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Abstract. Numerous brittle deformations related to the Late Cooper and Williams, 1989; Coward, 1994). Numerous pro-
Cretaceous inversion of the Mid-Polish Trough (MPT) have cesses could cause basin inversion, i.e. inversion of subsi-
been identified in its various parts using seismic data. Thedence trends. It is often related to compressional stresses
role of Zechstein evaporitic deposits during basin evolutiontransferred from zones of continental collision or active sea-
and inversion is also described. A model for the Pomera-floor spreading. For example, Late Cretaceous-Tertiary in-
nian segment of the MPT has been constructed that includegersion in Europe has been often attributed to Alpine col-
significant decoupling between pre-Zechstein basement anfision and Atlantic spreading (Dadlez, 1980a; Dronkers
Mesozoic sedimentary infill. In areas without significant in- and Mrozek, 1991; Erlstrom et al., 1997; Roure and Col-
fluence of Zechstein deposits on tectonic processes, classichdtta, 1996; Stackenbrandt and Franzke, 1989; &g
inversion structures have been interpreted like reverse faultd987; Ziegler, 1989, 1990). Studies of inversion pro-
and uplifted basement blocks. Thickness reductions and loeesses resulted in development of numerous models linking
cal angular unconformities pointing to syn-tectonic sedimen-deep (lower crustal-mantle) ductile deformations with up-
tation often accompany these inversion structures. Correlaper crustal brittle deformations (cf. Coward, 1994). Upper
tion of well and seismic data allows for fairly precise dating crustal inversion-related deformations include reverse and
of the inversion activity in various parts of the MPT. For the strike-slip faults that can often be detected using seismic re-
NW segment indirect observations suggest that inversion acflection data. In this paper selected examples of inversion-
tivity spanned Turonian to Campanian times, whereas in SEelated upper crustal faults developed within pre-Zechstein
segment inversion could have started in Coniacian, was achasement of the Mid-Polish Trough and its sedimentary infill
tive in Santonian and Campanian, and reached its peak imre described (cf. Krzywiec, 2000a, b, ¢, d), and their rela-
Maastrichtian times. Inversion along the NE boundary of tionship to Alpine collision processes is discussed.
the MPT (Koszalin-Chojnice tectonic zone) was associated Two major types of inversion structures can be distin-
with strike-slip movements. In this area the first stage of theguished: fault-propagation folds (Mitra, 1990, 1993), and
inversion-related uplift of axial part of the MPT can be dated fault-bend folds. Numerous studies based on analogue mod-
as post-Turonian and pre-Maastrichtian, the second stagelling (Fig. 2) and focused on detailed characteristics of such
related to strike-slip movements, as middle Maastrichtian.inversion structures have been completed and provided ra-
Maastrichtian is also the age of transverse strike-slip activtionale for interpretation of seismic data (Koyi et al., 1995;
ity along Giojec fault. All these dates generally conform to McClay 1989, 1995; Mitra and Islam, 1994). Within hinge
the main compressive events within the Alpine-Carpathianzones of inversion-related folds thickness reductions of syn-
orogenic belt, which suggests some sort of mechanical couinversion deposits accompanied by localised progradational
pling between this orogenic belt and its foreland. pattern are often observed and point to syn-depositional tec-
tonic activity (Cartwright, 1989). Such features are similar
to that observed e.g. within frontal parts of orogenic belts
(Hardy et al., 1996; Krzywiec, 1997, 2001). Strike-slip
1 Introduction movements and development of flower structures also often
accompany inversion processes, especially when compres-
Problems of basin inversion have been recently subject of insional stresses responsible for basin inversion are obliquely
tensive research due to their importance for occurrence obriented to the extensional fault zones (Harding, 1985; Lihou
hydrocarbon deposits (cf. Buchanan and Buchanan, 1995nd Allen, 1996; Woodcock and Schubert, 1994).
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tance for understanding of this sedimentary basin evolution

_/__ - .
_/— (Dadlez, 1997; Stephenson and Narkiewicz, 1999).
MPT was inverted in Late Cretaceous-Palaeocene times,
- at which time its axial part was strongly eroded ¥Bryski

and Brochwicz-Lewaski, 1979; Ziegler, 1990). In its SE
part (Holy Cross Mnts.; Fig. 2) Palaeozoic basement was
exposed as a result of this inversion. Numerous publica-
tions related to the MPT inversion have been presented so far
(e.g. Dadlez and Marek, 1969; Dadlez, 1997; Kutek, 1994,
Pazaryski, 1977; Pparyski and Brochwicz-Lewiski, 1979).
Most of these papers however mainly dealt with deep crustal
processes responsible for basin inversion (Dadlez, 1980a;
Dadlez et al., 1994, 1995). Vertical uplift of the axial part
of the basin was attributed to phase changes and transition
of eclogite into gabbro, and related crustal isostatic move-
ments (Dadlez, 1980a; Znosko, 1979); the role of regional
compressional stresses in this process was also discussed.

>

Development of brittle inversion structures received much
less attention due to lack of reliable data. The very few out-
crops suitable for studying the inversion processes are all
found in SE Poland: Holy Cross Mts., Radom-Enik Ele-
vation and Lublin Trough (e.g. Jaroszewski, 1972; Lamarche
Fig. 1. Inversion of normal fault-results of analogue modelling et al., 1998; Piparyski, 1948, Stupnicka, 1971, 1972). The

(from Mitra and Islam, 1994, slightly modified). Stag@—(c) locations of particular fault zones active during extension
extension, stage(l)—(f): inversion. Yellow— syn-extensional de-  (Permian-Early Cretaceous) were postulated using mostly
posits. indirect information such as regional thickness and facies

changes known from regional analysis of well data (Dadlez,
1980b; Hakenberg an8widrowska, 1997, 1998a, 1998b;
2 Geological setting Swidrowska and Hakenberg, 1999, 2000; Kutek and Glazek,
1972). Only selected authors (e.g.ZRoyski, 1948, 1957,
Mid-Polish Trough (MPT) belonged to the system of epi- 1977, 1997; Praryski and Brochwicz-Lewiiski, 1979) sug-
continental depositional basins of western and central Eugested reverse character of the inferred basement faults, but
rope and formed SE axial part of the Danish-Polish Basinwithout any detailed analysis of their relationship to inver-
(Michelsen, 1997, Ziegler, 1990; van Wees et al., 2000). Itsion processes.
developed from Permian to Cretaceous times and was filled
with several kilometres of sediments, mainly siliciclastics Very strong attenuation of seismic energy by Zechstein
and carbonates. (e.g. Dadlez, 1997z&gski and Broch-  evaporites and the related low quality of seismic data from
wicz-Lewinski, 1978, 1979). Important part of the sedimen- deeper (i.e. pre-Zechstein) complexes made construction of
tary infill is formed by thick Zechstein evaporites (Wagner, structural model for MPT’s basement very difficult. Few
1998). MPT was located along the NW-SE trending Torn- publications only contained direct interpretation of pre-
quist-Teisseyre Zone (Fig. 1; Dadlez, 1997; Karnkowski, Zechstein basement structure (e.g. Antonowicz, lwanowska
1999). It stretched from the Baltic Sea towards SE, and startand Rendak, 1994). More typically, published papers con-
ing from Jurassic times it also included area of the presenttained interpreted seismic profiles with tectonic deforma-
day E Carpathian Foredeep basin (cf. Dadlez, Marek andions that were restricted to the Mesozoic infill and drawn
Pokorski, 1998; Hakenberg ar@lvidrowska, 1997, 1998a; as wide vertical deformation zones (Dadlez, 1980a; Dadlez
Kutek, 1994; Paaryski andZytko, 1981). During basin and Marek, 1974).
evolution numerous salt structures were formed (Dadlez and
Marek, 1974; Pparyski, 1977; Sokotowski, 1966, 1972). Another problem related to evolution of the MPT is the
One of the major problems concerning evolution of the relationship of basement tectonic processes to salt structure
MPT is apparent lack of extensional deformations responsi-development. Numerous authors have addressed this issue
ble for several pulses of tectonic subsidence inferred from(Dadlez and Marek, 1974; Raryski, 1977; Sokotowski,
tectonic modelling (Dadlez et al., 1995; van Wees et al., 1966, 1972), but only a general link between inferred base-
2000). These deformations (normal faults) could have beemment tectonic activity and salt movements was suggested,
reactivated during basin inversion. Recently, several auand no detailed genetic model of such linked processes has
thors pointed directly to this problem, emphasising its impor-been proposed so far.
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Fig. 2. Location map of interpreted
seismic profiles at the background of
geological sketch of the Mid-Polish
Trough. Tectonics of SW Baltic Sea
after Kramarska, Krzywiec and Dadlez
(1999) and Sctiiter et al. (1997), sim-
plified. Numbers indicate numbers of
I o et STy sl i S ;:%;fes with interpreted seismic pro-

Extent of Permo-Mesozoic (Jurassic and older)
outcrops on sub-Cenozoic surface along axial part
of the Mid-Polish Trough
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3 Mid-Polish Trough inversion — main structures and Pazaryski and Witkowski, 1990; Raryski, Brochwicz-
processes Lewinski and Jaskowiak-Schoeneich, 1978) form major
inversion-related structures (Fig. 3). They form a typical ex-
Two major groups of inversion deformations from the MPT tensional fault system inverted in a compressional tectonic
have been recognised using seismic data: 1) rotated and upegime (cf. Schiter et al., 1997). Major reverse faults pre-
lifted basement blocks bordered by reverse faults and accormsumed within the pre-Zechstein basement are accompanied
panied by fault-propagation folds, and 2) basement pop-ufby asymmetric fault-propagation folds developed within the
structures and flower structures related to strike-slip move-Mesozoic infill. Due to strong uplift of inversion anticlines,

ments. related deep erosion and lack of preserved syn-inversion de-
posits it is not possible to determine precisely the timing of
3.1 Basement blocks bounded by reverse faults inversion for this part of the MPT.

Basement blocks bounded by reverse faults form the most
typical inversion structures (Hayward and Graham, 1989; In the NW part of the MPT (off-shore area of present-day

Williams, Powell and Cooper, 1989). Such features haveBaIt'C Sea) Zechstein evaporites are either absent or of small

been recently, directly or indirectly, recognised in various th|ckn_ess (Wagner, .1998)' Therefo_re, their role during basin
. evolution and inversion as decoupling level (see below) was
parts of the inverted MPT.

negligible.
3.1.1 Offshore part of the MPT — S Baltic Sea

Towards the south, close to the Polish coast, reverse faults
In the S Baltic Sea, the NW-SE trending Kaimid?o- related to basin inversion become most probably restricted to
morski and Trzebid&w faults (Dadlez and Mtynarski, 1967; pre-Zechstein basement, and overlying Mesozoic sedimen-
Dadlez et al., 1998; Kramarska, Krzywiec and Dadlez, 1999 tary infill is deformed mostly by fault-propagation folds.
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Fig. 3. Seismic profiles from the western part of the S Baltic Sea (NW Mid-Polish Trough) showing major inversion structures. Location —
see Fig. 2. Pz Zechstein, T- Triassic, J- Jurassic, K— Cretaceous.

3.1.2 Onshore part of the MPT — Pomeranian and centrabf thick salt layer above the basement deformed in brittle
segments fashion strongly modifies modes of deformation of post-salt
overburden. Mechanical decoupling between two brittle lay-
Similar basement-involved inversion structures can be founcers (pre- and post-salt successions) leads to generally more
in onshore part of the MPT. In its Pomeranian segment up-9entle depositional pattern of the sedimentary infill-gradual
lifted basement blocks possibly bordered by reverse faultghickness changes, divergent seismic pattern, gentle over-
can be inferred from available seismic profiles (Fig. 4). Ax- stepping of younger sediments, etc (comp. Withjack and Cal-
ial part of the MPT is strongly uplifted and forms so-called loway, 2000 and their Fig. 14). This is particularly true for a
Mid-Polish Swell (MPS). The area of present-day uplift is relatively thick viscous salt layer - well-documented feature
also characterised by increased thickness of Zechstein an@f the MPT, as within axial part of this sedimentary basins
Triassic deposits. Jurassic and Cretaceous series, due to upP to 1,5km of Zechstein evaporites with total thickness of
lift and erosion, have been nearly entirely removed hence igalt in order of 1km have been deposited (Wagner, 1998).
is difficult to estimate their initial thickness. However, di- During such “decoupled” extensional evolution major nor-
vergent pattern of Jurassic reflectors on both sides of upliftednal faulting is primarily restricted to the basement, and only
MPS suggests that also Jurassic series had their depocentersgcondary normal faults and associated deformations such as
vicinity of present-day uplifted MPS. All these features are €xtensional forced folds or salt structures develop within the
in agreement with earlier conclusions that maximum subsi-sedimentary infill (Withjack et al., 1990; Koyi et al., 1993;
dence of the MPT, at least in its Pomeranian segment, wa&oyi and Petersen, 1993). Thickness changes are gentle and
located in its axial part (cf. Pmryski, 1957; Dadlez and notdirectly related to normal fault zones. During basin inver-
Dembowska, 1959; Dadlez, Marek and Pokorski, 1998). Itsion basement normal faults could be reactivated as reverse
must be however stressed that Mesozoic sedimentary infilfaults and responsible for uplift of basement blocks. How-
of the axial MPT is not cut by any important faults possi- ever, their activity would most probably also be generally
bly responsible for tectonic subsidence. This could be exJestricted to the basement, and only secondary deformations
p|ained by basin-scale mechanical decoup"ng between prel’.E'&ted to inversion activity would develop within the sedi-
Zechstein (precisely between pre-Stassfurt salt) basemerfentary infill.
and Mesozoic sedimentary infill. Recently published results In SW part of the analysed seismic profile local com-
of analogue modelling of active faulting beneath salt layerpressional structures possibly genetically related to inversion
(Withjack and Calloway, 2000) clearly show that presenceprocesses have been detected (Fig. 4 and 5). These defor-
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Fig. 4. Seismic profile from axial part of the Mid-Polish Trough (Pomeranian segment) showing presumed major inversion structure:
basement block uplifted along reverse faults;-PZechstein, T- Triassic, J- Jurassic, KI- Lower Cretaceous, K2 Upper Cretaceous.

Note thickness increase of Triassic and Jurassic deposits towards the inverted axial part of the Mid-Polish Trough and asymmetrical, divergent
seismic pattern (lower part of Upper Cretaceous section) above compressional structures located SW from the axial part of the profile. Due
to low quality of seismic data from beneath of the Zechstein interval major reverse faults drawn within the basement should be regarded as
hypothetical fault zones responsible for basin inversion. Location — see Fig. 2. Black sqeal&rged portion of seismic profile shown on

Fig. 5, large arrow- general vertical movement within the axial part of the MPT.

tectonic deposits. Progressive rotation of backlimb accom-
panied by sediment progradation from uplifted source area
leads in turn to the formation of local angular unconformities.

500 All these features are very common in frontal parts of fore-
land fold-and-thrust orogenic belts, where frontal thrusts are
1000 buried beneath water and older deposits of foredeep basins

become involved in thrusting movements and they are cov-
ered by younger foredeep deposits (comp. Hardy et al., 1996;
Krzywiec, 1997, 2001; Burbank and Verges, 1994). Simi-
lar processes can also be observed above basement blocks

1500

2000 reactivated and uplifted during basin inversion (Cartwright,

1989).
wr v Mechanism of formation of these secondary compres-
ms] [ms] sional structures was probably similar to one which was

: _ i ) ) responsible for formation of Perdido, Mississippi Fan and
Fig. 5. Enlarged part of seismic profile from Fig. 4 with sec- 1o ican Ridges fold belts of the Gulf of Mexico (Rowan,

ondary syn-sedimentary compressional structures detached withi . . . .
the Zechstein evaporites and developed within the Mesozoic deaackson and Trudgill, 1999; Trudgill etal., 1999). Inthis area

posits due to inversion processes. Red dotted-insyn-compres- various compressional structures developed due to morpho-

sional deposites (Turonian to Campanian) developed during growtfiogical gradient related to continental slope, and increased
of thrust deformations. G- Cenozoic, other symbols see Fig. 4. ~ Pressure of Overb_urden_ rocks related to up-slope deposi-
tion. In case of inversion-related structures of the MPT,

morphological gradient and increased pressure of overbur-

den rocks could have been created by uplift of axial part of
mations have been interpreted by other authors as pure sathe basin, and accompanied by development of detachment
structures (cf. Jaskowiak-Schoeneich, 1979). In this papesurface within ductile Zechstein deposits. Fault planes reacti-
their origin has been attributed to compressional stresses andated during Late Cretaceous inversion might have originally
they are interpreted as imbricated fan of blind reverse faultsddeveloped as secondary normal faults during decoupled ex-
(cf. Dunne and Ferill, 1988; Mitra, 1986) and related fault- tensional stage. Local increase of Upper Triassic deposits
propagation folds. Significant thickness reductions withinwith hinge zone of these structures suggests Late Triassic
the hinge zone of fault-related folds and local angular uncon-extension. In case of analysed Pomeranian segment of the
formities (Fig. 5) point to syn-depositional tectonic activity. MPT, significant thickness reductions within the hinge zone
Uplift of fold hinge zone and related local reduction of ac- of fault-related fold (@wino 1G-1 well and its surroundings
commodation space have caused thickness reductions of syr-see Fig. 5) are observed mainly for Turonian to Campa-
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Fig. 6. Seismic profile from central (axial) part of the Mid-Polish Trough (Wagrowiec-Szubin area) showing basement inversion structure
and genetically-related Szubin salt pillow. Due to low quality of seismic data from beneath the Zechstein interval exact location and reverse
character of basement faults should be regarded as hypothetical. Compare basement geometry related to inversion to stages E and F fro
Fig. 1. Location — see Fig. 2. Pz Zechstein, T- Triassic, J- Jurassic, K— Cretaceous.
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Fig. 7. Seismic profiles from Radom-Ksaik Elevation (SE segment of the Mid-Polish Trough) showing Late Cretaceous inversion-related
structures. Note thickness changes, local angular unconformities (yellow arrows) and incised valleys (green dotted lines) within the Upper
Cretaceous deposits that point towards their relationship with the inversion processes. Location — see-Figri2sgic, J- Jurassic, K—
Cretaceous.

nian deposits, and they indirectly date uplift and inversion of by supposed basement normal fault. During inversion stage

this segment of the MPT. Presumed MPT uplift of such agethis fault could have been reactivated as a reverse fault, while

is also documented by slight thickness decrease of presunsupposedly evaporitic deposits of locally increased thickness

ably syn-tectonic (= syn-uplift; see Fig. 4 and 5) Turonian were transformed into Szubin salt pillow present above mas-

to Campanian deposits towards the NE, i.e. towards uplifteder reverse fault (see Krzywiec, 2000a for more detailed dis-

MPT’s axial part. cussion). Thickness reductions of Triassic deposits above
Szubin salt pillow document earlier stages of its develop-

Uplifted basement blocks along the reverse faults can alsanent, during extensional stage of MPT evolution (cf. Koyi,

be presumed in central part of the MPT, e.g in vicinity of Szu- Jenyon and Petersen, 1993).

bin 1G-1 well (Fig. 6). They are accompanied by footwall

shortcut reverse faults (cf. McClay and Buchanan, 1992)3.1.3 SE part of the MPT — Radom-Krik Elevation

salt structures (pillows) and fault-propagation folds devel-

oped within the Mesozoic deposits. Significant thickness ofinversion structures were also identified within the Radom-

Zechstein deposits (up to 1,5 km) known from restored geoKraSnik Elevation. In this area, due to relatively larger num-

logical maps for this area (Wagner, 1998) might be explainedber of outcrops, presence of fault-related Mesozoic folds
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has been already postulated on the basis of field studies sw NE
(Pazaryski, 1948, 1997; Jaroszewski, 1972). These faults
belong to so-called Nowe Miasto-OstrowiSuvietokrzyski-
Zawichost (Paaryski, 1948, 1997) or Nowe Miastczt
(Hakenberg an@widrowska, 1997, 1998&widrowska and
Hakenberg, 1997, 1998a) fault zone. This fault zone was
active during Permian-Mesozoic evolution of this segment
of the MPT. Recently acquired seismic profiles confirmed %5}
that they form typical system of inverted normal faults, with
their SW parts characterised by significantly increased thick-
ness of Mesozoic deposits related to their extensional activ- ot
ity (Fig. 7). Inversion structures are accompanied by thick- sek sek
ness reductions and progradational patterns within the Up-
per Cretaceous deposits. Such features are typical for syn-
depositional tectonic activity. Thickness reduction above up- 0
lifted basement blocks, localised erosion and relatively short
distance of sediment supply resulted in thickness reductions
and progradational pattern in close vicinity of master reverse
faults — typical for hinge zone of fault-related fold. Short-
term inversion-related tectonic activity could have also trig-
ger local relative sea-level changes, result in local increasedo,
erosion and in development of incised valleys-features well
visible on seismic profiles (Fig. 7). Correlation of seismic
data with deep wells like Pionki-1, Pionki-4, Pionki-2, Plusy ; B
IG-1, Ciepiebw IG-1 (Niemczycka, 1974) or Bakowa 1G-1 52;( SzeTk
(Niemczycka, 1975) showed that inversion processes in this
segment of the MPT could have possibly started in Conia+ig g, High-resolution seismic profiles from central part of the
cian, were active in Santonian and Campanian, and reached Baltic Sea (Bornholm-Dartowo fault zone) showing reverse faults
their peak in Maastrichtian. and uplifted basement blocks related to strike-slip faulting and in-

Described structures present along NE boundary of theversion (from Kramarska, Krzywiec and Dadlez, 1999). Base of
MPT could also be found further towards the SE, towardsQuaternary after Kramarska (op. cit.), Cretaceous / Silurian bound-
present-day Carpathian front. They were active in Juras@ry uncertain due to lack of wells. Note progradational pattern and
sic times as extensional features (Izotova and Popadyuk's,ynfinverSion depgsitional sgquences of.the Uppgr (?retaceous de-
1996: Kutek, 1994: Praryski andZytko, 1981) and possi- posits (upper profile). Location — see Fig. 2.—SSilurian, K —

) . . Cretaceous, @ Quaternary.

bly became inverted in Late Cretaceous what led to uplift of
Matopolska Block. Because of strong post-inversion erosion
only remnants of Mesozoic rocks are preserved within the i L ) )
present-day E Carpathian Foredeep basin and its NE margiftiC Profiles acquired in S Baltic Sea, in area between Born-
(Oszczypko et al., 1989). Discussed basement faults wer@0!M island and the Polish coast (Kramarska, Krzywiec and
again reactivated as normal faults during Miocene flexure of2@d1ez, 1999). This area is located east from Koszalin fault
the Carpathian foreland plate, and slightly inverted in Sar-20N€ - tectonic zone regarded as NE boundary of the MPT
matian due to compressional stresses transferred from thg€NSU stricto. However, parts of wider Mesozoic Danish-
Carpathian collision zone, partly in strike-slip regime (Krzy- Polish basin located e.g. in area between Bornholm island

SW NE

wiec, 1997, 1999, 2001) and onshore Poland have also been influenced by tectonic
' ' ’ ' movements that led to the MPT inversion.
3.2 Strike-slip structures In area between Bornholm island and onshore Poland (so-

called Bornholm-Dartowo fault zone, cf. Kramarska, Krzy-

Another group of inversion-related structures from the MPTWiec and Dadlez, 1999) Maastrichtian deposits crop out
consists of deformations related to strike-slip movements©On the sub-Quaternary surface gacyski and Witkowski,
Strike-slip inversion-related tectonic activity has already 1990). Cretaceous deposits rest mostly on Silurian base-
been Suggested in numerous pub"ca‘[ions (Dad|eZ, 1994]',T'Ient Only in closer ViCiniW of the CoaStline, in relatively

Herbich, 1984; Pparyski, 1977). narrow belt, Permian, Triassic and Jurassic deposits are also
present below the Cretaceous cover (Kramarska, Krzywiec
3.2.1 Offshore part of the MPT — S Baltic Sea and Dadlez, 1999).

Bornholm-Dartowo fault zone forms direct continuation of
Wide zone of strike-slip deformations related to inversion of tectonic zone known from SW surroundings of Bornholm is-
the MPT has been recently identified on high-resolution seis{iand (Deeks and Thomas, 1995; Vejbaek et al., 1994). Iden-
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Fig. 9. Seismic profiles crossing Koszalin-Chojnice tectonic zone (Debrzno-Criuenea) showing transpressional inversion structure.
Location — see Fig. 2., Pz Zechstein, T- Triassic, J— Jurassic, K1— Lower Cretaceous, K2- Upper Cretaceous, T Tertiary. Ul

and U2 (green dotted lines): intra-Cretaceous unconformities related to two stages of the Mid-Polish Trough inversion (see text for further
explanation).

tified structures include several uplifted basement blocks angharrow zone strong localised subsidence took place mainly
narrow basement pop-up structures — positive flower strucin Triassic and Jurassic and was possibly related to local
tures (Fig. 8). Bounding fault could be correlated for rela- strike-slip movements, transtension and formation of small
tively long distances, in order of several tens of kilometrespull-apart basins (Pietsch and Krzywiec, 1996; Strzetelski
(cf. Kramarska, Krzywiec and Dadlez, 1999). Towards theet al., 1995). During Late Cretaceous this zone was reac-
Southeast, i.e. towards the Polish coastline, all these faultivated, most probably in transpressional regime. This led
become broader and have smaller structural relief. All theto formation of positive flower structures within the Meso-
identified features point to Late Cretaceous strike-slip move-zoic deposits. One example of such a structure comes from
ments within this part of the MPT. Such a tectonic activ- Debrzno-Czluchw area (Fig. 9). Upper Cretaceous de-
ity resulted from relatively rigid behaviour of uplifted Born- posits in this area consist of Cenomanian and Turonian-
holm island and related channelling of tectonic movementsMaastrichtian series (Szyperl&liwczyhska, 1977). Ceno-
around this uplifted basement block (Deeks and Thomasmanian deposits have fairly uniform thickness in order of
1995). Uplift of particular blocks led to their erosion and several tens of meters, Turonian-Maastrichtian deposits are
formation of syn-tectonic deposits. Numerous examples ofmostly non-divided and have thickness up to several hun-
such syn-inversion deposition have been reported from im-dreds of meters. Only in well Cztuélw 1G-1 Turonian-
mediate vicinity of Bornholm island (Deeks and Thomas, Maastrichtian boundary was defined, but its location was de-
1995). Seismic data located farther to the Southeast provecribed as uncertain (Dembowska, 1977). Earlier works em-
that also smaller uplifted blocks most probably shed sedi-phasised existence of intra-Cretaceous unconformities within
ments during inversion and related erosion. This can be obthe Koszalin-Chojnice zone (Jaskowiak-Schoeneich, 1976)
served as prominent sediment progradation (Fig. 8). Sevthat could have been caused by local tectonic movements. In-
eral seismic sequences observed in this area formed as a reerpretation of seismic data showed that inversion in this area
sponse to relative sea-level changes controlled either by tedook place in at least two stages. During first episode axial
tonic movements related to basin inversion or by eustatic separt of the MPT was uplifted and younger strata deposited
level changes, or both. in flanking trough onlapped uplifted older deposits. This
has resulted in formation of angular unconformity marked
3.2.2 NE border of the MPT — Koszalin-Chojnice zone ~ on Fig. 9 as [U1]. During second stage of inversion-related
tectonic activity positive flower structure of Cziumh area
NW-SE trending inversion structures can also be observed¥@s formed. Its topmost part was eroded and unconformably
along NE border of the MPT, along so-called Koszalin- covered by younger deposits, what is evidenced by erosional

Chojnice zone (Dadlez and Marek, 1969; Dadlez et al., 199gunconformity marked as [U2] on Fig. 9. Correlation of
Pazaryski and Brochwicz-Leviiski, 1979). In this relatively ~ S€ismic data with Cziudiw 1G-2, Cziuclow 1G-2BIS and
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Fig. 10. Two seismic examples of strike-slip NE-SW — orientedj@c fault (central part of the Mid-Polish Trough). Location — see Fig. 2.
T — Triassic, J— Jurassic, K— Cretaceous. Note various modes of deformatiofrom transpression (positive flower structureright
profile) to transtension (negative flower structuréeft profile).

Cziluchbw 1G-1 wells suggests that possibly first phase of in- perpendicular to main trend of the MPT was most probably
version could be dated as post-Turonian, and second one asresult of oblique orientation of regional inversion-related
mid-Maastrichtian. It must be stressed however, that becauseompressional stresses to main, NW-SE trending tectonic
of stratigraphic uncertainties mentioned above these age estgrain of this basin (see below).

mates for MPT inversion should be regarded as approximate.

Due to high quality of seismic data very accurate dating of

particular tectonic episodes related to Late Cretaceous MPT, Discussion

inversion could be provided, and future work should concen-

trate on verification of well stratigraphy. Presented seismic examples document basement brittle de-

formations formed during development and inversion of the
3.2.3 Transversal strike-slip zone —&ac fault MPT. Within the axial part of the MPT significant mechani-

cal decoupling between Palaeozoic (pre-Zechstein) basement
NW-SE strike-slip movements, active during MPT inversion, and Mesozoic sedimentary infill caused by the presence of
were accompanied by development of NE-SW fault zones ofthick Zechstein evaporites resulted in various modes of sub-
similar character (cf. Dadlez, 1994, 1997). Transversal faultsidence for these two structural complexes. Such decoupling
zones were reported from other extensional domains, alsalso played significant role during basin inversion and pre-
their reactivation during basin inversion as strike-slip fault vented continuation of basement faults into the Mesozoic
zones was described (Cartwright, 1987). Within the MPT infill section. A model for Mesozoic development of the
Grojec fault zone formed most prominent NE-SW trend- Pomeranian segment of the MPT was constructed (Fig. 11).
ing fault zone of strike-slip character (Dadlez, 1994, 1997;It is based on interpreted seismic data flattened on top of
Zelichowski, 1983). This fault zone has been active alreadyZechstein (Fig. 11a), top of Triassic (Fig. 11b) and top of
during PalaeozoicZelichowski, 1983), and reactivated dur- Jurassic (Fig. 11c). Due to intracratonic and epicontinental
ing MPT inversion. Seismic profiles clearly document its character of the MPT and lack of significant sediment progra-
Late Cretaceous strike-slip character (Fig. 10). Correlationdation such flattening could be safely accepted as first but
with deep wells shows that its activity related to basin in- reliable approximation of MPT’s reconstructed upper crustal
version took place in Maastrichtian, however detailed veri- configuration for particular time-slices. Due to strong ero-
fication of archive well stratigraphy would be necessary insion within the axial part of the inverted MPT it is difficult
order to precisely date strike-slip activity alongé&fac fault  to estimate pre-inversion geometry of the MPT. Estimates of
zone. This zone is characterised by various types of deformaerosion based on compaction analysis suggest that within the
tions along its strike (both positive and negative flower struc-Pomeranian segment of the MPT inversion-related erosion
tures — see Fig. 10). Such a deformation pattern is typicalvas in order of up to 2 km (Dadlezbdwiak and Miynarski,
for strike- slip movements with fault planes active simultane-1997).  Other authors however criticised these estimates
ously both in normal and reverse mode (Biddle and Christie{(Swidrowska and Hakenberg, 1999). Therefore, both re-
Blick, 1985; Christie-Blick and Biddle, 1985; Woodcock and stored basin geometry flattened on top of Jurassic (Fig. 11c)
Schubert, 1994). Development of such strike-slip fault zoneas well as estimated amount of eroded deposits within the
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not affect post-Zechstein deposits and only secondary small-
scale deformations developed within the Mesozoic infill. It

is also characterised by rather smooth thickness changes and
divergent seismic pattern. During Late Cretaceous inversion
major basement normal faults were reactivated and could
have acted as reverse faults (Fig. 11d). For the MPT Pomera-
nian segment indirect estimates suggest that uplift of its axial

part related to inversion activity spanned Turonian to Cam-
panian times. Within the Radom-ksaik Elevation inversion
may have started in Coniacian, was active in Santonian and
Campanian, and reached its peak in Maastrichtian times. A
model was constructed that presents major stages of Meso-
zoic evolution of this part of the MPT (Fig. 12). During ex-
tensional stage basement normal faults directly governed dis-
tribution of syn-extensional (Triassic — Jurassic — Lower Cre-
taceous; Fig. 12a and b) deposits. Sediment supply was gen-
= erally towards the SW, i.e. towards axial part of the MPT (cf.
@ Kutek and Glazek, 1972). Decoupling between Palaeozoic
basement and Mesozoic infill described from other parts of
the MPT was not present in this part of the basin due to lack
B of thick viscous salt deposits. During MPT inversion area of
—_ P the present-day Holy Cross Mts. and their surroundings has
been uplifted and eroded, and particular inverted basement
blocks provided syn-inversion deposits to flanking remnant
basin (Fig. 12c).
= Inversion along NE boundary of the MPT was associated
{} with strike-slip movements. First stage of inversion related to
uplift of axial part of the MPT can be approximately dated as
A post-Turonian and pre-Maastrichtian, second stage related to
strike-slip movements can be dated as middle Maastrichtian.
Maastrichtian is also the age of transversal strike-slip activ-
ity along Gibjec fault. This is in general agreement with ear-
{} lier conclusions on timing of regional inversion of the Polish-
Danish basin (see e.g. Dadlez et al., 1995 and Ziegler, 1989,
1990 for extensive summary and numerous references). They
are however partly different from recent, more detailed esti-
preted seismic profile from Fig. 4 (not to scal@) — Late Permian mates based on regior@l thickness and facies analysis for Up-
(deposition of Zechstein evaporitegh) — Triassic, (c) — Juras-  P€r Cretaceous deposiwidrowska and Hakenberg, 1999).
sic, (d) — recent. Note that due to strong uplift all Cretaceous and These authors suggest that during Turonian no inversion ac-
Jurassic deposits from the axial part of uplifted Mid-Polish Swell tivity took place within the entire MPT; for the Pomeranian
have been eroded, hence estimations of their thickness are difficulsegment of the MPT Turonian to Santonian basin shallow-
and restoration for Jurassic times (c) should be regarded as very apng has resulted from uplift of southern Baltic sea rather than
proximate. Basement faults responsible for basin development angkom basin inversion, and real inversion started in this area
inversion should be regarded as presumed. only in Campanian. Such partial discrepancy between age
estimates based on different datasets could be explained by
methodological differences. Regional analysis of paleogeo-
MPT'’s axial part (Fig. 11d) should be regarded only as agraphic maps, especially for strongly eroded areas, is by def-
very general approximations of Jurassic and present-day ugnition biased by distribution of wells used for their construc-
per crustal geometries. Despite uncertainties related to exadion. On the other hand interpretation of modern seismic re-
amount of uplifted and eroded Cretaceous and Jurassic ddlection data provides fairly precise information on localised
posits within axial part of the MPT, this model does presentsthickness changes and other syn-tectonic features along con-
idea of basin development above basin-scale detachment suiinuous profiles that could date local inversion activity even
face within the thick Zechstein evaporites. During Late Per-for relatively small areas. For given well distribution and
mian (approx. deposition of Zechstein evaporites) to Jurassistratigraphic resolution it is often not possible to infer facies
and earliest Late Cretaceous times (Fig. 11a, b and c) baser thickness variations observed on seismic profiles. There-
ment extension was responsible for tectonic subsidence. Dufore time estimates for inversion for particular parts of the
to decoupling caused by thick evaporites normal faulting didMPT presented in this paper should be regarded as more re-

Fig. 11. Qualitative model for Late Permian-Mesozoic evolution of
the Pomeranian segment of the Mid-Polish Trough based on inter
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liable. Future work should concentrate on re-evaluation of gy NE
stratigraphic information from selected wells located in close ——
vicinity of key seismic profiles in order to obtain more pre- ————  — /
cise time constrains for dating various stages of MPT evolu-
tion, particularly its inversion.
Presented examples of upper crustal brittle deformations

developed during basin inversion strongly suggest that the

MPT has been inverted due to transmission of compressiona | A J
stresses and reactivation of inherited normal faults. Two re-
gional processes could have been responsible for foreland de-
formations and inversion of Peri-Tethyan epicontinental sed-
imentary basins: spreading within the Atlantic domain and
Alpine-Carpathian collisional (Dadlez, 1980a; Ziegler, 1990; SW NE
Golonka et al., 2000).

During Late Cretaceous development of the Atlantic rift
system Rockall Trough, Labrador Sea and Bay of Biscay rift —
axes were active (Ziegler, 1990). In particular, as already /
pointed out by Golonka et al., (2000), Bay of Biscay spread- /
ing was parallel to the arrangement of NW-SE trending major
inverted structures of Western and Central Europe. There- B
fore ridge push from Bay of Biscay spreading was proposed
as a possibly important source of compressional stresses that
could have been transferred far into the foreland plate and
cause inversion. This would however require stress trans-
fer along considerable distances for reactivation of inherited
MPT basement fault zones, and at the same time lack of ma-gy NE
jor inversion structures in the foreland of the Western Alps
i.e. in the area located much closer to the Bay of Biscay
spreading axis (cf. Ziegler, 1990). Additionally, presence of
important strike-slip fault zones active during the MPT inver-
sion suggests that regional stresses were at least partly ori P —
ented obliquely to NW-SE trending MPT, hence their origin ——————\—
might not be related to the Bay of Biscay spreading centre,//
which was parallel to the MPT.

Cretaceous collision within the Alps resulted from NE-
SW convergence between European and African plates anc C
affected mainly Western and Eastern Alps (Pfiffner, 1992).
Late Turonian — Early Senonian collision at the Penninic-
Helvetic boundary most probably resulted in formation of Fig. 12. Qualitative model of Mesozoic evolution of the Radom -
A-subduction and stacking of Austro-Alpine and Penninic Krasnik Elevation based on interpreted seismic scale from Fig. 7
nappe system (Ziegler, 1989). Compressional stresses gefRot to scale). Extensional stag) (Triassic) andb) (Jurassic—
erated by these collisional events within the Alpine domainEarly Cretaceous), inversion stage) (Late Cretaceous).
and transferred into foreland plate could have inducted in-
version of sedimentary basins such as MPT. This is sug-
gested by general age correlation between collision and foretrichtian and Palaeocene (Birkenmajer, 1986). Within the In-
land inversion. Within the Carpathian domain numerousher Carpathians Late Cretaceous collision and compression
tectonic events could be shown that might also be responwas related to suturing of the Penninic-Vahic oceanic realms
sible for compressional stresses transferred into the fore(Plaienka et al., 1997). Additonally, analysis of subsidence
land plate. During Late Cretaceous both Inner Carpathiangurves suggest influence of compressional events within the
and Pieniny Klippen Belt were subjected to several short-Inner Carpathians on Pieniny Klippen Belt evolution during
ening and subduction events partly accompanied by strikeLate Cretaceous, i.e. suggest mechanical link between these
slip movements (Birkenmajer, 1986; Néok and Nemiok,  two domains (Poprawa and Krobicki, 1996).

1994; Winkler andSI@czka, 1994; P&enka et al., 1997; During all Alpine-Carpathian collisional events mentioned
Golonka, Oszczypko anél@czka, 2000). Early stages of above compressional stresses could have been transferred
compression within the Pieniny Klippen Belt were dated into the foreland plate and led to inversion of the MPT.
as Aptian-Turonian or Senonian, and main stages of subThis would indicate that Alpine-Carpathian orogenic sys-
duction and compression were dated as Campanian, Maasem was mechanically coupled with its foreland. It must
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be noted however that during Late Cretaceous collisional 6. Inversion — related of transverse strike-slip activity
events, between Inner Carpathian domain and European Plat-  along Gbjec fault took place in Maastrichtian.

form large sedimentary basins of the Outer Carpathians ex-
isted. They were underlain by either oceanic or thinned con-
tinental crust and characterised, especially during Albian-
Cenomanian / Turonian, by uniform pelagic sedimentation
in abyssal depths (Winkler ar8laczka, 1994; Golonka, Os-
zczypko andSlaczka, 2000). It remains therefore question-
able to what extent compressional stresses generated by col-
lision within the Inner Carpathian domain could have been
transferred.acrosfs vast S_edimentary ba_sins without major et&cknowledgemenﬁ?esearch on MPT evolution was partly funded
fect on their sedlr.nentatm.n qu tec_tomc pattern, but wouldby KBN grant No 9T12B02415 (to P. Krzywiec). Acquisi-
led at the same time to significant inversion of much moretion and interpretation of high-resolution seismic data from the
distant structures of the MPT. Other authors however sugsouthern Baltic Sea was completed within NSiIGW grant No
gest on the basis of subsidence analysis of the Outer Car2.03.0010.00.0 (to R. Kramarska). Petrobaltic, Polish Oil & Gas
pathian basins that during Turonian-Maastrichtian and Pale€ompany and Apache-Poland oil companies are thanked for mak-
ocene they were subjected to minor uplift and characterisedng seismic data available for this study. P. Zientara is thanked
by slight increase of deposition rate (Poprawa and Malatafor maintaining seismic database, J. Szewczyk and S. Wronicz for
2000). If true, this scenario would justify hypothesis of rel- preparation of selected well data, and \&zWiak for well database

atively strong mechanical coupling between the Carpathiar{naintenance and help with figures drafting. Careful and construc-
ve reviews by R. Dadlez (Warszawa) and R. Stephenson (Amster-

. . . Al
orogenic belt anq its foreland pla_te that was sugges_ted_ln thI%am) are acknowledged. Their remarks and comments, although
paper on the basis of completed interpretation of seismic dat?iot fully accepted and included in this text, greatly helped to fi-
from the MPT. nally shape this contribution. Sincere thanks are also due to all par-
ticipants of EUROPROBE research programme (especially PAN-
CARDI and TESZ groups) for numerous very stimulating discus-
sions.

7. All the obtained dates of MPT inversion generally con-
form to the main compressive events within the Alpine-
Carpathian orogenic belt, which suggests some sort of
mechanical coupling between this orogenic belt and its
foreland.

5 Conclusions
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