tive and neg a tive re flec tors are ob served. The pos i tive re flec tor
cor re sponds to a bound ary be tween lime stone char ac ter ized by 
high re sis tiv ity and marls char ac ter ized by lower re sis tiv ity
(1178 m). The neg a tive re flec tor, in con trast, cor re sponds to the 
tran si tion be tween marls and marly lime stones at the
Cenomanian - Turonian bound ary. A strong pos i tive re flec tor,
cor re spond ing to a bound ary be tween marly lime stone and
lime stone with nu mer ous cherts, is ob served higher (1055 m),
in the Turonian-low er most Coniacian in ter val. Stratigraphically
higher (946 m), a pos i tive re flec tor is re lated to the lithological
con trast be tween marly lime stones and opokas at the
Coniacian- Santonian bound ary. Within the Santonian in ter val,
two strong neg a tive and pos i tive re flec tors may in di cate ver ti cal
lithological vari a tions: that is, al ter nat ing tran si tions from soft to
harder lay ers, char ac ter ized by an in creased con tent of cherts
and flints. An ac com pa ny ing in crease in the GR log may sug -
gest an in crease in clay com po nents in the opokas. In the
Campanian-Maastrichtian suc ces sion, the syn thetic seismo -
gram only re veals a few pos i tive and neg a tive re flec tions. In the
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lower part of the Campanian, the strong pos i tive re flec tion may
cor re spond to marly lime stones with cherts, which are harder
(seis mi cally “faster”) than the un der- and over ly ing rocks. A
tran si tion from a weakly vis i ble pos i tive re flec tor into a neg a tive
one is noted within the marly lime stones at the Campanian -

 Maastrichtian bound ary (609 m). High val ues on the GR log
show that the Maastrichtian marly lime stone may be char ac ter -
ized by higher clay con tent than the Campanian marly lime -
stone. Most of the Maastrichtian suc ces sion does not con tain
any clear re flec tors, sug gest ing sim i lar acous tic im ped ance of
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Fig. 4. Bore hole-to-seis mic tie for the Up per Cre ta ceous suc ces sion of the Grudzi¹dz IG 1 bore hole

For lo ca tion, see Fig ure 2; TVD – true ver ti cal depth, TWT – two-way time; stra tig ra phy: L.C – Lower Cre ta ceous, P. –
Paleogene, Ceno. – Cenomanian, Mid.-Up. Con. – Mid dle and Up per Coniacian, Dan. – Danian, Up. Alb. – Up per Albian;
Log: Sonic Vel. – sonic ve loc ity, DT – sonic log; seis mic ho ri zons: Cr1 – Top Lower Cre ta ceous; Unc – un con formity, Cr2 –
Top Up per Cre ta ceous; strati graphic and lithological logs are af ter Leszczyñski (2011b)



lithological suc ces sions within this strati graphic in ter val. It is
dom i nated by marly lime stones with in ter ca la tion of marls and
opokas; chalk-like marly lime stones are also com mon. The
high-am pli tude neg a tive re flec tor re lated to the Lower-Up per
Maastrichtian bound ary (408 m) does not re flect any sig nif i cant

geo log i cal changes, and may be an ar ti fact caused by well log
pro cess ing. The high est (256.5 m) neg a tive re flec tion is as so ci -
ated with the marl-gaize tran si tion and un con formity at the
Maastrichtian-Danian bound ary.
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Fig. 5. Bore hole-to-seis mic tie for the Up per Cre ta ceous suc ces sion of the Polik IG 1 bore hole

For lo ca tion see Fig ure 2, for other ex pla na tions see Fig ure 4; strati graphic and lithological logs 
are af ter Podhalañska and Sikorska-Jaworowska (2018b)



RESULTS OF SEISMIC DATA INTERPRETATION

In gen eral, the depositional ar chi tec ture of the Me so zoic
sed i men tary cover on the East Eu ro pean Craton can be de -
scribed by a strati graphic layer-cake model. In the Up per Cre ta -
ceous por tion of this suc ces sion, how ever, some im por tant de -
vi a tions from this model are ob served (Fig. 6; cf. also Krzywiec
et al., 2018a).

As il lus trated by seis mic data, one of the key fea tures of the
Up per Cre ta ceous suc ces sion be tween the Grudzi¹dz IG 1 and 
Polik IG 1 bore holes – and also north-west and south-east of
this line – is the pres ence of a very prom i nent re gional mid-Late
Cre ta ceous un con formity (Figs. 6 and 7), which sub di vides the
Up per Cre ta ceous in ter val into two dis tinct units (Fig. 7). In the
Polik area, the lower unit (la belled – 1 on Fig. 7) is char ac ter ized 
by an al most hor i zon tal seis mic ho ri zon pat tern. The ho ri zons
are rather con tin u ous, with rel a tively high am pli tude and fre -
quency. As sug gested by bore hole-to-seis mic cor re la tion (Fig.
5), this unit is com posed of car bon ate and si li ceous car bon ate
lithofacies. Near Grudzi¹dz IG 1, how ever, seis mic data re veal
lo cal changes in thick ness and lo cal pinch-outs of ho ri zons of
me dium-am pli tude and fre quency (la belled – 1a on Fig. 7).
Based on bore hole-to-seis mic ties, this in ter val cor re sponds to
the car bon ate-si li ceous lithofacies, within which the silty and
clayey opoka dom i nates (Fig. 4).

The re gional un con formity sur face within the part of the
PolandSPAN™ 1100 seis mic pro file in ter preted, la belled as
“Unc” on Fig ure 7, is high lighted by the low an gle downlap of
seis mic ho ri zons lo cated above it, and ero sional trun ca tion be -
neath it. Ac cord ing to bore hole data, this un con formity is nei ther 
re lated to any prom i nent fea ture on geo phys i cal well logs nor
re flected by any sig nif i cant lithological change, de spite its re -
gional char ac ter and ba sin-scale ex tent. In both cal i bra tion
bore holes, this re gional un con formity is as so ci ated with only
slightly de creased val ues on the re sis tiv ity logs. In the
Grudzi¹dz IG 1 bore hole, this sur face is close to the clayey
opoka-opoka bound ary (Fig. 4), and within the marly lime stone
in ter val in the Polik IG 1 bore hole (Fig. 5).

In the up per unit (la belled – 2 on Fig. 7) over ly ing the re -
gional un con formity, oblique seis mic re flec tions downlapping
onto the re gional un con formity at a low but no tice able an gle
(~0.7°) are clearly vis i ble. Most of this suc ces sion pinches out
to wards the south. A com par i son of lithological data from the

Grudzi¹dz IG 1 bore hole with seis mic data shows that par al lel,
mostly con tin u ous, me dium and high-am pli tude seis mic ho ri -
zons cor re spond to a si li ceous car bon ate lithofacies (Fig. 4). On 
the other hand, in the Polik area this in ter val is dom i nated by
semi-con tin u ous re flec tions with me dium-am pli tude fre quency,
in places with a wavy to par al lel pat tern. These re flec tions cor -
re spond to car bon ate-si li ceous lithofacies, as sug gested by
bore hole-to-seis mic cor re la tion (Fig. 5).

Cor re la tion of seis mic and bore hole data sug gests the un -
con formity is diachronous: in the north (Grudzi¹dz IG 1 bore -
hole), it ap prox i mately cor re sponds to the Santonian- Campa -
nian bound ary, and in the south (Polik IG 1 bore hole) it lies
close to the Campanian-Maastrichtian bound ary. The PL1-
 1100 seis mic pro file clearly il lus trates that there are Up per Cre -
ta ceous in ter vals (la belled – A on Fig. 8A) that can be iden ti fied
in the north-west part of the War saw Seg ment (Grudzi¹dz
area), but do not have equiv a lents in the Polik area. Sim i larly,
there is an in ter val in the Polik area (la belled – B on Fig. 8B)
which does not have a strati graphic coun ter part in the Gru -
dzi¹dz area. As a con se quence, a sig nif i cant strati graphic gap
is in ferred for the Polik IG 1 bore hole, span ning at least a large
part of the Lower Maastrichtian, and pos si bly also the high est
part of the Campanian: i.e., the in ter val iden ti fied in the
Grudzi¹dz IG 1 bore hole (Fig. 8A). Re sults of the seis mic-strati -
graphic cor re la tion be tween Grudzi¹dz IG 1 and Polik IG 1 sug -
gest that, in con trast to the avail able bore hole stra tig ra phy, the
Lower Maastrichtian may not be pres ent in Polik IG 1 bore hole.
While the foraminifers Angulogavelinella gracilis (Marsson) re -
ported from Polik IG 1 does sug gest the pres ence of the Lower
Maastrichtian in this bore hole (Gawor-Biedowa, 2018b), it may
po ten tially be re de pos ited. On the other hand, the up per most
part of the Up per Cre ta ceous suc ces sion in the Polik IG 1 bore -
hole, which in cludes part of the Up per Maastrichtian ac cord ing
to biostratigraphic stud ies, has no equiv a lent in the Grudzi¹dz
IG 1 bore hole (Fig. 8A). The strati graphic ad just ments in ferred
from seis mic data seem vi a ble, tak ing into ac count the rel a tively 
wide mar gin of er ror for par tic u lar strati graphic tops de scribed
above. How ever, the mod i fied strati graphic cor re la tion of the
Up per Cre ta ceous suc ces sion de rived from in ter pre ta tions of
re gional high-res o lu tion seis mic data is in sharp con trast with
the clas sic layer-cake model used for the sed i men tary infill of
the Pol ish Cre ta ceous Ba sin, based as it is on the sim ple cor re -
la tion of strati graphic sur faces be tween bore holes (Fig. 8B).
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Fig. 6. Geo logic cross-sec tion based on the part of the P1-1100 seis mic pro file in ter preted, show ing the main 
struc tures and strati graphic fea tures of the Permo-Me so zoic infill of the mar ginal East Eu ro pean Plat form

For lo ca tion see Fig ure 1
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DISCUSSION

In ter pre ta tion of the PolandSPAN™ 1100 seis mic pro file in
the area be tween the Grudzi¹dz IG 1 and Polik IG 1 bore holes
re vealed a depositional ar chi tec ture of the Up per Cre ta ceous
suc ces sion that dif fered sub stan tially from the pre vi ously as -

sumed layer-cake model, as based on long-dis tance bore hole
cor re la tions (cf. Fig. 8B). The main el e ment of this new seis -
mic-based model is the pres ence of a pre vi ously un rec og nized
mid-Late Cre ta ceous re gional un con formity, which sub di vides
the Up per Cre ta ceous suc ces sion into two units: a lower one
(unit – 1 on Fig. 7) char ac ter ized mostly by layer-cake ge om e -
try, and an up per one (unit – 2 on Fig. 7) char ac ter ized by a re -
gional low-an gle clinoform pat tern.
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Fig. 8. Cor re la tion be tween the Grudzi¹dz IG 1 and Polik IG 1 bore holes

A – seismostratigraphic cor re la tion, above un con formity, (A) in ter val pres ent in Grudzi¹dz IG 1 and ab sent from Polik IG 1,
(B) in ter val pres ent in Polik IG 1 and ab sent from Grudzi¹dz IG 1; B – chronostratigraphic cor re la tion based on well-log data.
Strati graphi cal and lithological logs af ter Leszczyñski (2011b) and Podhalañska and Sikorska-Jaworowska (2018b). Strat. –
stra tig ra phy, Litho. – li thol ogy, RES – re sis tiv ity, GR – gamma ray; other ex pla na tions as in Fig ures 4, 5 and 7; please note
very sub stan tial ex ag ger a tion (66x) of seis mic pro file that has sig nif i cantly oversteepened the clinoform of the unit [2] lo cated
above the re gional un con formity marked by a red hatched line



A sim ple, stage-level cor re la tion of strati graphic sur faces
be tween the Grudzi¹dz IG 1 and Polik IG 1 bore holes
(Leszczyñ ski, 2011a; Podhalañska and Sikorska-Jaworo -
wska, 2018a) il lus trates very sim i lar suc ces sions in both bore -
holes with re gards to both their strati graphic com plete ness
and thick ness pat tern (Fig. 8B). This is par tic u larly ev i dent in
the Cenomanian- Campanian in ter val; the Maastrichtian has a
much greater thick ness in the Polik IG 1 bore hole (Fig. 8B). In
the ab sence of other in for ma tion, these data would fully jus tify
a sim ple stage-by-stage cor re la tion be tween the bore holes,
built upon an as sump tion that a clas sic layer-cake geo log i cal
model, in di cat ing con tin u ous and un dis turbed sed i men ta tion
in the Late Cre ta ceous, is ap pli ca ble. How ever, this model is
in con sis tent not only with the seis mic in ter pre ta tion de scribed
in this pa per, but also with the re sults of pre vi ous sedimento -
logical stud ies con ducted on se lected bore hole cores and well
logs from the south east ern part of the study area (the re gion
be tween Bodzanów IG 1, Ciechanów 1, and Dêbe 2), which
iden ti fied the pres ence of hardgrounds and other dis con ti nu ity
sur faces, as so ci ated with a strati graphic gap span ning the up -
per most Campanian–Lower Maastrichtian (Jaskowiak -
-Schoeneicho wa and Krassowska, 1983; Leszczyñski, 1997,
2012, 2017a). This strati graphic gap might cor re spond to the
un con formity sur face rec og nized in the PolandSPAN™ seis -
mic pro file.

A ques tion then arises: sup pos ing that better doc u men ta -
tion had been avail able, would it have been pos si ble to dis cern
the ac tual ar chi tec ture as re vealed by the PolandSPAN™ seis -
mic pro file in ter preted herein based on prior datasets? Not nec -
es sar ily. There is still a lot of space to in ter pret the Up per Cre ta -
ceous suc ces sion based on a layer-cake strati graphic model.

In or der to ex plain the Late Cre ta ceous evo lu tion of the seg -
ment of the Pol ish Ba sin stud ied, a sim ple con cep tual model
based on seis mic data was con structed (Fig. 9). Dur ing the Late 
Albian–early Late Cre ta ceous, siliciclastic-car bon ate sed i men -
ta tion pre vailed and a layer-cake strati graphic suc ces sion (unit
1), typ i cal of cratonic bas ins char ac ter ized by uni form sub si -
dence, formed (Fig. 9A). To an ex tent, this sim ple ge om e try
was com pli cated by lo cal progradation, lat eral thick ness
changes, and pinch-outs (unit – 1a in Fig. 7) re lated to lo cal tec -

tonic move ments driven by the thin-skinned in ver sion of lo cal
struc tures that are de tached in Zechstein evaporites and lo -
cated along the north east ern flank of the Mid-Pol ish Swell (Fig.
9B; e.g., Jaskowiak-Schoeneichowa and Krassowska, 1983;
Krzywiec, 2006, 2012). Then, in ap prox i mately the Campa -
nian–Early Maastrichtian, re gional ero sion took place that may
have fol lowed re gional up lift of the north east ern part of the Pol -
ish Ba sin lo cated above the mar ginal part of the craton. Sim i lar
Late Ju ras sic and ear li est Late Cre ta ceous re gional up lifts have 
been pre vi ously re ported us ing PolandSPAN™ seis mic data in
south-east Po land (Krzywiec et al., 2018a). The ex act na ture of
these up lifts re mains enig matic: one can di date is re gional buck -
ling of the cratonic edge, caused by a re gional com pres sive
stress field that led to the in ver sion of sed i men tary bas ins in
many parts of Eu rope (e.g., Cloetingh et al., 1999; Cloetingh
and Van Wees, 2005). The pro gres sive for ma tion of a re lated
re gional un con formity was fol lowed by the es tab lish ment of the
en su ing sed i men tary sys tem, char ac ter ized by low-an gle (<1°)
car bon ate and si li ceous car bon ate sed i men ta tion, which grad u -
ally pro gressed southeastwards (Fig. 9C). This new depositio -
nal sys tem (approx. Campanian–Maastri chtian), con trolled by
in ver sion tec ton ics and Late Cre ta ceous sea-level changes,
lasted at least un til the end of the Cre ta ceous. Af ter the fi nal
stage of ba sin in ver sion, en su ing ero sion led to the re moval of
the top most part of the Up per Cre ta ceous tec tonic suc ces sion
(Fig. 9D). Sub se quently, the Cre ta ceous suc ces sion was
capped by a rel a tively thin, mostly hor i zon tal, post-in ver sion
Ce no zoic se quence (Fig. 9E).

The new Up per Cre ta ceous depositional ar chi tec ture dem -
on strated here, based on re gional high-res o lu tion seis mic data
cal i brated by re search bore holes, dif fers sig nif i cantly from the
pre vi ously used model based on a layer-cake ap proach. As
such, it seems nat u ral that the re gional Up per Cre ta ceous stra -
tig ra phy should be re-eval u ated us ing hard and re li able strati -
graphic facts – that is, biostratigraphic data from cores, seis mic
data, and well logs. A re-eval u ated strati graphic frame work will
re sult in, at a min i mum, re vised Up per Cre ta ceous re gional
depositional mod els (Leszczyñski, 2012), palaeo ge ogra phy
(e.g., Ziegler, 1990; Leszczyñski, 1998), thick ness trends (e.g.,
Jaskowiak-Schoeneichowa and Krassowska, 1988; Œwidro -
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Fig. 9. A qual i ta tive, con cep tual model for the de vel op ment of Late Cre ta ceous depositional ar chi tec ture
 in the Grudzi¹dz-Polik area

https://gq.pgi.gov.pl/article/view/7403
https://gq.pgi.gov.pl/article/view/8226/pdf_318
https://gq.pgi.gov.pl/article/view/8929/pdf_955


wska and Hakenberg, 1999), and fa cies dis tri bu tion (e.g.,
Jasko wiak - Schoeneichowa and Krassowska, 1988; Leszczyñ -
ski, 1998, 2010, 2012). Ad di tion ally, mod i fied mod els of tec -
tonic sub si dence, burial his tory, and ther mal evo lu tion for the
part of the Pol ish Ba sin stud ied might be ex pected (cf. Dadlez
et al., 1995; Poprawa, 2019).

SUMMARY AND CONCLUSIONS

This pa per pro vides a new model of Up per Cre ta ceous
depositional ar chi tec ture in cen tral Po land (Polik-Grudzi¹dz
area) via an in ter pre ta tion of re gional high-res o lu tion seis mic
data from the PolandSPANTM sur vey. The newly ac quired
seis mic pro files pro vide a unique glimpse into the true ar chi -
tec ture of the re gional Up per Cre ta ceous suc ces sion – in clud -
ing a hith erto un rec og nized re gional un con formity that sub di -
vides the stud ied suc ces sion into two units. The lower unit is
mostly char ac ter ized by a layer-cake ge om e try with lo cal
changes in thick ness, while the up per unit, char ac ter ized by
low-an gle seis mic clinoforms, pro gres sively pinches out to -
ward the south. Cor re la tion of seis mic and bore hole data
showed that the re gional un con formity in the Grudzi¹dz–Polik
area is of Campanian age. More over, the re sults of the seis -
mic-strati graphic cor re la tion sug gest a sig nif i cant strati graphic 
gap in the Polik IG 1 bore hole, span ning at least a large part of

the Lower Maastrichtian and pos si bly also the up per most part
of the Campanian, an in ter val ro bustly iden ti fied in the
Grudzi¹dz IG 1 bore hole. The depositional ar chi tec ture and
strati graphic cor re la tion of the Up per Cre ta ceous suc ces sion
based on in ter pre ta tions of re gional seis mic data do not cor re -
spond to a layer-cake model, which has been pre vi ously ap -
plied to the en tire Up per Cre ta ceous suc ces sion within the
mar gins of the East Eu ro pean Craton. The for ma tion of the re -
gional un con formity dis cov ered here is ten ta tively as so ci ated
with re gional buck ling of the East Eu ro pean Craton dur ing
Late Cre ta ceous in ver sion of the Pol ish Ba sin.

The new strati graphic in ter pre ta tion pre sented herein may
have a pro found in flu ence on un der stand ing of the Late Cre ta -
ceous evo lu tion of the mar ginal part of the East Eu ro pean Plat -
form, an area pre vi ously con sid ered as char ac ter ized mostly by
a “layer cake” depositional ar chi tec ture.
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