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The Oligocene flysch sequence of the Lower Krosno Beds from the Hulskie section (Otryt Anticline) in the Polish Outer
Carpathians was palaeomagnetically examined in order to check its usefulness for magnetostratigraphy. The flysch complex
of the Lower Krosno Beds containing the Jasto and Zagoérz limestone horizons revealed palaeomagnetic properties sufficient
for a magnetostratigraphy to be established. Results of magnetostratigraphic correlation indicate that the Jasto limestone
was deposited ca. 29.5 Ma (upper part of magnetic polarity chron C11). The age of the Zagoérz limestone was defined as
close to ca. 28.2 or 27.5 Ma (upper parts of magnetic polarity chrons C10 or C11). The entire 450 m of the section was formed
between ca. 30 and 27.7 or 26.3 Ma, depending on the assumed version of correlation to the global magnetic polarity scale. It
implies an average sedimentary ratio of about 20 or 12 cm per thousand years. These values are significantly lower than
those obtained for the Krosno Beds from a regional analysis of sediment deposition rate. The sedimentation of the Jasto and
Zagorz limestone was most probably possible thanks to a slowdown of sedimentation rate in this part of the Krosno Beds.
The palaeomagnetic directions from the Hulskie section do not display the Fisher-type distribution and do not fit the reversal
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test, and therefore cannot be used for any regional tectonic reconstruction.
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INTRODUCTION

The Oligocene sequences of the Outer Carpathians in part
described formally as the Krosno Beds contain intercalations of
pelitic imestones. The most characteristic and widely distributed
are the Jasto shales (Koszarski and Zytko, 1961), considered as
isochronous within the whole area of their occurrence. Hacze-
wski (1984, 1989) proposed the name “Jasto limestone” for the
lower intercalation of limestones and the name “Zagdérz lime-
stone” for the younger limestone occurrence, and suggested a
perfect continuity of fine laminae of the Jasto limestone over dis-
tances up to 240 km in the Silesian and Skole units (see also
Ciurej and Haczewski, 2012). The planktonic foraminifera as-
semblage found in a close proximity of the Jasto limestone, and
especialy the occurrence of species Turborotalia liverovskae
(Bykowa) in assemblages from the lower horizon of the Jasto
limestones, suggests the age of this strata close to the Rupelian
and Chattian boundary (Olszewska, 1984). The age of the Jasto
limestone should be linked with the base of the NP24 nanno-
plankton zone (see Kotlarczyk et al., 2006). Most of the results of
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palaeomagnetic investigations of the Magura and Silesian
nappes of the Outer Carpathians in Poland point to the presence
of their anticlockwise tectonic “en block” rotation of about 50° dur-
ing their Miocene emplacement (Marton et al., 2009). However,
some data do not support such a significant rotation (Szaniawski
et al., 2013). It should be stressed that palacomagnetic samples
from the Polish part of the Outer Carpathians, even those con-
taining dual polarity directions, have not been documented so far
in any long and continuous sections, i.e. in a way that is suitable
for construction of magnetic polarity profiles.

The aim of this study was to develop a magnetostratigraphic
scale for the Oligocene flysch sequence that contains intercala-
tions of limestones with a significant potential for stratigraphic
correlation on a super-regional scale. Good quality magneto-
stratigraphic data could provide more precise frames for
chronostratigraphy of the Jasto and Zagérz limestones and
could allow determining the sedimentation rate for that part of
the Carpathian flysch. Moreover, we intended to check the ap-
plicability of obtained characteristic directions for tectonic
reconstructions.

SAMPLING SITE AND METHODS
OF INVESTIGATION

The Hulskie section (49°15°00”N; 22°32'06”E) is located in-
side the southern limb of the Otryt Anticline. This structure con-
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sists of two Oligocene units — the Otryt Sandstone and the Su-
pra-Otryt Beds (Fig. 1B). They form a part of the formal
Carpathian lithostratigraphic unit — the Lower Krosno Beds
(Jankowski et al., 2004; Malata and Jankowski, 2006). The flysch
sequence is visible on the right bank of the San River near the ru-
ins of the abandoned Hulskie village (Fig. 1A). An almost contin-
uous outcrop extending along the river scarp consists of steeply
inclined beds with their total thickness of about 450 m. In the mid-
dle part of the section two horizons with limestone beds were rec-
ognized. The lower occurrence of carbonate rocks forming the
Jasto limestone (Fig. 2) consists of 24 thin and laminated beds
with a total thickness of about 43 cm dispersed in ca. 23 m of
siliciclastic sediments. The Zagoérz limestone consists of 14 thin
beds with a total thickness of about 15 cm dispersed in >3 m of
mudstones. The thickness of rocks separating the Jasto and
Zagorze limestones of the Hulskie section is ca. 120 m being the
largest in the whole Polish Outer Carpathians.

A total of twenty hand samples for palaecomagnetic studies
were collected from the Hulskie section. Most of them were
taken from mudstones (10) and sandstones (7). The limestone
beds were sampled at three sites only. Up to five specimens

were cut from each sample. The natural remanent magnetiza-
tion (NRM) of the specimens was measured using a JR-6A
spinner magnetometer with a noise level of about 0.3 X
10°A/m. After each thermal demagnetization step the mag-
netic susceptibility signal was monitored. Thirty-two specimens
that do not reveal a substantial increase of magnetic suscepti-
bility at temperatures of about 300°C have been subjected to
stepwise thermal demagnetization conducted in a u-metal
shielded oven, which reduces the ambient magnetic field close
to a few nT. The rest of specimens (28) with such a rapid in-
crease of magnetic susceptibility were demagnetized thermally
up to 250°C and have subsequently been subjected to a
stepwise alternating field demagnetization. Least-square line fit
methods, as presented by Kirschvink (1980), were used to cal-
culate the components of the characteristic remanence and
their unblocking temperature spectra. Magnetic mineralogy was
determined from isothermal remanent magnetization (IRM)
techniques and thermomagnetic analyses (Lowrie, 1990). Ani-
sotropy of magnetic susceptibility (AMS) was measured on a
KLY-2 susceptibility bridge and the resulting AMS fabrics were
computed using the ANISO program (Jelinek, 1977).
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Fig. 1A — geological sketch map of the eastern part of the Western Outer Carpathians in Poland
(after Jankowski et al., 2004) with the Hulskie section marked by arrow; B — location of the Hulskie section
on the background of simplified lithostratigraphic chart
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Fig. 2. Carbonate beds (carb.) of the Jasto limestone
in the Hulskie section

RESULTS

MAGNETIC CARRIERS AND ANISOTROPY
OF MAGNETIC SUSCEPTIBILITY

The IRM diagrams indicate that low to medium coercivity
magnetic carriers are predominant in the studied rocks. More
than 90% of IRM has been acquired in the field as low as
200 mT (Fig. 3). Two significant drops of the IRM intensity can
be observed in the thermomagnetic curves obtained for soft
and medium coercivity components (Fig. 4). The first one can
be noted at temperatures of ca. 300°C and the second one cor-
responds to a temperature close to 400°C. Such thermo-
magnetic parameters point to the presence of ferric sulphides
(greigite or pyrrhotite; see e.g., Dekkers, 1989; Roberts et al.,
2011) and maghemite- or/and titanium-rich magnetite (see e.g.,
Dunlop and Ozdemir, 1997) in all examined samples. The oc-
currence of ferric sulphides is unexpected because the rocks
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Fig. 3. Isothermal remanence acquisition curves prepared
for three samples from the Hulskie section

IRM — isothermal remanence acquired in the field given;
IRMmax — maximum value of isothermal remanence
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Fig. 4. Thermal demagnetization of orthogonal-axes IRM
curves (Lowrie, 1990) obtained for three samples
from the Hulskie section

For location of studied samples see Figure 8

reached the magnetite window during their deep burial (Hurai et
al., 2006; Aubourg et al., 2012).

Results of the anisotropy of magnetic susceptibility mea-
surements revealed the presence of well-grouped vertical mini-
mum susceptibility axes and almost horizontal maximum axes
that are perpendicular to the dip direction (Fig. 5). The degree of
anisotropy is not higher than 6.8% with a mean value of 3.9%.
The measured lineation does not exceed 1.2% with a mean
value of 0.56%. The foliation parameter is as high as 6.5% with
a mean value of 3.3%. The values of volume magnetic suscep-
tibility were enclosed between 12 x 107 Sl units (carbonate
rocks) and 273 x 107 Sl units (mudstones).

CHARACTERISTIC COMPONENTS
AND MAGNETOSTRATIGRAPHY

Samples taken from the Jasto limestone and two samples
from sandstones revealed the presence of very unstable
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Fig. 5. The anisotropy of magnetic susceptibility stereo-
plot with the distribution of principal susceptibility axes
defined for eleven specimens from the Hulskie section

Maximum degree of anisotropy is 6.8%;
its mean value is as high as 3.3%

palaeomagnetic directions. Fortunately, the rest of samples
contained two distinct components with medium to steep posi-
tive or negative inclinations and NW or SE declination, respec-
tively (Fig. 6). They were demagnetized with alternating fields of
amplitude 40—70 mT or at temperatures of ca. 375°. However,
their real maximum unblocking temperatures are most probably
slightly higher. They cannot be unambiguously defined be-
cause of substantial increase of magnetic susceptibility at de-
magnetizing temperatures above 400°C most probably due to
oxidation of ferric sulphides to magnetite. In two specimens the
characteristic component was preserved at temperatures as
high as 430°C.

After tectonic correction the normal polarity characteristic
directions with positive inclinations are confined to the NW
quarter of the hemisphere, but their mean has a low precision
parameter K (Fig. 7). Most of the reversed polarity directions
with negative inclinations after tectonic corrections are grouped
in the opposite, SE quarter of the hemisphere. The mean re-
versed direction has a poor precision parameter K as well. It is
not exactly opposite to the normal polarity mean direction. With
a calculated critical angle y. = 14.4 and an observed angle
y = 28.1 they evidently do not pass the reversal test (McFadden
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Fig. 6. Typical demagnetization characteristics (demagnetization paths, intensity decay curves
and orthogonal plots) of" flysch samples from the Hulskie section

Circles in the orthogonal plots represent vertical projections, squares represent horizontal projections; Irm — intensity of
remanent magnetization, Inrm — initial intensity of natural remanent magnetization; the diagrams were prepared using a com-
puter package developed by Lewandowski et al. (1997)
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and McElhinny, 1990). The characteristic directions in the pres-
ent-day coordinates, i.e. before tectonic correction, have similar
statistics parameters K and o as they have after tectonic resto-
ration (Fig. 7). However, their shallow inclination implies an
equatorial position of the Hulskie section in the Late Oligocene.
Such a location is impossible because of the well-known gen-
eral palaeogeographic frames of the study area. This part of the
Carpathians was situated in moderate palaeolatitudes at that
time (see e.g., Golonka, 2002).

Despite the substantial scatter of the normal and reversed
polarity directions they are grouped sequentially in the normal
and reversed polarity zones. Three reversed and two normal
polarity zones were distinguished in the Hulskie section (Fig. 8).
Because of a very unstable palaeomagnetic record in the Jasto
limestone and slightly below it, no polarity has been assigned
for this part of the section.

DISCUSSION

The magnetic carriers in the studied rocks have a very com-
plex nature. The presence of ferric sulphides and probably
maghemite can point to an at least partly diagenetic origin of the
characteristic remanent magnetization components. However,
the record of consistent and quite frequent magnetic polarity
zones may suggest that magnetic remanence was not signifi-
cantly delayed. In fact, greigite can record early diagenetic
magnetic remanence because it can grow rapidly in the water
column of euxinic marine waters (Cutter and Kluckhohn, 1999),
or in anoxic natural sediments within decades or less after de-
position (Reynolds et al., 1999). In contrast, however, it has
been demonstrated that greigite can grow also during later
diagenesis, which can lead to delayed acquisition of natural
remanent magnetization (e.g., Roberts and Weaver, 2005). An-

other ferric sulphide, pyrrhotite could be formed during the deep
burial of the studied rocks, but they most probably have never
reached the required depth of at least 6 km (Hurai et al., 2006).
The magnetic fabrics are distinctly adjusted giving a quite
strong magnetic foliation with well-grouped vertical axes after
tectonic tilt correction. A primary and/or early diagenetic mag-
netic structure of the rocks has not been destroyed by the late
diagenetic magnetic minerals.

The biostratigraphy allows correlating the Jasto limestone
with the bottom part of nannoplankton zone NP24 (see
Kotlarczyk et al., 2006). The Zagorz limestone is also linked
with the same nannoplankton zone (Bak, 1999). The polarity
pattern obtained for the Hulskie section fits to the reference po-
larity scale for this part of the Oligocene, but because of insuffi-
cient density of sampling and possible gaps in the magneto-
stratigraphic record, two versions of correlation are presented
(Fig. 8). Both of them are in agreement with biostratigraphic
data. According to the correlation of the local-to-global mag-
netic polarity scale, the Jasto limestone was deposited ca.
29.5 Ma (upper part of magnetic polarity chron C11). The age of
the Zagorz limestone was defined as close to ca. 28.2 or 27.5
Ma (upper part of the magnetic polarity chrons C10 or C11).
The entire 450 m of studied section was formed between ca. 30
and 27.7 or 26.3 Ma, depending on the assumed version of cor-
relation. It implies an average sedimentary ratio of about 20 or
12 cm per thousand years. These values are significantly lower
than those obtained for the Krosno Beds from a regional analy-
sis of sediment deposition rate (35-90 cm per thousand years;
Poprawa et al., 2006). It cannot be excluded that the sedimen-
tation of the Jasto and Zagérz limestone was possible thanks to
a slowdown of sedimentation rate in this part of the Krosno
Beds.

A tectonic interpretation of the characteristic palacomagnetic
directions from the Hulskie section seems to be impossible. The
mean direction is rotated counterclockwise from the north by
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Fig. 8. Changes of declination, inclination and magnetic polarities in the Hulskie section

The polarity diagram is correlated with the global polarity-time scale (GPTS) for the Oligocene (Vandenberghe et al., 2012)
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about 40°, supporting the earlier result of counterclockwise tec-
tonic rotation of the Outer Carpathians in Poland of about 50°
during the Miocene uplift as suggested by Marton et al. (2009).
On the other hand, however, the directions on the sample or
specimen level do not display a Fisherian distribution (Fisher,
1953). The precision parameter K is very low being between 9.1
and 12.3 on the different statistics levels (Fig. 7). The mean di-
rections calculated for the normal (D = 301°, / = 72°) and re-
versed (D = 157°, | = —49°) polarity specimens are not antipodal
and do not pass the reversal test. The characteristic directions
are most probably still of complex (overlapping) nature having an
unremoved overprint. They could contain an admixture of sec-
ondary components of both polarities. From these reasons the
palaeomagnetic directions from the Hulskie section cannot be
reliably used for any tectonic reconstructions. Fortunately, these
rocks are suitable for construction of the local magnetic polarity
scale. Perhaps, a combined bio- and magnetostratigraphic re-
cord could improve the resolution of the existing chronostrati-
graphic frames in the Outer Carpathians.

CONCLUSIONS

The Oligocene flysch sequence of the Lower Krosno Beds
from the Hulskie section that contains the Jasto and Zagérz

limestones has revealed palaeomagnetic properties that are
sufficient for magnetostratigraphic studies. A correlation of the
local polarity pattern and the global magnetic polarity time scale
indicates that the Jasto limestone was deposited ca. 29.5 Ma.
The age of the Zagorz limestone was defined as close to ca.
28.2 or 27.5 Ma. The entire 450 m long section was formed be-
tween ca. 30 and 27.7 or 26.3 Ma, depending on the assumed
version of correlation. It implies an average sedimentary ratio of
about 20 or 12 cm per thousand years. These values are signifi-
cantly lower than those obtained for the Krosno Beds from a re-
gional analysis of sediment deposition rate. It cannot be ex-
cluded that the sedimentation of the Jasto and Zagérz lime-
stone was linked with a slowdown of sedimentation rate in this
part of the Krosno Beds.

The palaeomagnetic directions from the Hulskie section do
not display a Fisher-type distribution and cannot be used for any
regional or global tectonic reconstruction. They still contain
overlapping secondary components.
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