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Middle and Upper Jurassic limestones from the Polish part of the Pieniny Klippen Belt (PKB) were palacomagnetically studied at six lo-
calities. The Middle Jurassic red crinoidal limestones of the Krupianka Limestone Formation and Oxfordian radiolarites of the
Czajakowa Radiolarite Formation, sampled in the eastern part of the Polish section of the PKB, were either unsuitable for
palacomagnetic studies (Krupianka Klippe) or remagnetized in the Neogene (Baba and Zaskalskie-Bodnaréwka klippen). The
Czorsztyn Limestone Formation was investigated at the localities of Krempachy (upper Middle Jurassic: uppermost
Bajocian?—Callovian?), Obtazowa (middle Oxfordian) and Rogoznik (Rogoza Coquina Member — Kimmeridgian). A pre-folding,
mixed polarity component of magnetization was revealed, which was interpreted as primary. Palaeoinclinations differ slightly, but not
significantly, between localities. The palaeolatitude of the Polish sector of the PKB, averaged for the Middle/Upper Jurassic, amounts to
22°N (£5°). It corresponds to the estimated palacolatitudes of the northern margins of the Adriatic microplate and indicates a signifi-
cantly large distance from the European plate. There is a growing evidence for a northward drift of the PKB in the Late Jurassic up to the
earliest Cretaceous: from the palaeolatitude of 22°N in the Late Jurassic up to 28°N in the western part, in Poland/W Slovakia, and from
28° up to 36°N in the eastern part of the PKB in Ukraine. Systematically lower palacolatitudes in the west combined with existing
palaeogeographic and geotectonic scenarios would account for a NE-SW orientation of the Czorsztyn Ridge in the Late Jurassic/earliest
Cretaceous.
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INTRODUCTION and Outer Western Carpathians. The detailed history of both
orogens in the Mesozoic from the point of view of plate tecton-

ics is still insufficiently known due to a scarcity of

The palacomagnetic method is a sensitive tool for detection
of tectonic rotations within fold- and thrust belts (e.g. Peacock
etal., 1998; Van der Voo, 2004) and terrane translations along
the active margins of a continent (e.g. Umhoefer, 2000). It is
also widely used to detect the tectonic affinity of “suspect” ter-
ranes by comparison of the palacomagnetic direction with a
reference curve from neighbouring cratons (Van der Voo,
1993; Morris and Tarling, 1996). The Pieniny Klippen Belt
(PKB) is a narrow zone, from a few hundreds metres to about
20 km wide, that stretches along the strike of the Western
Carpathian Arc from the Vienna Basin to Poiana Botizei (Ro-
mania) (Fig. 1). It constitutes a boundary between the Central

palacomagnetic data. It is relatively well established that, in the
Berriasian, both the Pieniny Klippen Belt and Central West
Carpathians were situated rather close to the European Craton:
Berriasian palaeolatitudes for the Fatric Unit in the Tatra Mts.
and PKB in the Western Slovakia amount to 27-28°N (Housa
et al., 1996; Grabowski, 2005) which is not statistically differ-
ent from the palaeolatitude of the southern edge of the Euro-
pean Plate, calculated from the reference Berriasian palacopole
(Galbrun, 1985). Also the Berriasian latitudinal difference be-
tween European Craton and the eastern part of the PKB in
Ukraine is palaeomagnetically undetectable (Lewandowski et
al., 2005). Contrasting results exist for the Late Jurassic for the
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Fig. 1. Location of the study area (A — general view, B — details) with sampling points

eastern and western part of the PKB. The results of Kruczyk
and Kadziatko-Hofmokl (2006) indicate a palacolatitude of
36°N for the broad Mid to Late Jurassic (Batho-
nian—Oxfordian) time span for the Polish part of the Pieniny
Klippen Belt, which is very close to the reference
palaeolatitude calculated from the Besse and Courtillot (2002)
apparent polar wander paths. Lewandowski et al. (2005) report
important palaeolatitudinal changes of the Ukrainian sector of
the PKB in the Middle-Late Jurassic: from 41°N in the
Bajocian—Bathonian, through 28°N in the middle Oxfordian to
36°N in the Berriasian. In this study we present new data from
the Polish part of the Pieniny Klippen Belt, from localities
which hitherto have not been palacomagnetically studied. The
results are compared with the existing palacomagnetic database
for the PKB and adjacent areas, in order to provide more data
for the palaeotectonics and palaecogeography of the Carpathian
domain during the Mesozoic.

GEOLOGICAL SETTING

The Mesozoic of the PKB is composed of several succes-
sions of predominantly deep and shallower-water limestones,
covering a time span from the Early Jurassic up to the Late Cre-

taceous (Andrusov, 1938, 1959; Birkenmajer, 1958, 1977,
1986, 1988; Andrusov et al., 1973; Misik, 1994; Golonka and
Krobicki, 2001, 2004). During the Jurassic and Cretaceous
within the Pieniny Klippen Basin the submarine Czorsztyn
Ridge (= “pelagic swell” of Misik, 1994, mainly Czorsztyn
Succession) and surrounding zones formed an elongated struc-
ture dominated by pelagic sedimentation (Fig. 2) (Birkenmajer,
1977, 1986; Misik, 1994; Michalik and Rehakova, 1995;
Aubrecht et al., 1997; Plasienka, 1999; Wierzbowski et al.,
1999; Golonka and Krobicki, 2001, 2004). Its deepest part
shows the presence of deep water Jurassic—Early Cretaceous
deposits (pelagic limestones and radiolarites). Basinal sedi-
mentary zones have been occupied by the Pieniny and Branisko
successions, whilst the Niedzica and Czertezik successions
have been located between these basinal units and the shallow-
est Czorsztyn Succession (Birkenmajer, 1977, 1986, 1988;
Aubrechtet al., 1997; Wierzbowski et al., 2004). Strongly con-
densed Jurassic—Early Cretaceous pelagic cherty limestones
(Maiolica-type facies) and radiolarites (of the Grajcarek Unit)
were also deposited in the northwestern Magura Basin (Outer
Carpathian Basin).

The Pieniny Klippen Basin probably opened during
Pliensbachian—Aalenian time, forming a part of the global sys-
tem related to the opening of the Alpine Tethys. The Alpine
Tethys, that is the Ligurian, Penninic and Pieniny/Magura
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Oceans, constitute an extension of the Central Atlantic system
(Stampfli et al., 1998). The synrift stage lasted in the Pieniny
Klippen Basin from the late Early Jurassic to the Tithonian.
Generally, the Pieniny Klippen Basin sedimentary history is
connected with three tectonic/sedimentary events reflected
firstly by oxygen-reduced dark/black terrigenous deposits of
the Early—early Mid Jurassic age (Gresten-type and
Fleckenkalk/Fleckenmergel facies), secondly by Middle Juras-
sic—earliest Cretaceous crinoidal, nodular (of the ammonitico
rosso type) or cherty (of the Maiolica = Biancone type) lime-
stones and radiolarites and thirdly by Late Cretaceous pelagic
marls (i.e. Scaglia Rossa type) facies and/or flysch/flyschoidal
deposits (Fig. 3) (i.a. Birkenmajer, 1986, 1988; Misik, 1994;
Aubrecht et al., 1997; Bak, 2000; Golonka and Krobicki, 2004;
Krobicki and Golonka, 2006).

The Pieniny Klippen Basin was closed at the Creta-
ceous/Tertiary transition as an effect of strong Late Cretaceous
(Subhercynian and Laramian) compression (Birkenmajer,
1977, 1986). The Mesozoic successions were detached and
thrusted towards the present-day north, with the Czorsztyn
Unit in the lower plate, and the Niedzica, Branisko and Pieniny

units in the upper plate position. The total crustal shortening
was estimated as minimum of 100 km (Birkenmajer, 1986).
The next major tectonic events took place in the Early and
Middle Miocene. They were related to the tectonic escape of
the composite North Pannonian (ALCAPA) terrain from the
Alpine collision zone (Balla, 1987; Csontos ef al., 1992). The
location of the PKB just at the active northern margin of the
North Pannonian terrain resulted in soft continental collision
(e.g. Royden and Burchfiel, 1989; Lille e al., 1994) and several
compressional and transpressional phases (e.g. Ratschbacher et
al., 1993); these were manifested by refolding of the Creta-
ceous nappes and the development of a system of strike-slip
faults that constitute the northern and southern boundaries of
the PKB (Birkenmajer, 1986).

SAMPLING AND METHODS

36 oriented drill cores, taken with a gasoline powered
drilling machine, and 6 oriented hand samples, were collected
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Fig. 3. Stratigraphical correlation between Jurassic lithofacies
(lithostratigraphic units after Birkenmajer, 1977) of the Pieniny
Klippen Belt successions (after Wierzbowski et al., 2004; Krobicki
and Golonka, 2006, modified) with position of sections sampled

from the Upper Jurassic deposits at 6 localities (Fig. 1B). Five
localities were situated within the Czorsztyn Unit and one lo-
cality within the Niedzica Unit. In Rogoznik, near Nowy Targ
(1 in Figs. 1 and 3), 5 cores were drilled in the lower part of
the abandoned quarry (Birkenmajer, 1979; Rehakova and
Wierzbowski, 2005) from the red micritic limestones of the

Rogoza Coquina Member of the Czorsztyn Limestone Forma-
tion. The sampled part represents most probably the
Kimmeridgian (Parvula—Borzai zones; Rehakova and
Wierzbowski, 2005). Five cores were collected from blocks
of breccia interfingering with the coquinas in order to perform
a conglomerate test. In the Obtazowa Klippe (2 in Figs. 1 and
3), 7 cores were taken from the of the Czorsztyn Limestone
Formation, 1.3 to 2.5 m above the contact with the Krupianka
Limestone Formation. The age of the sampled interval is esti-
mated as middle Oxfordian, basing on ammonites and
microfacies (Krobicki et al., 2006b). From one of the klippen,
south of Krempachy (3 in Figs. 1 and 3), 5 hand samples were
collected from the Czorsztyn Limestone Formation. Filament
microfacies and a lack of protoglobigerinids indicate the
pre-Oxfordian (uppermost Bajocian—Callovian) part of the
formation (Pszczotkowski pers. comm.; Wierzbowski ef al.,
1999), without the possibility of closer age determination. In
two klippen in the eastern part of the PKB (Soltysie Skatki —
4 in Figs. 1 and 3), red crinoidal limestones of the Krupianka
Limestone Formation (Middle Jurassic) were sampled: 8
cores were taken from the Baba and 8 cores from the
Krupianka Klippe. In the single locality of the Niedzica Unit
(Zaskalskie-Bodnarowka — 5 in Figs. 1 and 3), 3 cores and
one hand sample were taken from the Oxfordian radiolarites
of the Buwald Radiolarite Member of the Czajakowa
Radiolarite Formation.

From each core and hand sample 1-3 specimens were ob-
tained for further palacomagnetic analysis. Natural remanent
magnetisation (NRM) was measured with JR-5 and JR6a spin-
ner magnetometers (4GICO, Brno; noise level 10> A/m) in the
palacomagnetic laboratory of the Polish Geological Institute
(PGI) in Warsaw. Samples were demagnetised thermally using
the non-magnetic oven MMTD (Magnetic Measurements, UK,
rest field <10 nT). NRM measurements and demagnetisation
experiments were carried out in magnetically shielded space (a
low-field cage, Magnetic Measurements, UK, which reduces
the ambient geomagnetic ficld by about 95%). Magnetic sus-
ceptibility was monitored with a KLY-2 bridge (AGICO, Brno;
sensitivity 10 SI units) after each thermal demagnetisation
step. Characteristic remanence magnetisation (ChRM) direc-
tions were calculated by principal component analysis
(Kirschvink, 1980) wusing the PALMAG package of
Lewandowski et al., (1997) and, occasionally, a remagne-
tization circle method (McFadden and McElhinny, 1988).
Rock magnetic studies included mostly stepwise acquisition of
the isothermal remanent magnetisation (IRM) and thermal de-
magnetisation of a composite IRM acquired along 3 perpendic-
ular axes (Lowrie, 1990); the IRM was imparted using a
MMPMI pulse magnetiser produced by Magnetic Measure-
ments (UK).

RESULTS

IRM experiments enabled distinction of different magnetic
minerals in the outcrops studied. In the red crinoidal limestones
of the Krupianka Limestone Formation (Baba Klippe), satura-
tion of the IRM was not achieved at 1.4 T, indicating the domi-
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nance of a high coercivity magnetic fraction. Its maximum un-
blocking temperatures of between 600—700°C are characteris-
tic for hematite (Fig. 4A). In the red micritic limestones of the
Rogoza Coquina Member (Rogoznik quarry) rapid increases of
the IRM in applied fields of up to 200 mT indicates low
coercivity minerals. The character of the IRM/IRM, curve re-
vealed also the occurrence of a subordinate high coercivity
mineral-hematite. The dominant soft magnetic fraction is prob-
ably fine-grained magnetite, with an unblocking temperature
about 450°C, as shown by the three-axis thermal demagnetiza-
tion curves (Fig. 4B).

Rocks were moderately magnetic with NRM intensities
mostly between 0.5 and 4 mA/m and magnetic susceptibility
values between 10-80 x 10°°. Because of the presence of he-
matite, only thermal demagnetization was applied. Two com-
ponents of magnetizations were clearly defined at Rogoznik,
Obtazowa and Krempachy. Between 100 and 250°C a compo-
nent A was demagnetized (Fig. 5A). Its direction is quite simi-
lar to the present-day geomagnetic field direction in the area in
Rogoznik (Fig. 6). However, it reveals an almost vertical
downward inclination at Obtazowa and Krempachy (Fig. 6) in-
dicative of a near-pole latitude. As the rocks studied could not
reach sub-polar position during last 20 My, it can be interpreted
in terms of a resultant vector or, for instance, a recent block ro-
tation around a horizontal axis due to neotectonics. The

neotectonic activity of the PKB is well known (Zuchiewicz,
1980) and Quaternary rotations of the Mesozoic klippen
around a horizontal axis were reported e.g. from the Szaflary
area (Fig. 1) (see Birkenmajer 1979 p. 59). Recent horizontal
motions in the area are directed NNE (Hefty, 1998) and rates of
vertical movements do not exceed 0.5 mm/yr (Zabek et al.,
1993; Czarnecki, 2004).

Between 300 and 550°C another component B was re-
vealed (Fig. 5B, C). It reveals a N to NNW declination with a
moderate positive inclination at Rogoznik and a similar decli-
nation but negative inclination at Obtazowa and Krempachy
(Figs. 7A and 8A). After tectonic correction the component B
from all three localities is reasonably well clustered. (Figs. 7B
and 8B). The polarity of component B is normal, though in
two specimens from Oblazowa the reversed polarity was ob-
served. In one specimen from Obtazowa an anomalous mag-
netization was found which, in geographic coordinates, corre-
sponds to a steep inclination reversed component C from lo-
cality Baba (Fig. 9).

Specimens from breccia in the Rogoznik quarry revealed
the same structure of magnetization, with component A and B
of comparable unblocking temperatures to those described
above (Fig. 5D). However, both components are dispersed
(Fig. 10) which indicates that they were acquired before the ori-
gin of the breccia.
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Fig. 4. Stepwise acquisition of IRM and thermal demagnetization of IRM (Lowrie test) for Baba Klippe (A) and Rogoznik quarry (B)

IRM — isothermal remanent magnetization
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Intensities of NRM: x 10°° A/m

In the Baba locality, all specimens of red crinoidal lime-
stones revealed the presence of component C, demagnetized
between 150 and 400°C (Fig. 5E). At higher temperatures, the
demagnetization paths show great circles towards the NNW in-
dicating the presence of another, yet undetermined, component
of normal(?) polarity. However, stable end points have not
been reached and this component has not been determined. De-

magnetization paths for red crinoidal limestones of the
Krupianka Limestone Formation in their type locality were
highly variable and it was not possible to isolate any character-
istic component that might be statistically significant.

At Zaskalskie-Bodnaréwka, two low unblocking tempera-
ture (100-250°C) components Al and A2 were calculated
(Fig. 11A). They reveal exclusively normal polarity and the di-
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rection of component A2 after tectonic cor-
rection approaches that of component Al
before tectonic correction (Fig. 11B and Ta-
ble 1). At higher temperatures (300-500°C)
a reversed polarity component appeared in
all specimens, although, only in two cases
was a well-defined linear decay to the origin
observed (Fig. 5F). In 5 specimens it was
possible to calculate the component using a
method of remagnetization circles
(McFadden and McElhinny, 1988) (Fig. 12).
The component was tentatively compared to
component C from the Baba locality, be-
cause it reveals the same steep negative in-
clination in both in situ and tectonic coordi-
nates. However, the declination of compo-
nent C from Zaskalskie-Bodnarowka is
closer to that of its counterpart from Baba af-
ter application of tectonic correction
(Fig. 13). Two possible interpretations of the
component C at Zaskalskie-Bodnarowka (in
pre- and postfolding coordinates) are given
in Table 2.

TIMING OF MAGNETIZATION

The age of the component A in Rogo-
znik must be Late Tertiary or younger, as in-
ferred from its inclination (Fig. 6). Compo-
nent A is surely older than the sampled brec-
cia because its direction is dispersed be-
tween the breccia clasts (see Fig. 10). This
implies that the breccia itself is also rela-
tively young. More careful inspection of the
breccia reveals that it might be related to
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Table 1
Low temperature components
Locality Tect. corr. Component | Pol. | D/l dos k Dcllc | dos k N ny/n
Rogoznik 92/12 A NR | 16/73 | 6.3 59.7 | 45/67 | 6.3 59.7 5 10/11
Oblazowa 199/55 A NR | 212/86 | 6.2 62.3 | 200/31 | 6.2 62.3 7 | 12/10
Krempachy 197/50 A NR | 177/80 | 5.9 49.6 | 193/31| 59 | 49.6 5 13/13
. ) 38-50/ A2 NR | 20/54 | 12.2 | 57.3 | 31/18 | 13.1 | 49.7 7/4
Zakalskie-Bodnarowka 4
35-40 Al NR [297/72| 88 | 195.0 | 16/53 | 89 | 192.8 7/3

Tect. corr. — tectonic correction (azimuth of bedding dip/ bedding dip); Pol. — polarity; D/I — declination/inclination before tec-
tonic correction; Dc¢/lc — declination/inclination after tectonic correction; d¢s, k— Fisher statistics parameters; N — number of inde-
pendently oriented cores/hand samples; n,/n — number of specimens demagnetized/number of specimens used for calculation of

characteristic direction; NR — normal

Fig. 12. High temperature component C? from
Zaskalskie-Bodnaréwka, calculated using a method
of remagnetization circles (see McFadden
and McElhinny, 1988)
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Fig. 13. Stereographic projection of high temperature
component C from Zaskalskie-Bodnaréwka and Baba
Klippe, upper hemisphere projection

A — before tectonic correction,
B — after tectonic correction
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Table 2
Characteristic directions from the studied localities — high temperature components B and C
Paleopole:
Locality Tect. corr. | Component Pol. D/I s k Dcllc | Bos k Lat. N/ Dp/Dm | N | ny/n
Long. E
Rogoznik 92/12 B NR 335/38 | 4.7 | 95.7 | 344/43 | 4.7 | 95.7 63/233 3/6 5[ 11/11
Obtazowa 199/55 B NR+RV | 347/-12 | 7.9 | 38.4 | 341/34 | 79 | 384 56/234 5/9 7 | 12/10
Krempachy 197/50 B NR 15/-10 | 8.5 | 37.7 | 15/40 | 8.5 | 37.7 61/171 6/10 | 5 | 13/9
. X 38-50/ 33/323 (btc) | 8/10
- ? - -
Zakalskie-Bodnaréwka 35.40 C? RV 92/-64 | 9.1 | 69.2 | 184/-63 | 10.6 | 51.0 86/169 (atc) | 9/11 4 7/6
Baba - C RV 148/-64 | 7.6 | 28.6 | 148/-64 | 7.6 | 28.6 68/293 10/12 | 8 | 14/14
Krupianka - no results 8 no results 0/13

Dp/Dm — 95% confidence ovals of palaeopole calculation; btc — before tectonic correction; atc — after tectonic correction; RV — reversed; directions
accepted for geological intersections are indicated with bold; other explanations as in Table |

karst phenomena which are well developed in the quarry. We
presume that karstification of the limestones might have taken
place in the Late Neogene. Therefore component A must have
been acquired earlier, most probably during weathering in the
warm climate of the Late Tertiary. The direction of component
A from Oblazowa and Krempachy might have been subse-
quently modified due to neotectonic phenomena (see above).
Component B is interpreted as pre-folding at all three localities
(Rogoznik, Obtazowa and Krempachy). It might be a primary
magnetization and this is additionally supported by its mixed
polarity. The inclinations of component B at particular locali-
ties, in pre-folding coordinates, are not identical: the inclination
is the shallowest at Obtazowa (Oxfordian) and slightly steeper
in older (Krempachy — Middle Jurassic) and younger
(Rogoznik — Kimmeridgian) rocks. This might reflect a grad-
ual latitudinal drift of the area (Table 3). However, as each
stage is represented by a single locality, and 95% error bars for
the inclinations of component B largely overlap, it might be
possible that inclination and palaeolatitude differences are not
statistically significant and a mean palaeoinclination 39° (£7°)
must be calculated for the area, as representative for the late
Mid to early Late Jurassic. This will be discussed in the next
section. Component C is interpreted as Neogene remagne-
tization coeval with intrusion of andesite dykes, one of which is

situated just 300 m from the Baba Klippe (Birkenmajer, 1970),
close enough to elevate the temperature of the host rock. The
direction of component C also corresponds well to reversed po-
larity components of steep inclinations, noted from the Pieniny
andesites (Birkenmajer and Nairn, 1968; Kruczyk, 1970;
Marton et al., 2004).

DISCUSSION

Palaeoinclination 39° (+7°) calculated from component B at
3 localities implies a palaeolatitude for the area studied of 22°N
(£5°) in the late Mid to early Late Jurassic
(Oxfordian—Kimmeridgian). This result clearly contradicts the
conclusion of Kruczyk and Kadziatko-Hofmokl (2006) who
obtained a mean palaeolatitude of 36°N (£7°) for the Polish
part of the PKB for the Bathonian—Oxfordian. We do not have
a good explanation for this contradiction. Contrasting
palacolatitudes from several localities in the Ukrainian and
Slovakian sectors of the PKB were recently reported by
Lewandowski et al., (2006a) who postulated that the Czorsztyn
Ridge might be composed of several microblocks (terranes).
This explanation cannot reconcile our results and those of

Table 3

Comparison of Mesozoic palaeolatitudes from the western (Poland)
and eastern part of the PKB (Ukraine)

PKB western part PKB eastern part
Locality Age Palacolatitude | Locality Age Palacolatitude
Brodno' Tlth(.)mfm/ 27°N (+5°) | Kamenets® Berriasian 36°N (£8°)
Berriasian
Rogoznik® Kimmeridgian 25°N (+4°) Kimmeridgian 30°N (£10°)
Obtazowa’ Oxfordian 21°N (£5°) Oxfordian 28°N (£6°)
Krempachy® Callovian 23°N (£5°) Bajocian/Bathonian 41°N (£5°)
Mean o o Mean ° o
Callovian—Kimmeridgian 22°N (+5°) Bajocian—Berriasian 31°N (#3°)

' Housa et al. (1996), > — Lewandowski ef al. (2005), > — this study
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Kruczyk and Kadziako-Hofmokl (op. cit.). It is difficult to ac-
cept that nearby localities in the Polish part of the PKB (e.g.
Rogoznik and Czorsztyn) were separated in the Late Jurassic
by as much as 14° (16°) of latitude which equals almost
1500 km! The difference must result from interpretation of the
palacomagnetic data. In general, concerning the results of
Kruczyk and Kadziatko-Hofmokl (op. cit.), the magnetic re-
cord in their rocks is much more complicated than that in ours,
with many components interpreted as “intermediate” direc-
tions. Their sampling area embraced mostly a central part of the
Pieniny Klippen Belt in Poland (between Czorsztyn and
Niedzica) with an isolated locality in the eastern part (Homole).
Only two localities belonged to the Czorsztyn Unit, while five
other localities were situated in the Niedzica and Branisko units
which are more disturbed tectonically. Our results from the
western part of PKB in Poland (Rogoznik, Obtazowa,
Krempachy — exclusively Czorsztyn Unit) reveal a relatively
simple structure of magnetization without significant Neogene
remagnetization. On the other hand, more easterly localities
were either remagnetized in the Neogene (Baba and Zaskal-
skie-Bodnarowka) or did not give any coherent results (Kru-
pianka). It may be postulated that the eastern localities might
have been affected thermally in the Neogene due to andesite in-
trusions, what probably resulted in more than one remagne-
tization event and significant loss of primary magnetization.
The generally convincing results of Kruczyk and Kadziatko-
Hofmokl (op. cit.) from the Czorsztyn Castle Klippe (although
also affected by Tertiary remagnetization) revealed a palaeo-
latitude of 34° (£7°) during deposition of the nodular lime-
stones. However, it is not certain which part of the Czorsztyn
Limestone Formation was studied. If the samples were taken
from the lowermost part of the formation they might represent
even the uppermost Bajocian/lowermost Bathonian Parkinsoni
Zone (Wierzbowski et al., 1999; Krobicki et al., 2006a), thus
the results are not comparable with ours.

PALAEOGEOGRAPHIC IMPLICATIONS

ORIENTATION OF THE CZORSZTYN RIDGE
IN THE LATE JURASSIC

As interpretation of palacomagnetic data from the PKB, at
the present state of knowledge, is equivocal, the geological
implications based on them must also be accepted with some
caution. Nevertheless, we believe that our results, when com-
pared to those of Lewandowski ef al. (2005) shed some light
on the original orientation of the Czorsztyn Ridge.

The structural orientation of the Czorsztyn Ridge remains a
matter of debate. Various trends have been drawn on
palaeotectonic maps but mostly with little comment. Raks ez al.
(1988) suggested an E-W to ENE-WSW orientation of the
Czorsztyn Ridge, roughly parallel to the Carpathian prolonga-
tion of the Penninic ocean. The reconstructions of Vasicek et al.
(1994) and Michalik (1994) (in his fig. 5B), although essentially
similar to those of Rakus ef al. (1988), indicate a NW-SE direc-
tion of the Czorsztyn Ridge in the Late Jurassic, thus sub-per-
pendicular to the NE-SW trend of the Penninic ocean. The same
orientation of the Czorsztyn Ridge is supported by Channell and

Kozur (1997). An alternative position of the Pieniny Klippen
Basin (and also of the Czorsztyn Ridge), parallel to the Penninic
NE-SW trend is given by Stampfli et al. (1998).

Golonka et al. (2000) in their figures 4 and 5, suggest an
E-W direction of the Czorsztyn Ridge in Mid Jurassic—Early
Cretaceous time without any discussion. Some geological argu-
ments for NE-SW orientation of the Czorsztyn Ridge in the
Tithonian—Berriasian were given by Golonka and Krobicki
(2001). They include indirect evidence basing on general palaco-
geographic considerations and accept also an E-W orientation as
a possible option. The NE-SW orientation, however, conforms
with their modeled wind and upwelling directions in the Al-
pine—Carpathian sector of the Western Tethys. Aubrecht and
Tunyi (2001) postulated NE-SW orientations of neptunian
dykes, cutting the Czorsztyn Ridge at some localities in W
Slovakia. The original orientation of neptunian dykes was ob-
tained using new palacomagnetic data from the VrSatec, Babina,
Bolesovska Dolina and Meste¢ska skala localities. The results
are, however, confusing and should be reinterpreted. They were
partially questioned by the authors (Tunyi ef al., 2004), who re-
jected the results from VrSatec. Moreover, new palacomagnetic
results from the same localities (e.g. Babina klippe — Lewan-
dowski et al., 2006b) differ markedly from those reported by
Aubrecht and Tunyi (2001). Palacomagnetic arguments for a
NE-SW orientation of the Czorsztyn Ridge in the Mid Jurassic
were given by Golonka et al. (2003), using the preliminary data
of Lewandowski et al. (2000, in the final form as Lewandowski
et al., 2005). The palaeolatitudes of the eastern termination of
the Czorsztyn Ridge in the Bajocian—Bathonian correspond to
the “expected” palaeolatitudes of the SE European margin
(Lewandowski et al., 2005). This implies a NE-SW orientation
of the structure, parallel to the edge of the European Platform, at
least in the Bajocian—Bathonian.

When we accept that the Czorsztyn Ridge was a roughly
continuous structure of unvarying length and that the Kamenets
locality, studied by Lewandowski ef al. (2000, 2005), was lo-
calized on the ridge, we might compare the coeval
palaeolatitudes in the present-day western and eastern part of
the Czorsztyn Unit (Table 3). It appears that palaeolatitudes
from the western part are systematically lower than from the
eastern part. The difference amounts to 6-8° between the
Oxfordian and the Berriasian. At the present-day, the studied
western part of the PKB is situated 1° more to the north than the
eastern part (Kamenets locality, Ukraine). That means that the
western part of the PKB must have been pushed considerably
northwards, in relation to the eastern part, during Late Meso-
zoic and/or Tertiary orogenic phases. This also implies an orig-
inal NE-SW orientation of the Czorsztyn Unit in the Oxfor-
dian—Berriasian, consistent with the palacogeography postu-
lated by Stampfli e al. (1998), Golonka and Krobicki (2001),
Golonka et al. (2003) and Krobicki and Golonka (2006). Exist-
ing palacomagnetic data account for a northwards drift of the
PKB in the Late Jurassic up to the earliest Cretaceous (Fig. 14):
from the palaeolatitude of 22°N in the Late Jurassic up to 28°N
in the western part, and from 28° up to 36° in the eastern part
(Lewandowski et al., 2005; this paper). The method imple-
mented does not allow estimations of palacolongitude, which is
why there is only a schematic interpretation on Figure 14.
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36°

30°

28°
27°

25°

K Brodno - Housa et al., 1996

@ Veliky Kamenets - Lewandowski
et al., 2005

A Oblazowa Klippe - this study
B Rogoznik Klippe - this study

Fig. 14. Schematic orientation and drift of the Czorsztyn Ridge in
the Late Jurassic/ Early Cretaceous time interval proposed on the
basis of palaeogeographic and palaecomagnetic considerations

POSITION OF THE CZORSZTYN RIDGE
WITH RESPECT TO MAJOR PLATES

A possible age of magnetization was estimated by plotting
inclinations from Rogoznik, Obtazowa and Krempachy against
reference inclination trends for Europe, South (Fig. 15A) and
North Africa (Fig. 15B), calculated for the Pieniny Klippen
Belt geographic coordinates (49°N, 20°E) as a function of time.

The Mesozoic Apparent Polar Wander Paths (APWP) of
Besse and Courtillot (2002) was used for Europe (Fig. 15).

The main problem in the African APWP construction is the
relative lack of reliable African Mesozoic poles. This could be
compensated for by using palacomagnetic data from other con-
tinents rotated into African coordinates according to their age
as did Besse and Courtillot (2002).

To define a master APWP for Africa, they used original
Eurasian, North American and Indian data, transferred to the
South African coordinates and combined with African data.
Average poles were calculated every 10 Ma with a 20 Ma win-
dow (Fig. 15A).

Agreement between data from Africa and Adria indicate
their affinity and coherent motion in the Late Jurassic/Early
Cretaceous time interval. This is why palacomagnetic data
from Adria are commonly used to improve the poorly docu-
mented Mesozoic APW path of Africa. A composite APW path
in North African coordinates was created from Adria and West
Gondwana data integration by Muttoni ez al. (2001) (Fig. 15B).

An inclination versus time plot shows inclination which
would be expected if the Czorsztyn Ridge remained attached to
Europe or Africa and allows measurement of its relative dis-
placements with respect to the major plates. Comparison of the
mean PKB inclinations with the expected European and Aftri-
can inclinations and significant large distance from the Euro-
pean trend in the Mesozoic lead to the conclusion that
Czorsztyn Ridge might have been very close to the African
plate in the Late Jurassic. This conclusion is in line with recent
data by Lewandowski et al. (2006b).

Moreover, computed inclinations are very close to those ex-
pected from the stratigraphic age of the rocks sampled. Good
quality data enable determination of magnetic remanence age
for the Mesozoic: Late Jurassic or Early/Late Cretaceous. We
believe that the magnetization in sampled localities is primary
of Jurassic age, which is supported by its mixed polarity in

A B
Cretaceous Jurassic Triassic Cretaceous Jurassic Triassic
Early Late | Middie|  Early Late Early Late | Middie|  Early Late
70° - - e e ::‘: = : T 70— TE : ::‘ s g
60 EEERREIE 60| Europe | BEEmmEmEREY
ERN ! - S NN Africa|
s o - g\@rlcak é ;’
g =
@ Rogoznik 1 @ Rogoznik
30 301 -
= Krempachy an _|_ m Krempachy
A Obtazowa A Obtazowa
20 20
100 120 140 160 180 200 220 120 140 160 180 200 22C
age [Ma] age [Ma]

Fig. 15. Expected European (after Besse and Courtillout, 2002) and African palaeoinclinations ( A — after Besse and Courtillout, 2002;
B — after Muttoni et al., 2001) calculated for the geographic coordinates of a given locality in the Polish sector
of the Pieniny Klippen Belt and inclinations of the B component calculated in this study



42 Jacek Grabowski, Michat Krobicki and Katarzyna Sobien

Obtazowa. A Cretaceous age of magnetization is less probable.
There is no evidence for any Cretaceous thermal event in the
Czorsztyn Ridge region, which could have led to remagne-
tization. In the Early Cretaceous, the Jurassic rocks were cov-
ered by relatively thin layer (about 50 m) of rock. A Late Creta-
ceous age of secondary magnetic remanence was reported by
Grabowski (2000) and Grabowski and Michalik (2005) in the
Fatric Unit of the Central West Carpathians. However, this
remagnetization is accompanied by thermal reset of 8'°0 ratios
in the Central West Carpathians which, so far, have not been
observed in the PKB (Michalik ez al., 1995).

CONCLUSIONS

1. Palacomagnetically investigated Middle and Upper Ju-
rassic limestones of the Czorsztyn Limestone Formation (Pol-
ish sector of the Pieniny Klippen Belt) revealed a pre-folding,
mixed polarity component, interpreted as primary. A mean
Middle/Late Jurassic palacolatitude of 22°N (£5°) was calcu-
lated for the area studied.

2. There is a growing evidence for a northward drift of the
PKB in the Late Jurassic up to the earliest Cretaceous: from a

palaeolatitude of 22°N (this study) in the Late Jurassic up to
28°N (Housa et al., 1996) in the western, Polish—Slovakian
part, and from 28° up to 36° in the eastern, Ukrainian part
(Lewandowski et al., 2005). Systematically lower palaco-
latitudes in the west would imply a NE-SW orientation of the
Czorsztyn Ridge in the Mesozoic.

3. The mean pre-Oxfordian—Kimmeridgian palaeolatitudes
from the western part of the PKB (this study) are lower by
about 10° from those suggested by Stampfli and Borel (2002).
They are concordant with Adriatic/African rather than with Eu-
ropean palaeolatitudes.
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