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Abstract: Measurements of neptunian dykes and their evaluation with utilizing of
paleomagnetic correction for the first time provided data that enable to estimate orien-
tation of the hypothetic Czorsztyn Swell. This ridge was individualized during Jurassic
rifting and formed an axis of the so called Pienidic Domain. This domain was destroyed
in the Alpine orogenic cycle. The basement of this zone was consumed, but the overly-
ing sediments were preserved and now form the majority of the so called klippen in the
Pieniny Klippen Belt which is now the most complex zone of the Western Carpathians.
The klippen are tectonic blocks and lenses of mostly Jurassic limestones in softer, mostly
Cretaceous envelope. As these remnants of Jurassic limestones are of different orientation,
paleomagnetic corrections are necessary to complement any structural measurements in
this zone. Callovian to Oxfordian neptunian dykes occurring in the Czorsztyn Unit, the
sediments of which deposited in the shallowest parts of the Czorsztyn Swell, were taken
as a direct indicator of the Jurassic extension. Four sites in western Slovakia were ex-
amined, possessing larger networks of neptunian dykes: Babind, Mestec¢skd skala, Visatec
and Bolesovsk4 dolina. The mean orientation of the neptunian dykes was NE-SW (with
N-S to ENE-WSW variations), which indicates also the most probable orientation of the
Czorsztyn Swell. This direction points to NW-SE oriented Jurassic extension in that area.
The paleomagnetic inclination ranging between 21° and 46°, with mean point of about
33° indicates approximately 10-30°paleolatitudes, where the Czorsztyn sedimentary area
might had been located at that time.
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1. Introduction

Neptunian dykes represent system of synsedimentary extensional frac-
tures, which can be well dated by the age of their filling. They reflect
tectonic tension, or, eventually, gravitationally driven fracturing and cliff
tilting. Opening of such dykes indicates a prevailing extensional regime.

In the Western Carpathians, as well as in the entire Tethys, the most
significant period with opening of neptunian dykes was the time of Juras-
sic rifting. In the.Alpine Central Europe the Jurassic (Liassic) neptunian
dykes are known from the Eastern Alps (Fabricius, 1962; Schioll and Wendt,
1971) and Transdanubian Central Range (Fulép, 1976). In the Western
Carpathians, the Jurassic (mostly Liassic) neptunian dykes were described
from Tatric Zone (Redwanski, 1959; Michalik et al., 1993), Fatric Zone —
Driekyfia Succession (Misik, 1964; Sotik and Plasienka, 1996) and Silicic
Zone s.l. (Rakis and Sykora, 2001 personal communication).

Neptunian dykes in the Pieniny Klippen Belt of the Western Carpathi-
ans were first mentioned by Birkenmajer (1958) as results of earthquakes
related to the Late Jurassic orogenic movements in this area. Later on, the
neptunian dykes in this zone were mentioned by Jurkovidovd (1980), Hala-
jovd (1981), Aubrecht (1992), Misik and Sykora (1993), Misik et al. (1994b)
and Aubrecht et al. (1997). However, the recent orientation of the neptu-
nian dykes in individual klippen was evaluated only in several papers as
Misik (1979), Misik et al. (1994a) and Aubrecht et al. (1998) but without
implication for the paleostress evolution in the Pieninic area.

In some areas, mainly with less complicated geology, paleotectonic re-
constructions were made on the basis of neptunian dykes for instance in
Jurassic of southern Ttaly (Bouillin and Bellomo, 1990) and Cretaceous of
Polish Platform ( Wieczorek et al., 1994). Tectonic meaning of neptunian
dykes was emphasized in the papers of Wendt (1965, 1971), Winterer et
al. (1991) and Winterer and Sarti (1994). On the other hand, the tectonic
versus paleokarstic origin of the Jurassic neptunian dykes from Spain was
discussed by Winterer and Sarti (1995) and Molina et al. (1995). Com-
bination of both dyke-forming factors, karstic and tectonic, was presented
by Vera et al. (1988), Smart et al. (1988) and Di Stefano and Mindszenty
(2000).

This paper deals with orientation of the neptunian dykes related to the
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Middle to Late Jurassic extension in the Pieniny Klippen Belt. This zone
underwent multiphase deformation history during Late Cretaceous to Neo-
gene that resulted in its present complex tectonic structure. Despite this,
it was almost unaffected by thermal overprint. As most of the klippen rep-
resent isolated blocks and tectonic lenses, which rotated along several axes,
utilization of paleomagnetic methods was necessary for the reconstruction
of their original position.

2. Geological and stratigraphical setting of the examined
dykes

From the Pienidic units, neptunian dykes occur exclusively in the pale-
otopographically most elevated part represented by Czorsztyn Unit. The
occurrences of the neptunian dykes in the Czorsztyn Unit were summarized
by Misik (1993, Fig. 1 and 1994, Fig. 1). They are much more common
in the western part of the Pieniny Klippen Belt than in its eastern part
(Aubrecht et al., 1997). Nevertheless, only four klippen have yielded so many
neptunian dykes that their orientations could be used at least for tentative
statistic evaluation. The examined sites are Babind (quarry), Mestecskd
skala, Vrsatec and BoleSovskd dolina (Fig. 1).

Babina — quarry (Fig. 2) - the locality was described in detail by Misik
et al. (1994a). It represents an abandoned limestone quarry at the foot of
Babina Hill, located above the road connecting the villages Bohunice and
Krivoklat in middle Vah Valley. The klippe, recently in tectonically over-
turned position, contains about 13 m thick Bajocian-Bathonian crinoidal
limestones, with significant network of neptunian dykes. The previous in-
vestigations of Misik (1994b), as well as new thin-section study point to the
fact that almost all the neptunian dykes contain either “filamentous” micro-
facies or they are sterile (mainly the thinner dykes that prevented entering of
bigger allochems). Though usually widespread in the whole Lower/Middle
Jurassic, the “filamentous” microfacies in the Pieniny Klippen Belt occur
mainly all through the Bathonian and Callovian. The Oxfordian is mostly
characterized by succeeding “Protoglobigerina” microfacies (see Myczynski
and Wierzbowski, 1994; Wierzbowski et al., 1999), which do not occur in
the neptunian dykes in the klippe. The “filamentous” microfacies in open
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Mesteéska
skala _

Fig. 1. Position of the examined sites with neptunian dykes.

marine sediments of the examined site occur just in relatively thin con-
densed layer In the red micritic Bohunice Limestone over the crinoidal lime-
stones. Deposition of the crinoidal limestones in the Czorsztyn Unit ceased
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Fig. 2. Position of measured dykes in the Babinid Klippe.

in Bathonian, locally even in Bajocian ( Wierzbowski et al., 1999). Dating
of the tectogenic event responsible for formation of the neptunian dykes at
this locality is then narrowed to Bathonian-Callovian.

Mestedska skala (Figs 3a,b) — the locality was described in detail by
Aubrecht (1992). Tt is a conspicuous klippe cut by a quarry at the NE mar-
gin of Mestecko village, NW of the town Pachov. In the uncovered 6 m
of crinoidal limestones, in tectonically overturned position, a network of
neptunian dykes occurs, their filling having source in the stratigraphically
overlying red micritic Bohunice Limestone. The dyke fillings include both,
the “filamentous” and “Protoglobigerina” microfacies. Hence, they can be
dated as Bathonian to Oxfordian. It is necessary to stress, however, that in
the open-marine Bohunice Limestone preserved at this locality, no “filamen-
tous” microfacies were found (maybe eroded by bottom currents, producing
a submarine hiathus).

Vrsatec (Fig. 4) — the site was described in detail by Misik (1979). At
this site there are the largest Czorsztyn Unit klippen in Slovak territory
and maybe in the entire Pieniny Klippen Belt. They are situated above
the village Vrsatské Podhradie, NW of the town Ilava. Most of the dykes
were measured in the klippe, on which the Vr§atec Castle is built; only one
thicker dyke was found in the neighbouring, more northern part of the klippe
(dyke No. 6 of Misik (1979) containing rich fauna of juvenile ammonoids
and brachiopods). A relatively wider time-span of opening of the neptunian
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Fig. 3a. Position of measured dykes in the Mesteéskd skala Klippe - frontal view on the
quarry.

Fig. 3b. Position of measured dykes in the Mestecska skala Klippe, — right (eastern) part
of the quarry.

dykes was mentioned by Misik (l.c.), ranging from Callovian to Albian.
Nevertheless, the vast majority of the dykes is of Callovian to Oxfordian age;
the younger dykes are sparse and representing just local rejuvenation of the
older ones (commonly multiphase filling). The most common is the filling
containing the “filamentous™ or “Protfoglobigerina” microfacies or they are
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Fig. 4. Position of measured dykes in the Vrsatec Klippe.

sterile. Fillings with calpionellids or Albian planktonic foraminifers are rare.

Bolesovska dolina (Fig. 5) — the locality was recently described by
Aubrecht et al. (1998). The klippe is located at the road in BoleSovska
dolina Valley, close to its branching at its NW end. In about 5 m thick
crinoidal limestones, several neptunian dykes were registered and measured.
However, these older data come from the time when the klippe was relatively
well exposed. Recently, the klippe is densely covered by vegetation and no
later measurements were done so far. At that time, no dyke was measured,
therefore, no weighed diagrams of dyke distribution could be drawn. The
dykes possess either mostly sterile fillings or they contain elements typical
Jjust for the Callovian-Oxfordian microfacies (“filaments”, cavity-dwelling
ostracods Pokornyopsis sp. etc.).

The rest of the Czorsztyn Unit klippen was not convenient for the sta-
tistical analysis, as individual blocks, but may be eventually utilized in the
future as one mixed statistic population collected from numerous klippen
with few dykes.
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Fig. 5. Geological sketch of the klippe in BoleSovskd dolina valley (after Misik, 1997
and Aubrecht et al., 1998). Explanations: 1 — crinoidal limestone, 2 — cross-bedding,
3 - neptunian dykes with micrite filling, 4 - grey microoncoidal to ooidal limestone in
the cavern filling, 5 — small voids with radiaxial cement and internal sediment, 6 — Fe-
Mn hardground, 7 — red biomicritic limestone with transitions to the grey microoncoidal

limestone.

3. Methods used for data collection and data evaluation

The recent orientation of neptunian dykes was measured by geological
compass (Babind = 24, Mestecskd skala = 19, Vrsatec = 13 and BoleSovska
dolina = 11 dykes measured); the results are summarized in Tab. 1. The
number of neptunian dykes is not satisfactory for thorough statistical anal-
ysis of the individual klippen but could not be increased. All the main
dykes in each klippe were measured and any attempt to measure more
dykes would increase possibility of multiple measuring of the same dyke,
which would make the statistics even more unreliable. ltach measurement
(except the Bolesovskd dolina locality) was complemented by thickness of
the measured neptunian dyke; the stratification of each locality was mea-
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Tab. 1. Data of the measured dykes. DD - dip direction, d — dip value, index .,; — after
paleomagnetic and tilt correction.

Babina Mestedska skala
bedding = 320/71° (overturned) bedding = 83/22° (overturned)
dyked DD° [d° [DD°cer. [d°coc[thick.|  |dyke]DD® Jd° {DD e |d°cer. [thick!
No. (cm) No. (cm)
1] 296| 71| 233,9{ 23] 14 1] 315] 78] 282|884 50
2| 305] 54} 284,8] 22 2 2| 239] 82| 356,3| 78,3 2
3f 310 71} 231,71 10 3 3| 308] 66] 112|81,6 5
4] 111| 41 160| 73] 17 4] 218| 70] 194,21 85,8 18
5| 114| 50| 161,7] 64} 10 5| 237; 81| 358,8/79,6] 14
6| 104] 50| 169,3| 69 5 6{ 299 80} 296,8| 82,3] 20
7| 137] 45| 142,7] 64 6 7| 49{ 30] 50,2]| 16,6 2
8] 301} 68} 244,3] 19 14 8| 131| 90| 281,9| 759] 2,5
9] 355] 36| 348,4] 44 3 9| 56| 35} 286(18,2 4
10{ 139{ 83 144] 26 7 10| 257} 90| 338,41 68,5 25
111 289] 24| 303,9] 51] 10 11| 75| 38| 350,1; 16,7 9
12| 208| 36| 287] 87 8 12} 330{ 70| 90,8}794| 13
13| 126] 23| 145,6] 86 11 13} 310| 75] 107,9] 89,9 7
14} 184| 73] 87,5] 56 1 14] 283| 77{ 313,21 83,1| 16
15{ 103} 45| 166,91 73| 17 15| 247| 36§ 163,9] 57 5
16} 131} 50| 147,8] 60 10 16| 139 88} 273,9| 76,3| 14
17| 79 41| 174,6] 87 2 17] 343] 88} 252,5| 88 2
18{ 181| 18] 308,3] 85 5 18] 239f 63] 173,5] 83 7
19| 288] 90} 202,9] 37 3 18| 139] 65| 265,5] 54,3 2
20| 315} 77| 180,2| 8,2 4
21| 68} 17| 336,7} 77 7
22| 163| 41| 124,71 71] 30
23| 140| 37} 140,2] 72§ 16
24| 128] 49} 150,6] 61f 35
Vriatec BoleSovska dolina
bedding = 292/77° (overturned) bedding = 155/20° (normal)
dyketDD° |d° DD’ |d°r [thick. dykel DD° {d° |DD°w |9%cor.
No. (cm) No.
1 8] 50y 31471 71 10 1] 72| 41| 145|421
2| 106] 631 90,7} 41| 10 2| 131| 54| 86,2{ 36,5
3| 301) 50f 277,9] 28] 10 3) 122] 72| 81,2{ 55,8
4| 45| 88! 1656| 68 5 4] 171] 36| 1583,1| 17,5
5 61] 59} 130,1] 66] 15 5] 1351 41| 85,3] 22,6
6| 280| 59{ 234,4| 21| 30 6| 68§ 32 3,2] 36
71 45] 36 116| 88| 30 7| 122{ 45| 69,31 30
8 9} 34| 2986| 72| 10 8| 59| 32| 356,8| 38,6
9{ 317} 83 5| 26§ 15 9| 153] 77| 118,3] 56,5
10| 60| 65| 1356| 63] 11 10| 41| 41| 349,6| 51,5
11| 54| 50| 124,8] 76] 60 11] 333| 77| 118,6| 83,5
12| 244} 80| 174,3| 47| 12
13| 296§ 82| 436 77 14
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sured too. Though generally known from the previous investigations, the
age of some of the dykes was verified by microfacial study of thin-sections.

All the examined sites were also sampled for paleomagnetic measure-
ments (min. 5 samples from each klippe). The samples were taken from
various stratigraphic horizons and from various parts of the klippen, includ-
ing both, the wall-rock (mainly Bajocian-Bathonian crinoidal limestones)
and the dyke fillings (together with their source rock overlying the crinoidal
limestones — mostly Callovian-Oxfordian red micritic limestone). From ev-
ery paleomagnetic sample several subsamples were analysed. Thermal de-
magnetization on demagnetizing system MAVACS was used. Remanent
magnetic polarization was measured on spinner generator JR-5. Accord-
ing to composition of the investigated rocks, we suppose that remanent
magnetic polarization has sedimentary character. Thermal magnetic clean-
ing was carried out from the room temperature till 650 °C temperature with
thermal step 50 °C. After each thermal step the magnetic bulk susceptibility
was measured on the kappa-bridge KLY-2. The changes of magnetic sus-
ceptibility during demagnetization refer to the phase transition of magnetic
material in the rock. Determination of characteristic paleodirection of each
sample was carried out on the basis of the demagnetization graphs. These
were thermal demagnetization curves of magnetic polarization and mag-
netic bulk susceptibility. Also stereographic projection and the Zijderveld
diagram of XY and XZ components of remanent magnetic polarization were
constructed. The main paleodirection for each locality was calculated by
means of Fisher statistics. The obtained data are summarized in Tab. 2.
Thermal demagnetization diagrams of representative samples are in Figs 6-
9.

The recent orientations of the neptunian dykes were transformed at first
by rotating the data to normal horizontal position. Stereoprojection and
contour diagrams were constructed (presented here just in final summariz-
ing forms rotated to the original position — see Figs 11 and 12). As the plain
inclinations play a subordinate role at evaluation of the extensional pattern,
the most proper was construction of the rose diagrams of dyke directions.
They were grouped into 20°sectors. In first approach, only amounts of the
dykes in the sectors were taken into consideration. This procedure was later
improved by counting of thicknesses of the dykes in the sectors as the thicker
dykes, as we suppose, better correspond to the general orientation of the ex-
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Tab. 2. Paleodirections from the analysed samples of limestones from localities Babind,
Mestedskd skala, Vrsatec and BoleSovska dolina. D, I - declination and inclination before
bedding correction; k, ags — parameters of the Fisher statistics before bedding correction;
Deor, lcor — declination and inclination after bedding correction; keor, @gscor — parameters
of the Fisher statistics after bedding correction; J — remanent magnetic polarization; x —
bulk magnetic susceptibility.

Locality [Number |[D°| I°| k | ag |D%or| Peor| Keor. | closcor. JInT] x.10%u.SI
of samples

Babina 20 102] -28] 4.08][18.52] 359] -30] 4.08] 18.52]0.135+0.174]-5.890+15.963
IMesteéské 20 49] 39| 556[15.25] 291] -20] 5.56| 15.25/0.115:0.068]-1.225¢7.100
skala

JVréatec 8 54] 13]30.51[10.19] 29| -34]30.51] 10.19]3.700+6.520{-18.063+7.360
IBoIeSovské 2 211 34]49.47][36.29] 35| 46]49.47| 36.29/0.07620.012]-11.550+2.616
dolina

tension in the sedimentary area. After comparison, both types of diagrams
from Babind, and Vr8atec were in good accordance; in the second type of
diagram from Mestecska skala, the somewhat minor of the two dominant
directions was preferred by thickness counting. At the BoleSovskd dolina
locality, older data set has been used, without complete thickness counting
of the dykes, hence the thicknesses could not be taken into account. The
final goal was to turn the diagrams to the original N-§ directions estimated
on the basis of the paleomag data.

4. Results and discussion

The final orientation of maxima of the measured neptunian dykes ob-
tained after bedding and paleomagnetic correction (Fig. 10) trends from
N-S (Bolesovska dolina), through NE-SW (Mesteéskd skala and VrSatec)
to ENE-WSW (Babina). The mean orientation is then NE-SW. There are
also some minor maxima that are perpendicular or oblique to the main ones.
They can be interpreted as tension-cross gashes, along the side walls of the
tilting blocks. Their opening was mostly parallel to oblique to the direction
of the fracture, hence they did not reach the thickness of the dykes with
perpendicular opening (direction mostly parallel with the mean extension).
However, looking at the summarizing diagrams (Figs 11, 12), one of the
maxima represents the dykes that are subparallel to the beddings (better
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A2 10A. A2 118

Pig. 6. Thermal demagnetization diagrams (dashed line for magnetic polarization, dot-
ted line for magnetic susceptibility), Zijderveld diagrams of XY and XZ components of
remanent magnetic polarization and stereoprojections of paleodirections during demag-
netization of the samples A2 10A and A2 11B from Babind locality. Bottom: Main
paleodirections of the samples, left before tilt correction, right after tilt correction, ¥ —
main direction (see Tab. 2). /
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Fig. 7. Thermal demagnetization diagrams of the samples A1 4B and Al 6A from
Mestedskd skala locality (explanations see Fig. 6).
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Fig. 8. Thermal demagnetization diagrams of the samples A4 23B and A4 25B from
Vrsatec locality (explanations see Fig. 6).
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83208 A3_208

(O3

Fig. 9. Thermal demagnetization diagrams of the samples A3 20A and A3 20B from
Bolesovskd dolina locality (explanations see Fig. 6).
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2 Mestecéska

Babina (n=24)

skala (n=19)

0

BoleSovska dolina
(n=11)

Vriatec (n=13)

Fig. 10. Rose diagrams of directions of Callovian/Oxfordian neptunian dykes in Czorsztyn
Unit, rotated to their original positions. At all localities, except BoleSovska dolina, the
thicknesses of neptunian dykes were also taken into account (instead of a simple sum, the
lengths of the rosette branches are given by sum of thickness values of the dykes).

named sills). Their analysis showed that in fact most of them are respon-
sible for the perpendicular or oblique directions in the rose diagrams. Such
sills represent the basal plains, along which the tiling blocks were slipping.
At flat lying plains, the plain directions play subordinate role. The real
tension-cross gashes are then relatively rare.

The data presented in this paper are still preliminary, but no considerable
changes after their complementation are expected. The examined klippen
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Fig. 11. Summarizing stereoprojection of plains and poles of the neptunian dykes from
all of the examined localities in their original position after the paleomagnetic correction.

Fig. 12. Summarizing contour diagram of poles of the neptunian dykes of all the examined
localities in their original position after the paleomagnetic correction.
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are those with the densest networks of the neptunian dykes all along the
Pieniny Klippen Belt. Other klippen contain just few dykes and their indi-
vidual treating is senseless, if not grouped altogether in one diagram, rotated
according to their paleomagnetic poles. Therefore, already in this stage of
research, some conclusions may be presented. The NE-SW mean Middle
to Late Jurassic orientation of the neptunian dykes can be approximated to
the mean orientation of the extension in the Czorsztyn sedimentary area.
It was most probably of NW-SE direction. This is consistent with the re-
construction of rifting of Neotethys (Penninic) ocean and with development
of the Western Carpathians, as presented for instance by Dercourt et al.
(1990), Michalik (1994, Fig. 3), Rakis et al. (1988, Fig. 5), Rakis (1993)
or Stampfli et al. (1998). In this sense, the Pieninic units underwent the
NW-SE extension, i.e. of the same direction as did the Central Western
Carpathians. According to these interpretations the Czorsztyn Swell was
oriented in NE-SW direction. This, however, strongly contradicts some re-
constructions, where the Jurassic orientation of the zones in the Pienidic
area was NW-SE (e.g. Vasicek et al., 1994, Fig. 3), which corresponds to
NE-SW oriented extension. Plasienka (1999, Fig. 4.4.) introduced a re-
construction of more or less correctly (from the point of view of our new
data) interpreted NW-SE extension, which resulted, however, in E-W to
ESE-WNW oriented Oravic Zone (Oravic = Pienidic). The same is true for
Channell and Kozur (1997), (Fig. 2) and Golonka et al. (2000, Fig. 5), who
presented NW-SE or WNW-ESE trending Czorsztyn Ridge that originated
via generally the same oriented extension of Penninic Ocean. According to
our opinion, the NW-SE extension can hardly produce an E-W, or even
NW-SE trending zone (if not fan-like opening or a microplate twisting)
and, therefore the Pienidic units had to be NE-SW oriented in the Middle
Jurassic time.

The inclinations of the Middle to Late Jurassic magnetic pole vector
resulting from our study were as follows: Babina = 30°, Mestedska skala =
21°, Vrsatec = 34° and BoleSovska dolina = 46°. The mean value was then
about 33°, which corresponds to 10-30° paleolatitude at the time of origin
(the dispersion of the data was taken into consideration too). This means
that the Czorsztyn sedimentary area was located much more southward
during the Middle/Late Jurassic than is the recent geographic position.
There are still few data from the Jurassic of the Pieniny Klippen Belt with
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which our results can be compared. Krs et al. (1996) and Housa et al.
(1999) introduced some results from the Late Tithonian of Brodno locality
(Kysuca Unit — deeper part of the Pienidic Zone). Their inclination after
tilt correction was 38°, which is consistent with our data.

5. Conclusions

1. Orientations of Bathonian to Oxfordian neptunian dykes were mea-
sured at four localities of the Czorsztyn Unit.

2. The dyke directions and thicknesses were evaluated and turned to their
original position estimated on the basis of paleomagnetic data.

3. The mean estimated dyke orientation was NE-SW, which indicates
NW-SE oriented mean extension in the Czorsztyn sedimentary area
during Middle to Late Jurassic.

4. The mean paleomagnetic inclination (cca 33°) indicates 10-30° paleo-
latitudes, where the Czorsztyn sedimentary area might be located at
that time.
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