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Hitherto unknown magnetic anomalies have been detected while assembling a magnetic picture of the Slovakian territory.
An impressive magnetic anomaly was recognized in the northeasternmost part of Slovakia associated with sedimentary
rocks of the flysch belt. This is a rare phenomenon, because the flysch sequence in Slovakia typically lacks magnetic rocks.
Thus, anigneous body intruded into the flysch might cause the anomaly. The shape and the character of the anomalous body
suggests that its source is located at shallow depth beneath the surface. The anomaly has been modelled in 2D space. It is
interpreted as a Neogene volcanic neck made of intermediate rocks. Such an interpretation is supported by results of ther-
mometric investigation of fluid inclusions, vitrinite reflectance and fission tracks. Further minor anomalies within this area,
might also be caused by small near these subvolcanic bodies. The Carpathian Conductivity Zone is located near these new
observed magnetic anomalies, which therefore provide a new view on the importance of this zone. The region as a result
may have potential for metalogenesis, underground storage of carbon dioxide, and hydrocarbons.
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INTRODUCTION

The Western Carpathians represent a complicated moun-
tains range, which consists of various tectonic units and blocks
(e.g., Bezak et al., 2011). The basic partition into Outer and In-
ner Carpathians reflects Neoalpine tectonic evolution during
the Neogene when the collision of the Inner Carpathian Block
with the European Platform formed the Outer Carpathian
Flysch Belt. The Pieniny Klippen Belt (PKB) makes up the
boundary between the Outer and Inner Carpathians.

The Inner Western Carpathians represent a Palaeoalpine
(Cretaceous) nappe system of Paleozoic and Mesozoic rock
complexes and superimposed younger sedimentary deposits
and large Neogene volcanic fields. The Outer Carpathians rep-
resent a Neoalpine (mostly Neogene) nappe system of Juras-
sic—Paleogene flysch deposits where Neogene volcanic rocks
are rare. There are separate intrusive bodies such as dikes,
sills, and laccoliths extending from Moravia (Krejci and Poul,
2010) to southern Poland in the Pieniny area (Birkenmajer et
al., 2004; Birkenmajer and Lorenz, 2008) and continuing to
Ukraine and Romania (Pécskay et al., 2009; Fig. 1). Misik
(1992) described multiple small occurrences of intermediary
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Neogene volcanic rocks (dykes) in the western and the eastern
part of the PKB. Besides this, there are local occurrences of Ju-
rassic-Cretaceous volcanic rocks (e.g., Golonka, 2004).

Sequences of Carpathian flysch (Slovakian part) have for de-
cades been considered as rock successsions without any signifi-
cant magnetic properties creating monotonous and smooth pic-
tures of the Earth magnetic field observed above areas where
these rocks are developed (Ondra and Hanak, 1989). From the
geomorphological point of view, the area is located in the
Bukovské vrchy hills, very close to state boundaries with Poland
and Ukraine (Fig. 2). New magnetic measurements have been
carried out in the last few years (Kubes et al., 2008) in the area
situated within the Dukla Unit of the Outer Carpathian Flysch Belt
in NE Slovakia. The results of these measurements revealed
some interesting new features of the Earth’s magnetic field which
are not typical for the flysch rocks. Part of the magnetic map of
NE Slovakia (Kubes et al., 2008) is shown in Figure 3. The map
is mainly characterized by a typical of low intensity magnetic field.
The only exceptions are in the easternmost part of Slovakia,
where one may distinguish an impressive negative anomaly that
is almost concentric in shape and two diminutive positive anoma-
lies (more extensive anomalies located in the S and SE part of
the picture related to Neogene volcanic rocks on the surface
within the Inner Carpathians).

On current knowledge this magnetic anomalies cannot be to
assigned to any lithostratigraphical member of the flysch se-
quence. The largest anomaly of this area (the negative one) has
been modelled in 2D space.
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Fig. 1. Position of the Carpathian Conductivity Zone and occurrences of Neogene volcanic bodies and interpreted subvolcanic
bodies in the Outer Carpathians (geological scheme based on Biely et al., 1996; Lexa et al., 2000)

The results show, that a rock body, which is not a strati-
graphic member of the flysch sequence, may be the source of
the magnetic anomaly. This rock body is more consistent with a
discordant hypabyssal volcanic body. In this paper we provide a
model of the geological body that might be related to this un-
usual magnetic anomaly, and highlight the implications of this
model for better understanding of the evolution of the Outer
Carpathian realm.

GEOLOGICAL SETTING

The principal tectonic division of the Western Carpathians
into Outer and Inner ones (e.g., Bezak et al., 2004) is based on
effects of the last important tectonic activity during the Neo-
gene. A substantial volume of the crust in the Inner Western
Carpathians is formed by Hercynian crystalline complexes,
which are components of Palaeoalpine tectonic units: Tatricum,
Veporicum, Gemericum (e.g., Bielik et al., 2004). The configu-

ration of Palaeoalpine structure of the Inner Carpathians is sup-
plemented by superficial nappes, composed mostly of Meso-
zoic, perhaps even of Upper Paleozoic, rock sequences (e.g.,
PlaSienka et al., 1997).

The Paleogene and Neogene sedimentary infill of basins
superimposed on the Alpine thrust-fold belts (Tari and Horvath,
2006) and the Neogene volcanic rocks in the Inner Carpathians
represent successions formed after emplacement of the Inner
Carpathian Palaeoalpine nappes. Basin formation as well as
the volcanic activity was connected with the youngest tectonic
development of the Inner Western Carpathians (asthenolite as-
cent, thinning of crust, activation of faults and increasing heat
flow). The development of Neogene volcanism in time and
space has been widely described (e.g., Csontos et al., 1992;
Lexa and Konecny, 1998; Konecny et al., 2002; Pécskay et al.,
2009).

The Outer Carpathians are composed of a stack of nappe
sheets extending along the Carpathian arc, which may be up to
six kilometres thick. There are several opinions as to the dis-
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Fig. 2. Geological map of the eastern part of Slovakia (based on Lexa et al., 2000)

tance of thrusting of the Outer Carpathians nappes over the
southern part of the North European Plate (e.g., over 70 km,
Golonka et al., 2005). The latest paper analysing these prob-
lems is Gagata et al. (2012). These nappes became detached
from the basement during overthrusting. Behrmann et al.
(2000) concluded about 260 km shortening in the NE Outer
Carpathians. The nappe succession from highest to lowest
ones comprises Magura Nappe, Fore-Magura group of nappes,
Silesian Nappe, Subsilesian Nappe, and Skole Nappe.

The Outer Carpathian nappes are cut by several major
faults of different origin. The last tectonic phase that affected
the Outer Carpathians took place in the Miocene. The tectonic
mobility in this period occurred during collision between the
overriding ALCAPA Block and the North European Plate
(Cieszkowski, 2003).

There are two nappes of the Outer Carpathians Flysch Belt
developed in NE Slovakia: the Magura Nappe and the Dukla
Nappe. The Magura Nappe system is the largest tectonic unit of
the Western Carpathians and consists of several nappes (from

the south to the north): the Krynica Nappe, the Bystrica Nappe
and the Raga Nappe (Slaczka et al., 2006).

The Dukla Nappe emerges from beneath the Fore-Magura
nappes (Slaczka, 1970). Boreholes (Smilno-1 and Zboj-1) show,
that these nappes extend beneath the Magura Nappe far to the
south (Durkovié etal., 1982; LeSko et al., 1987). The area of our
investigation is entirely located within the Dukla Nappe that con-
tains in this area the Sub-Menilite, Cisna and Lupkow beds.

RESULTS OF PREVIOUS WORK

A generalized geological map of the study area, based on
Lexa et al. (2000), is shown on the Figure 2.

More detail appears on the 1:50 000 geological map of this
part of the flysch belt in (Korab, 1983). The map covers a more
extensive region than that of the anomaly and contains no re-
cords of about occurrences of magnetic minerals or rocks. In
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Fig. 3. Magnetic map of the NE part of Slovakia (according to Kube$ et al., 2008)

the geological cross-section of this area (Korab, 1983) the
Sub-Menilite Beds and Cisna Beds create a synclinal structure
on the tupkéw Beds (cf. Fig. 5). At this locality, that regional
strike of beds (NW-SE) is in this part of the flysch belt changes
almost into a N-S direction.

Further knowledge has been gained from the deep bore-
hole Zboj-1, drilled not far from this anomaly (Durkovi¢ et al.,
1982), at a time when the magnetic anomaly was unknown. The
borehole was sited approximately 6 km SW of the anomaly in
the Zboj Spring Valley (see Fig. 4) within the Dukla Unit. Data
from this borehole, of final depth 5002 m, were used in mag-
netic anomaly interpretation. The borehole penetrated the fol-
lowing units (Table 1).

The upper 3800 m were within the Dukla Unit. The Zboj Beds
found below this level compare with the Obidowa—Slopnice Unit
(Durkovi¢ et al., 1982), but these beds might also represent the
innermost part of the Silesian Unit (Slaczka et al., 20086).

The borehole was evaluated not only as regards lithology
and structure but also in terms of hydrogeology and hydrocar-

bon occurrences. Notably, there is a potential for hydrocarbons
(methane; Rudinec, 1989). Results of drill core logging and
temperature measurements, were later included into the Atlas
of Geothermal Energy of Slovakia (Franko et al., 1995).

This part of the Outer Carpathian Flysch Belt has lately been
investigated regarding hydrocarbon potential (HrusSecky et al.,
2003), using a variety of methods. Vitrinite reflectance, fission
track and fluid inclusion data from near the Zboj-1 borehole as
well as from the borehole core have shown that this area was af-
fected by increasing temperature during the Neogene.

The first magnetic measurements in this area derive from
synoptic airborne mapping of former Czechoslovakia 1:200 000
at scale, magnetic and radiometric measurements, 2 km
flightline spacing. The results comprise 1: 200 000 aeromagnetic
maps (Masin, 1963). The magnetic measurements were carried
out with low accuracy (+25 nT) and therefore interpretation of the
magnetic field within areas of narrow variation in amplitude is
problematic.
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Tablel

The simplified geological profile of the borehole Zboj-1 (modified after Durkovic et al., 1982)

Depth [m] The rock complex
0-300 SUB-MENILITE BEDS - sandy gray and green-gray non-calcareous or weak calcareous claystones alternating with
mica silts (age: Paleocene)
300-800 CISNA BEDS — developed as typical flysch sequence; the share of sandstones is from 30-80%, beds are only slightly
tectonically deformed (age: Paleocene).
800-3800 LUPKOW BEDS - claystones-sandy flysch; the ratio claystones: sandstones is 4:1; the colour of claystones is dark
grey; calcareous share in sandstones is very variable 1.4—35.7% (age: Cretaceous—Paleogene)
3800-5002 ZBOJ BEDS - main lithotype the massive sandstones with homogeneous texture (the content of SiO, is 53—89%); the
top of beds is tectonic decomposed (age: Upper Eocene to Lower Oligocene?)

The eastern part of the flysch belt in Slovakia has been sub-
ject of hydrocarbon prospecting in the second half of 20th cen-
tury, mostly using seismic refraction and reflection surveying.
Evaluations of seismic investigation within this area are given
by Morkovsky et al. (1992) and Gagata et al. (2012). However,
these profiles are not reliable for interpretation, because they
ended in the area and therefore are affected by technical prob-
lems in signal processing. Magnetotelluric measurements are
situated outside of this locality (Rytko and Tomas, 1995;
Stefaniuk, 2006). However, for decades this area has been
known to possess important regional (Carpathian) geophysical
anomalies: an axis anomaly of the Carpathian Conductivity
Zone — CCZ (e.g., Berdichevski and Dmitriev, 1976; Cerv et al.,
1984) and the southern edge of the Carpathian Gravity Low
Zone (Tomek et al., 1979; Bielik, 1998). The situation of the lo-

cality with the magnetic anomalies and with these regional
anomalies is shown in Figure 4.

The magnetic anomaly source map of the Carpathian—Pan-
nonian region distinguishes the following magnetic sources
(Pospisil and Adam, 2006): (a) sources of platform origin, (b)
Neogene volcanic rocks, (c) Alpine and Neogene sources.
Each of these sources is characterized by a typical configura-
tion of magnetic field. The outcrop of the Magura and Dukla
nappes on the magnetic map show anomalies characteristic of
platform and Alpine Paleogene sources that occur outside of
Slovakia. This is represented by an extensive magnetic anom-
aly detected south of Dukla village (Poland) where the Raca,
Dukla and Silesian nappes are present at the surface (\Woznicki
and Sucha in Poprawa and Nem&ok, 1988-1989).
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Fig. 4. The magnetic anomalies of the area studied and the Carpathian geophysical anomalies
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New additional magnetic measurements have been carried
out in the last years (Kubes et al., 2008), by ground application
of proton magnetometry with a density of 1-3 points/km?
(Kubes et al., 2008). The accuracy of these measurements en-
ables compilation of a magnetic map with isolines at 10 nT in-
tervals. The density of the measurements is sufficient for a con-
struction of a map at the scale of 1:50 000. All measurements
were reduced to the normal magnetic field (IGRF 1995 — Inter-
national Geomagnetic Reference Field). Thus, a comprehen-
sive database of magnetic anomalies AT has been produced,
which is the basis for the new magnetic map of the Slovak Re-
public. Geological interpretation of this magnetic map is given in
Kubes et al. (2010).

GEOPHYSICAL 2D MODELLING

The anomaly under discussion on the magnetic map of
Slovakia (Kubes et al., 2010) is characterized by negative am-
plitude, which reaches a value almost 100 nT (see Figs. 3
and 4). The anomaly possesses an approximately concentric
shape and relatively steep magnetic gradient. No signs of mag-
netic rocks have been recorded at the surface in that area,
which topographically comprises a depression (see Fig. 4).

The negative magnetic anomaly was modelled using
OASIS MONTAJ software in 2D space. We have used only the
magnetic part of this code, because gravity modelling in such
an area offers many interpretations. Gravity maps for different
volume densities and with different filters have been processed
from the gravity field but without conclusive results. The mag-
netic modelling though is more objective, due to the narrower
scale of inherence of magnetic rocks. Because specific mag-
netic data of the inferred anomaly — producing body was not
available, we used indirect information from previous work. Evi-
dence of a thermal event dated to Neogene (HrusSecky et al.,
2003) suggest the source of this anomaly may be magmatic.
The shape of this anomalous field excludes to consider pres-
ence of a magnetic object of sedimentary origin, while the gradi-
ent of the anomaly excludes the presence of magnetic rock on
the surface. A typical feature of Neogene volcanic rocks in
Slovakia is multiple alternation of magnetic field polarity and
many rocks bodies (mostly andesites) are expressed in a mag-
netic field by negative anomalies (Filo et al., 2003). Thermal
remanent magnetic polarisation, which is characteristic of igne-
ous rocks, can produce a reversed magnetic field — hence we
utilized remanent magnetization when modelling. Modelling
was undertaken despite good coincidence between the ob-
served and calculated curves after a technical interpretation
(Fig. 5). It was important to clarify the origin of the magnetic
anomaly and to integrate the interpreted geological cause of the
anomaly into its lithological and structural context in the area. In
the terms of our previous interpretation (Kubes et al., 2010) we
were able to assign almost all magnetic anomalies from the
Western Carpathian area to an appropriate geological unit. The
pattern of the magnetic anomaly and surrounding magnetic
field indicates that the body responsible for the anomaly did not
reach ground the surface. In plan the anomaly is almost circu-
lar. Missing positive values of the magnetic field indicated, sug-
gest that rocks with remanent magnetic polarization created
that anomaly. In the Western Carpathians area (Kubes et al.,
2010), such magnetization is typical of younger Cenozoic mag-
matic rocks (flysch rocks also possess remanent magnetization
but usually of very low intensity). Hence the final geophysical
model took the form of a tube of diameter around 2 km, dipping
to the NE. Our interpretation contains ambiguities regarding the

depth, thickness and precise magnetic properties of the disturb-
ing body. Itis clear, though, that the shape and the inclination of
anomalous body is discordant to the flysch strata (assuming a
magnetic susceptibility of around 1000 x 107° [cgs units]). The
anomalous body therefore may represent a subvolcanic neck of
intermediary composition of Miocene age, with influence of
thermoviscous polarity. A geological cross-section adopted
from older data (Korab, 1983) using the results of 2D magnetic
modelling is shown in Figure 5.

Two other anomalies have been recognized in this area.
Both are situated to the SW of the main one on the opposite
side of the CCZ (see Fig. 4) near the villages of Stak€inska
Roztoka and UIi€. They show similar features: small relative
positive amplitudes of magnetic field (20-30 nT) and linear
shapes located in valleys. The 2D shapes of the anomalies,
suggest thin dykes of intermediate composition. The top of the
bodies lie closer to the surface and we infer that the valleys
were established along fault zones that facilitated magma as-
cent towards the surface.

GEOLOGICAL INTERPRETATION

The principal outputs of 2D magnetic modelling for geologi-

cal interpretation are as follows:

— the anomaly is caused by a cylindrical body with a width
of almost 2 km inclined to the north-east;

— the roof of the anomalous body is situated at a depth of
about 1 km and its surface is almost subhorizontal;

— modelling used remanent magnetic polarization.

The anomalous body may represent a subvolcanic neck

(Fig. 5).

The presence of a possible subvolcanic body is supported by :

— Small Neogene hypabyssal calc-alkaline andesitic
dykes and sills have been observed between
Szczawnica and Czorsztyn in the Pieniny area of Poland
along and less than 4 km from (Birkenmajer et al., 2004).
The andesite bodies are located in the Outer Flysch in
the Magura Unit and Birkenmajer et al. (2004), Trua et
al. (2006) inferred a large magmatic chamber at depths
of about 10-15 km, associating them with subduction.
Hydrothermal alteration and ore mineralization have
been observed inside the andesite bodies as well as in
the adjacent areas. The radiometric age range of these
rocks has been determined as 10.8-13.3 Ma (Pécskay
et al., 2006).

— Similarly a cluster of shoshonitic basalts and andesites is
developed in the form of small irregular bodies within the
Beloveza Beds in the western part of the flysch belt
around Bojkovice township and Banov (Bielokarpatska
Unit) in the Czech Republic (see Fig.1). Krej¢i and Poul
(2010) gave the newest data from this area. Intensive al-
tered rocks were emplaced along the faults active in the
Middle Miocene. The bodies are 10-15 km from the
Klippen Belt. Their radiometric age range has been de-
termined as 11.0-13.5 Ma (Pécskay et al., 2006), the
same age as the volcanic rocks in the Pieniny area.

— At both localities volcanic rocks are developed along the
axis of the Carpathian Conductivity Zone (CCZ) — the
zone of zero value of Wiese’'s vector (Fig. 1).

— The locality studied here lies in a similar position. The
CCZ s situated very close to the southern margin of the
magnetic anomaly. The distance of the anomaly from
the PKB is around 25-30 km. This means that the CCZ
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Fig. 5. 2D magnetic modelling and geological interpretation of magnetic data

is a controlling feature for volcanic bodies situated north
of the Klippen Belt. This observation suggests that the
relation of the CCZ and the PKB may be reconsidered.

Other features support interpretation of subvolcanic bodies:
— The Atlas of geothermal energy of Slovakia (Franko et

al., 1995) shows this area a temperature at the depth of
1000 m on the level of 50°C. This value is similar to
those in substantial parts of the Danube Basin and the
East Slovakia Basin (results from the Zboj-1 borehole;
Durkovi¢ et al., 1982). Our interpretation indicates that
the upper edge of magnetic body lies approximately at
that level. The lower levels of the borehole Zboj-1 do not
show anomalous values of temperature, consistent with
our interpretation of an anomalous body dipping to the
NE (see Fig. 5).

Rock samples collected from the surface near the
Zboj-1 borehole (HruSecky et al., 2003) and from the
core borehole show vitrinite reflectance (R;) values that
are the highest in the Dukla Unit in Slovakia. Normal val-
ues are between 0.48-0.59%, while reflectance values
at the surface close to the Zboj-1 borehole are
1.23-1.49%, and in the Zboj-1 borehole at a depth of
1105 m they are 1.62-1.67%. These results indicate
that these rocks were metamorphosed to almost 200°C.

The vitrinite reflectance values suggest an age interval
of 10-20 Ma for this (Kotulova in HruSecky et al., 2003).
These temperature changes did not take place during
basin formation or during tectonic activity (ibid).

Fission track dating on detrital apatites has also been
carried out in that area giving results suggesting ages
within the Sarmatian or the Sarmatian—Middle
Pannonian, the age range of 9.9-17.2 Ma (HruSecky et
al., 2003) see Table 2.

Thermometric analysis of the fluid inclusions has been
carried out on the surface samples near the Zboj-1 bore-
hole. The results obtained suggest that fluids within
joints were composed of various proportions of water,
crude oil, gasoline, methane and carbon dioxide with
temperatures of 130-220°C. This value is consistent
with those from vitrinite reflectance of 128-178°C. The
pressure of fluids assessed on the base of micrometric
study fluctuated from 1093 to 3694 bars. This pressure
considerably exceeds the lithostatic pressure which re-
sulted in joint formation (HruSecky et al., 2003). Compar-
ing the planar shape of the anomaly and the relief of the
terrain (see Fig. 4) suggests that the ridge of the
Bukovské vrchy Mts. (Paleogene), lying almost N-S,
has been “pushed” to the west at the margin of the
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Table 2

Dispersion of fission track dating in sediments (apatite)
the geological units of the east Slovakia
(after HruSecky et al., 2003)

N " Number of Min.age Max.age

Geological unit samples [Ma [Ma]
Transcarpathian
Depression 4 13.9 24.8
Inner Carpathian
Paleogene 18 23.3 36.9
Klippen Belt 1 12.3 -
Krynica Unit 16 12.0 28.7
Raca Unit 16 14.5 25.0
Dukla Unit 9 9.9 17.2

anomaly as a consequence of the Neogene intrusion.
The ridge of the Bukovskeé vrchy Mts. is created by rigid
sandstones of the Cisna Beds, while the inferred intru-
sion stopped its ascent in the soft clay sequence of the
tupkow Beds. A combination these lithological features
and tectonic and exogenous processes shaped the re-
lief of the field into the form seen today.

— These factors combined with modelling of the magnetic
anomaly, suggests that the probable source of the mag-
netic anomaly is a subvolcanic body of diorite porphyry
which intruded into this area during the Sarmatian. Plac-
ing the inferred body into the context of young
Carpathians volcanic rocks, following Pécskay et al.
(2006), this anomaly might be related to mafic to calc-al-
kaline rocks (intrusions), age of range between
10-14 Ma, similarly to the volcanic rocks observed in
eastern Moravia, the Pieniny Mts., the Slanske vrchy
Mts., the Vihorlat Mts. and the Gutin Range in Ukraine.

DISCUSSION

The PKB basin closed at the Cretaceous/Paleogene transi-
tion as an effect of strong Late Cretaceous (Subhercynian and
Laramian) thrust folding. The last important events in the PKB
were the Neogene transpression and Sarmatian volcanism rep-
resented by andesite dykes and sills, which cut mainly
Paleogene flysch (Magura Nappe) and formed the so-called
Pieniny Andesitic Line (Krobicki et al., 2003). We may conclude
that Sarmathian volcanism cut the Dukla Nappe as well.

However, Jurassic and Cretaceous volcanic rocks are also
present within the Outer Carpathians of Transcarpathian
Ukraine and in the Silesian or Subsilesian nappes within the
Polish—Czech border region and in Zegocina SW from Krakow
(Golonka, 2004; Krobicki et al., 2004). Such volcanic rocks,
though, are unlikely to lie within the area under study. The roof
of the interpreted anomaly is at the depth of approximately
1000 m and even if we will consider the Zboj Beds (from the
Zboj-1 borehole) as a part of the Silesian Nappe, their depth
(3800 m) is too great to cause the magnetic anomaly recog-
nized. Furthermore, an existence of volcanic rocks older than
Miocene (Jurassic and Cretaceous) could not have directly in-
fluenced of the Paleogene environment.

Although the occurrence of intrusive rocks in front of the
PKB are rare, our investigation suggests that such objects may

exist in the subsurface. Birkenmajer et al. (2004) interpered this
event as a component of melange of the Outer Carpathians.
The Pieniny Mts. andesites, which occur at or near to the
Outer/Inner Carpathian tectonic junction, find their equivalents
in the west in the Moravian Carpathians and, in the east, in
Transcarpathian Ukraine, the Vihorlat Mts., Gutai (Baia Mare
region, NW Romania), and as a subvolcanic unit at Toroiaga,
Radna and Borgon (NW Romania). The andesite intrusions at
these locations belong to the outermost (northernmost)
post-collisional late Middle Miocene (Sarmatian) volcanic arc of
the West Carpathian orogeny that is some 400 km long — the
Pieniny Volcanic Arc (Birkenmajer et al., 2004).

Major and trace elements chemistry of the intrusive rocks
indicate subduction-related magma sources, as in volcanic
rocks of the Carpathians. The three intrusive phases distin-
guished within the interval have been dated as 14.76 + 1.18 Ma
to 11.04 + 1.21 Ma (with eastwards age migration along the
Carpathian arc; Pécskay et al., 2006).

Intrusive activity continued in Romania to 11.5-8.0 Ma
(Pécskay et al., 2009), clearly indicating migration of the
subduction zone from west to east. This is a similar trend of mi-
gration of the intrusive activity as in volcanic activity in the main
volcanic chain.

The intrusive rocks are generally affected by postmagmatic
alteration. The boron geochemistry of the andesite intrusions is
typical of subduction related calc-alkaline rocks. Subduction flu-
ids under the Moravian and the Toroiaga regions (Romania)
probably originated from the crust, while in the Pieniny they de-
rived from subducted flysch deposits (Gmélin et al., 2007).
However, according to Jurewicz and Nejbert (2005) the
geotectonic position of the Pieniny andesites suggests connec-
tivity with deep crust faults rather than with processes of
subduction.

Regarding the oblique course of Neoalpine collision and the
gradual migration of the subduction zone along the Carpathian
arc to the east and to the south-east it is highly probable, that in-
dividual volcanic centres formed in different geotectonic envi-
ronments (Lexa and Konecny, 1998). These authors have clas-
sified the Western Carpathians volcanics into two groups: the
first one linked to a subduction zone (east Slovakia) and the
second is related at the asthenolite ascent and extension pro-
cesses (central Slovakia). The provenance of volcanic bodies
at the tail of the subduction zone is possible to explain either
with continuing extension after regression/migration of the
subduction zone to the south-east, or via faults systems that
originated earlier above the subduction zone. This latter seems
to more feasible because the subduction zone than was else-
where with a different orientation.

Besides the main magnetic anomaly in question, small posi-
tive anomalies to the south suggest that the presence of igne-
ous rocks behind the PKB locally (e.g., the Morské Oko volcano
in the Vihorlat Mts.) is in a similar setting.

THE RELATIONSHIP BETWEEN CARPATHIAN
CONDUCTIVITY ZONE AND THE PIENINY KLIPPEN
BELT AND MAGNETIC ANOMALIES

Several factors need to be taken into consideration in
interpretating the Neogene volcanic bodies that lie within the
zone of the PKB and behind this zone in the flysch belt. The
PKB is mostly regarded as representing the surface of the Eu-
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Fig. 6. Schematic cross-section of the crust in the eastern part of Slovakia (adapted from Bezak et al., 1997)

ropean Platform margin, and hence the boundary of subduction
during Neoalpine orogenesis (e.g., Oszczypko et al., 2002).

The position of known and interpreted volcanic rocks in rela-
tion to the CCZ is depicted in Figure 6. However, the depth of
CCZ is greater than the depth of the igneous bodies. In our in-
terpretation this zone represents a deep-seated fault system,
along which magma intruded into the flysch deposits.

The course of the CCZ has been using magnetotelluric
measurements along the whole Carpathian arch from the Vi-
enna Basin to Romania (Berdichevski and Dmitriev, 1976; Cerv
et al., 1984; Stanica et al., 1999; Adam, 2001; Hvozdara and
Vozar, 2004). Most of these authors agree that this is a
deep-seated fault zone, which enabled flux of heat and often of
mineralized fluids from the mantle. These fluids were enriched
in CO, and CO, reduction of which produced carbon films in the
rock. This zone is detected at depths of 5-25 km, as part of the
crust comprising crystalline blocks. Its manifestation in the con-
ductive sedimentary unit of the flysch rocks is practically negligi-
ble (Hvozdara and Vozar, 2004). The origin of such a remark-
able large-scale structure is possible to explain by the move-
ment of large tectonic blocks only. We consider this took place
by oblique movement of the Inner Carpathian Block and the Eu-
ropean Platform, or of its rifted blocks.

The spatial position of the CCZ is independent of the PKB
(see Fig. 1). In the central part of Slovakia, the CCZ is displaced
to the south and in the eastern and western part of Slovakia it is
located to the north of the PKB. This may indicate interference
of platform segments below the Inner Western Carpathians.
This possibility is consistent with isostatic rising of the Tatra
Mts. and Mala Fatra Mts. (Maglay et al., 1999). It suggests that
the real margin of the European Platform (EP) is the CCZ, and
the PKB seems to be a shallow structure detached from the In-
ner Western Carpathians.

As regards regional tectonics, there are several significant
points. The interpretation of the geological cross-section through
the east Slovakia (Fig. 6) suggests on the basis of geophysical
data, that the platform, before collision comprised another block
and that the PKB is not the real margin of the platform. The CCZ
may have been created by horizontal displacement at the con-
tact between the Inner Western Carpathians blocks and blocks
derived of European Platform and the platform itself.

This interpretation is supported by seismic models of the
CEL-11 profile (Janik et al., 2011), part of the CELEBRATION
2000 project, where the European Platform margin is situated
north of the Klippen Belt and where, in the space between the
European Platform and the Klippen Belt, a newly interpreted
Pieniny crustal segment has been inserted.

SIGNIFICANCE OF THE PROPOSED
INTERPRETATION TO APPLIED GEOLOGY

Aside from discussion of the genesis of this possible Neo-
gene igneous body, there are several implications for applied
geology in particular as regards metalogenesis, possibilities for
CO, storage and hydrocarbon potential.

Andesite dykes in the Pieniny Mts. (Poland) cause the con-
tact metamorphism in neighbouring rocks. The final products
may include at small deposits of gold, silver and lead. These
ores had been briefly exploited at the beginning of the 18th cen-
tury (Szeliga and Michalik, 2003; Birkenmajer et al., 2004). A
correlation between intrusion emplacement and mineralization
has being demonstrated (Birkenmajer et al., 2004).

Similarly, igneous rocks in the Czech Republic (Middle Mio-
cene) are intensively altered (propylitisation) and contact meta-
morphism has been observed in the neighbouring flysch depos-
its (Krej¢i and Poul, 2010).

There are further occurrences of mineralization in Romania,
where ore deposits are associated with intrusives representing
Sb-As-Ag-Zn-Pb-As-Cu vein mineralization and disseminated
copper — enriched ore (Cu-Zn-Pb,) in the Tibles area and argillic
hydrothermal alteration associated with Cu-Pb (Au) mineraliza-
tion in the Rodna—Bargau area (Pécskay et al., 2006).

Hence a similar type of mineralization might be expected in
the exo- and endo-contact of the intrusive body interpreted.

Consideration of underground storage of CO, has parallels
with hydrocarbon geology. Volcanoes emit large amounts of
volcanic gas exsolving from the erupting magma during explo-
sive and effusive eruption and non-eruptive continuous degas-
sing. Degassing of large volume of non-erupted magma can
cause considerable degassing; the erupted magma represents
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only a small portion of the magma that drives volcanic activity
(Shinohara, 2008).

We may expect a large volume of rocks to have been af-
fected by degassing of magma, because the intrusion has lost ki-
netic energy at the lithological boundary within the £upkow Beds,
the magma than cooling and crystallizing. Volatile bubbles, as-
cending through buoyancy, will have accumulated in the upper
part of the intrusive body. Crystallization of magmas concen-
trates volatile components in the melt, causing volatile saturation
— bubble formation (Shinohara, 2008). As the body remains
unerupted, is reasonable to suppose that the volume of rocks in-
cluding volatile components may be remarkable (see Fig. 5).

Permeable magma foam can form to allow gas escape
once bubbles become interconnected. Magma permeability
can be much higher than wall-rock permeability, and so vertical
gas loss can be an important escape path, in addition to gas
loss through the conduit walls (Sparks, 2003).

The local stress field and complex interactions of buoyancy
forces, host rock resistance to fracture, elastic deformation of
country rock, magma hydrostatic pressure and fluctuating
magma pressure, magma viscosity and weight of overburden
control the emplacement process (Planke et al., 2003). On a
longer time scale, the dominant processes near intrusions in-
clude release of mineral-bound fluids, pore pressure increase
and hydrofracturing. Hydrofracturing occurs when the rate of
fluid production exceeds the rate of fluid migration (Svensen et
al., 2004). Part of the secondary porosity observed in this area
may result from this process.

We may refere inter reformation of permeable environ-
ments within the upper part of the igneous body, perhaps at the
contacts.

Data from the Zboj-1 borehole suggests some potential for
hydrocarbons, especially within the Zboj Beds (Rudinec, 1989).
The inferred intrusion may enhance this.

CONCLUSIONS

New magnetic measurements reveal several small magnetic
anomalies and one large one in the NE part of the Slovakian
flysch belt. These objects are interpreted as subvolcanic bodies
of Neogene age. Their position is similar to those of known igne-
ous bodies within the flysch zone of Moravia and Poland. The po-
sition of these igneous rocks near the Carpathian Conductivity
Zone, suggests an important shear zone at the boundary be-
tween the European Platform and blocks of the Inner Western
Carpathians. Other fault systems, which likely encouraged as-
cent of magma, were connected with this zone, following migra-
tion of subduction further along the Carpathian arc to the Easter
Carpathians.

Consequences of interpretation of these magnetic anoma-
lies in the Carpathian Flysch Belt for applied geology include
mineralization, CO, storage, hydrocarbons, and the general im-
portance of the CCZ. However, testing of our hypothesis re-
quires further work. This might include further geophysical in-
vestigations in other parts of the Carpathian arc along the CCZ
and the PKB to develop a better understanding of relation be-
tween the Carpathians and the European Platform.
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