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Occurrences of mafic alkaline volcanics are scattered all around Europe, being mostly related to anorogenic, extensional tectonic envi-
ronments. While the widespread Cenozoic alkaline basalts have been intensively studied and are comparatively well-known, their Creta-
ceous precursors were often associated with the Alpine—Carpathian orogenic zones, and so their genesis and geodynamic setting are
partially obscured by superimposed deformation and alteration. We describe a newly discovered body of melanephelionites inserted
within the Upper Cretaceous deep-marine pelagic succession of the Pieniny Klippen Belt in Western Slovakia. The body consists of
hyaloclastic lavas of nephelinitic composition. The mineralogical composition and geochemical features of the Vr3atec volcanites corre-
spond to melanephelinites. Reconstruction of the geodynamic setting of the Cretaceous mafic alkaline volcanism in the Al-
pine—Carpathian—Pannonian realm infers a general extensional/rifting tectonic regime that ultimately led to the opening of Penninic
oceanic rift arms. However, this rifting started as basically passive and non-volcanic. Only during the later, post-breakup extension
phases did the slow-spreading oceanic ridges develop, which are characterized by the MORB-type (mid-ocean-ridge basin) basaltic vol-
canism. Alkaline volcanic provinces have a linear character and appear to follow passive continental margins of Penninic oceanic arms
opened during the Jurassic and Early Cretaceous. We infer that alkaline volcanism resulted from heating and partial melting of the sub-
continental mantle lithosphere on the peripheries of asthenospheric upwellings confined to slow-spreading ridges of the Alpine Tethys.
Consequently, regarding the debate about the plume vs. non-plume origin of the Cretaceous alkaline volcanism, the geological data from
this area rather support the latter affinity.
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INTRODUCTION due to lithospheric stretching and thinning (see Lustrino and
Wilson, 2007 for the review).

In Western and Central Europe, mafic alkaline volcanism

Alkaline basalts and related volcanic rocks (basanites, lam-
prophyres etc.) are usually interpreted as being generated in
intra-plate, anorogenic (i.e. either late post-orogenic, or
pre-orogenic) tectonic environments (Wilson and Downes,
1991; Bailey and Woolley, 1999). They are commonly related
to extensional tectonic regimes and occur in both continental
and oceanic areas, but attained a special significance in areas
characterized by continental lithosphere. There, the principal
trigger of mantle-derived alkaline magmatism remains unclear
— it could be either a product of small-scale, upper mantle
plumes, or it formed in response to passive mantle upwelling

is common, although generally not voluminous. It occurred
intermittently during the entire Phanerozoic, but is principally
concentrated in two time intervals — in the Cretaceous and late
Cenozoic. The late Cenozoic episode may be regarded as fully
post-orogenic and extends over areas consolidated in differ-
ent times during the Phanerozoic, including the young Alpine
orogens. On the other hand, the mid-Cretaceous magmatism
formed during the post-orogenic period in regions consoli-
dated during the Variscan and earlier orogenies, but occurred
as pre-orogenic in areas later included in the Alpine
fold-thrust belts.
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In the Western Carpathians, the occurrences of Cretaceous
alkaline basalts can be found in various tectonic units of their
central and external zones. Volcanism is represented by com-
paratively small portions of mostly submarine lava flows, with
fewer volcaniclastic rocks, dykes and sills. \Volcanism occurred
in units that, at the time of its activity, were still not included in
the compressional orogenic wedge but located in its foreland.
In general, Cretaceous alkaline volcanism is bound to zones
with an extensional tectonic regime and its effusive products
always alternate with marine pelagic deposits (see Hovorka
and Spisiak, 1988 and references therein).

The present paper aims at characterization of a compara-
tively large body of alkaline basalts occurring within an Oravic
sedimentary sequence of the Vr3atec Klippen area in the
Puchov segment of the Pieniny Klippen Belt in Western
Slovakia. This body was not known formerly and has been only
recently found during geological mapping. We describe the
stratigraphic position, petrology and geochemistry of these
basalts, compare them to other occurrences of similar age and
discuss their significance for the pre-orogenic tectonic evolu-
tion of the Western Carpathians.

GEOLOGICAL SETTING

The Pieniny Klippen Belt (PKB) is a narrow (several km),
but lengthy (up to 600 km) zone dominated by Late
Oligocene-Miocene wrench tectonics (Ratschbacher et al.,
1993; Nemcok and Nemcok, 1994; Kova¢ and Hok, 1996;
Schlégl et al., 2008). It separates the External Western
Carpathians (EWC - “Flysch Belt”, Penninic units, a Tertiary
accretionary complex overriding the North European Platform)
from the Central Western Carpathians (CWC — Austroalpine
units, Cretaceous basement/cover nappe stack — Fig. 1), and in-
volves Jurassic to Paleogene strata of extremely variable lithol-
ogy and intricate internal structure. During more than a century
of detailed research, these have been subdivided into numerous
lithostratigraphic and tectonic units of distant provenances,
hence witnessing excessive shortening and subsequent dis-
persal within this restricted zone (e.g., Birkenmajer, 1977,
1986; Froitzheim et al., 2008). The PKB is therefore consid-
ered as a suture, in spite of a lack of ophiolite complexes. In
many places, the PKB is formed of isolated blocks of “klippen”
(rigid Middle Jurassic to Lower Cretaceous limestones) em-
bedded in the “klippen mantle” (soft Lower Jurassic and Upper
Cretaceous to Paleogene shale, marl and flysch formations).
Consequently, the PKB has often been characterized as a tec-
tonic megabreccia or mélange. However, this peculiar “block-
in-matrix” structure of the PKB appears to be a result of later
stages of the deformation history of the PKB units, governed by
Early Miocene along-strike transpressional and transtensional
movements. These obliterated, in places completely, Late Cre-
taceous-Paleogene thrusting-related structures. Nowadays, the
PKB usually centres on a positive flower structure — the outer
forward-thrust limb is located within the rear parts of the fron-
tally accreted Biele Karpaty and/or Magura units, while
back-thrusts of the inner limb intensely affected the PKB/CWC
boundary zones (e.g., Marko et al., 2005).

In accordance with its position at the boundary of two ma-
jor parts of the Carpathian orogenic system, the PKB involves
units derived from both. The EWC tectonic system includes the
Magura and Biele Karpaty superunits consisting of Upper Cre-
taceous-Oligocene sedimentary formations composed mostly
of flysch, and the Oravic Superunit comprising Lower Juras-
sic-Upper Cretaceous deposits subdivided into several nappe
units, which are the most characteristic and distinctive PKB
units. However, the PKB and zones adjacent to its inner side in-
volve also nappe units derived from the CWC nappe systems,
dominantly frontal partial nappes of the Fatric Superunit. In ad-
dition to these, four sets of overstepping sedimentary succes-
sions that partly seal older structures may be discerned:
Senonian, Paleocene—Early Eocene, Late Eocene—Early Mio-
cene and Mid-Late Miocene.

The Oravic Superunit includes klippen of the ridge-derived
Czorsztyn Succession (including the largest klippe of this suc-
cession in the entire PKB — the Vr3atec Klippen), the basinal
Kysuca and Pieniny successions, and several types of “transi-
tional” successions. These comprise sedimentary successions
from the Early Jurassic onward. The Oravic Klippen occur
along the northwestern margin of the PKB, forming a narrow (a
few kilometres) “Klippen Belt sensu stricto”. The broader
southeastern part is mostly built of the “non-Oravic” units
(Drietoma, Klape and Manin), with occasional tectonic win-
dows of Oravic units and the Senonian-Paleogene overstep-
ping cover (e.g., Schldgl et al., 2008). This zone was desig-
nated as the “Periklippen Zone” by Mahel’ (1980).

The Czorsztyn Unit represents a former ridge or swell envi-
ronment and is characterized by prevailing shallow-water fa-
cies during the Jurassic and Early Cretaceous (MiSik, 1979,
1994). Itis interpreted as being derived from a subducted conti-
nental ribbon in a middle Penninic position (e.g., Birkenmajer,
1986; PlaSienka, 2003). Due to strong dissection of the ridge
caused by several rifting events, the sedimentary formations
show considerable lateral and vertical variations that were used
for distinction of several sedimentary successions. Thus the
Czorsztyn-type successions exhibit some variability, but are
generally composed of: (1) Middle Liassic to Aalenian
deep-water, partly anoxic bioturbated marlstones and black
shales; (2) Bajocian very shallow-water, sandy-crinoidal lime-
stones, or in places scarp breccias; (3) after the upper Bathonian
break-up unconformity, a thick succession of condensed
“ammonitico rosso” nodular limestones deposited; (4)
Tithonian-Berriasian coquinas, breccias, pale maiolica-type
limestones and Neocomian crinoidal limestones have been pre-
served in places only. After an unconformity indicated by nu-
merous neptunian dykes and partial erosion down to the
Dogger deposits (Barremian-Aptian gap), the locally karstified
surface (Aubrecht et al., 2006) was covered by an Albian
hardground followed by (5) deepening Upper Cretaceous var-
iegated  “couches  rouges”  marlstones and  (6)
Maastrichtian-Eocene flysch.

The Pieniny Unit includes basinal successions with contin-
uous stratigraphic sequences ranging from the Early Jurassic to
the Late Cretaceous. The most widespread Kysuca Succession
consists of: (1) lowermost Jurassic syn-rift siliciclastics; (2)
Lower to Middle Jurassic hemipelagic spotted marlstones pass-
ing gradually into (3) Callovian-Oxfordian radiolarites; (4)
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Fig. 1. General tectonic sketch of the Western Carpathians with position of the study area (white rectangle)

Kimmeridgian red nodular limestones; (5) Tithonian-Neo-
comian cherty limestones; (6) various mid-Cretaceous
hemipelagic marlstones; (7) Turonian-Santonian coarsen-
ing-upward “exotic” flysch and (8) Campanian red pelagic
“Globotruncana” marls.

The newly discovered volcanic rocks here described occur
in the Chmel'ova region of the so-called VrSatské bradla group
of klippen in the Pichov segment of the PKB (Fig. 1). The
Oravic, Czorsztyn, Pruské and Kysuca successions crop out in
asmall area here, being deformed in a complex fold-fault struc-
ture (Fig. 2). To the NW, the Kysuca Unit is juxtaposed to the
flysch deposits of the Biele Karpaty Unit of the EWC Flysch

Belt. This contact is followed by a large wrench fault that forms
the northern boundary of the PKB.

Bodies of basic volcanic rocks were discovered in two lo-
calities within the variegated marls of Late Cretaceous age. The
first, smaller occurrence (a few metres in diameter) is situated
on the northern slopes of Chmel'ova Hill. The second, much
larger occurrence is situated SSW-wards of Chmel'ova Hill on
the SE slopes of the unnamed crest about 1 km SW of Vr3atec
hotel (GPS coordinates of the approximate centre of the body:
N 49°03 52.9, E 18°08 34.6). This occurrence is represented by
three volcanic bodies, the largest body being up to 100 m wide
and over 500 m long (Fig. 2).
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The area is dominated by macroscopic fold structures with
SW-NE trending axes and younger, mainly strike-slip faults
(Fig. 2). The macrofolds are asymmetric, non-cylindrical with a
locally penetrative, steeply NW-dipping axial plane cleavage.
The bulk of the volcanic rocks is situated in the core of a tight
brachysyncline. The map view and analysis of fault structures
reveal that folding was followed by dominantly strike-slip
faulting (SW-NE and younger W-E to WNW-ESE trending
faults) that finally shaped the klippen tectonic style of the area.

The sedimentary succession containing the volcanic body
analysed cannot be assigned without reservations to any typical
Oravic successions described in the literature. As the oldest
member, it contains dark grey spotty limestones with intercala-
tions of sandy crinoidal limestones and spongiolites, which are
partly analogous to the Samasky Fm. described from the transi-
tional Pruské Succession (Aubrecht and Ozvoldova, 1994), or
to the Flaki Limestone Fm. known from the Branisko (Kysuca)
Succession in Poland. This formation is overlain by greenish
and red platy radiolarites (Sokolica and Czajakowa Limestone
fms.), followed by red nodular limestones (Czorsztyn Lime-

stone Fm.). The Lower Cretaceous deposits are of a special
type with pinkish allodapic bioclastic limestones (Horna Lysa
Fm. — MiSik et al., 1994). Brick-red marlstones, which can be
possibly correlated with the Cenomanian Lalinok Fm., and the
volcanic rocks, are the youngest members of this succession
(Fig. 3). The succession described bears features of either a
non-typical Kysuca Succession, or a transitional Pruské Suc-
cession. Palaeogeographically, it most probably occupied a po-
sition between these two, i.e. along a distal slope of the
Czorsztyn Ridge at a transition to the Pieniny Basin. Towards
the east, the succession considered is in lateral juxtaposition
with the typical Czorsztyn Succession (Fig. 2) containing white
and red sandy-crinoidal limestones (Smolegowa and
Krupianka fms., respectively), red nodular “ammonitico rosso”
limestones (Czorsztyn Limestone Fm.) and pink biodetrital
“Calpionella” limestones (Dursztyn Limestone Fm.).

The volcanic rocks lie in superposition over variegated
marlstones of the Lalinok Fm. In some places, a thermal con-
tact with the marlstones was observed. The volcanic bodies
consist of hyaloclastic breccias in a larger scale they represent
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basaltic submarine lava flows, which discharged into a carbon-
ate depositional environment. Determination of an approxi-
mate age of the volcanic rocks is based on the foraminiferal
tests found in micritic, partly thermally recrystallized carbonate
forming an interstitial substance, fissure fillings and fragments
in hyaloclastites. Foraminifers, together with carbonate ooze,
penetrated into the voids of the brecciated lava body either dur-
ing or shortly after its solidification. The tests found represent
keeled planktonic foraminifers belonging to the family
Globotruncanidae (Fig. 4D; determined by S. J6zsa). These are
characteristic of the Cenomanian-Maastrichtian time interval.
Accordingly, the basaltic lavas were emplaced during the Late
Cretaceous.

ANALYTICAL METHODS

Rock-forming minerals and Fe-Ti spinels were analysed
with a wave-dispersion (WDS) electron microprobe Cameca
SX-100 and photographed in back-scattered electron (BSE)
made at the Geological Survey of the Slovak Republic

(Bratislava) under the following conditions: 15 kV acceler-
ating voltage, 20 nA beam current, beam diameter 2-5 um,
ZAF corrections, standards (n — natural, sy — synthetic) —
wollastonite (n) for Si and Ca, Al,O; (sy) for Al, rodonite
(n) for Mn, fayalite (n) for Fe, forsterite (n) for Mg, TiO,
(sy) for Ti, NiO (sy) for Ni, Cr (sy) for Cr, willemite (n) for
Zn. Fe*"and Fe*'in spinels were calculated assuming an
ideal stoichiometry. The composition of the minerals is
shown in Tables 1-4.

The apatite composition was measured by Cameca
SX-100 electron microprobe in the wavelength mode at the
Institute of Geological Sciences, the Masaryk University,
Brno (Czech Republic). The following analytical condi-
tions were used: accelerating voltage of 15 kV, beam cur-
rent of 10 nA, beam diameter of 3-5 um, element measure-
ment time of 20—40 s. The following natural and synthetic
standards were used: apatite (for P Ko, Ca Ko, F Koy,
sanidine (Si Ka), cheralite (Th Mar), metallic U (U Mp),
CeAl,(Ce La), almandine (Fe Kar), spessartine (Mn Ka),
MgAIL,O4(Mg Koar), SrSO4(Sr La), albite (Na Kor) and
vanadinite (Cl Ko). The lower detection limit of the
microprobe was ~0.18 wt.% for F, and 0.02-0.1 wt.% for
other measured elements. Contents of As, Y, La, Pr, Nd and
Ba were below the detection limit. Standard deviation was
ca. =1 wt.% for F, 0.4 to 0.6 wt.% for Ca and P, and £0.05
to 0.1 wt.% for the other measured elements. The measured
data were corrected by the PAP routine.

Whole-rock powder samples were used for analyses.
From a large (approx. 6 kg) generally fresh sample we sepa-
rated pure dark rocks (Fig. 4A, B). By quartering we di-
vided the sample into two and then we analysed them. The
values in Table 5 are averages of two analyses. Major and
trace elements were determined by ICP OES and ICP MS in
Acme Analytical Laboratories Ltd. Canada (Table 5). The
conditions of analyses and detection limits of elements are
given in Acme Analytical Laboratories Ltd. (2008).

MINERALOGY AND PETROLOGY

The texture of the volcanics is not homogeneous, approach-
ing that of hyaloclastites or breccias (Fig. 4A, B). In the light
grey-green fine-grained vitreous matrix, there are irregular
sharp-edged chips of coarse-grained volcanics (2-20 mm) and,
very rarely, also sharp-edged clasts of carbonates or thin car-
bonate veinlets (Fig. 4B). The matrix is composed of devitrified
glass, small albite grains, microlites of clinopyroxenes, amphi-
boles and zeolites. Volcanic clasts are traced by thin calcite
veinlets. The mineral composition of the coarse-grained clasts
corresponds to basalt/basanites. The most frequent mineral
phases in the volcanic clasts are clinopyroxene, amphibole and
illmenite, less frequent is apatite and Fe-Ti-spinel (Fig. 5).
Other minerals detected are pseudomorphs after olivines, alkali
feldspars and analcime.

Clinopyroxene (Cpx) is zonal and forms porphyric struc-
tures (Fig. 5A-E) together with amphibole, apatite and
illmenite. Zoning is marked by irregular alternation of lighter
and darker phases of different composition, which indicates
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Fig. 4A—C - photomacrographs of melanephelinites with hyaloclastic brecciated structure (dark clasts of melanephelinites
and pale clasts of limestones in a vitreous matrix); D — thin section of limestone with test of foraminifer from the family Globotruncanidae

rapid cooling of magma. The lighter rims are rich in Ti, Al, Fe
and partly also Na and depleted in Si and Mg. Sector zoning
was occasionally observed in addition to oscillatory zoning.
Based on the Morimoto’s et al. (1988) classification, the com-
position of Cpx (Table 1) corresponds to diopside (Fig. 6). It
correlates well with the composition of magmas and their tec-
tonic position. We used discrimination diagrams by Nisbet and
Pearce (1977) and Leterrier et al. (1982). The Cpx projection
points are plotted in the alkali basalt fields in both diagrams.
This position documents the alkali character of volcanics and
their similarity to the Cretaceous alkali volcanics of the Exter-
nal and Central Western Carpathians (Hovorka and Spisiak,
1988). Amphiboles (Fig. 5D) are also slightly oscillatory
zoned; they are less frequent than Cpx and have a specific com-
position (Table 2) — increased contents of TiO; (3.9 wt.%) as
well as Na,0 and K,0 (2.5 and 1.9 wt.%, respectively). In the
IMA classification (Leake et al., 1997) they correspond to par-
gasite. Some volcanic fragments contain a higher amount of
apatite. Two types of apatite differing in morphology, size and
composition were distinguished (Fig. 7A, B). Apatite 1 forms

euhedral to subhedral porphyric crystals (phenocrysts), 150 to
800 um in size, in association with other large phenocrysts
(feldspars, Fe-Ti oxides). Apatite 2 consists of small (20 to
50 um), long prismatic to acicular subhedral crystals in the
finely crystalline to glassy matrix (groundmass) of the rock
(Fig. 7B). Both apatite generations show homogeneous
hydroxylapatite composition without chemical zoning across
the crystals. Apatite 1 shows lower Si, Ce, Fe, Sr and F con-
tents, and higher P, Mg and Ca contents in comparison to apa-
tite 2; e.g., 0.3-0.5 and 0.8-1.1 wt.% SiO,, 0.02-0.15 and
~0.3 wt.% Ce,05, 0.3-0.4 and 0.6-0.8 wt.% FeO, 0.3-0.5 and
~0.8 wt.% SrO, respectively (Table 3). The F/(F+OH) ratio at-
tains 0.25 to 0.29 in apatite 1, and 0.33 to 0.36 in apatite 2.
The alkaline character of the rock is documented also by the
presence of partly resorbed leucite (Fig. 7C). Other minerals
important for the magma genesis are the Fe-Ti spinels, that oc-
cur as an accessory phase. The size of the spinel grains is up to
400 um. The spinels show strong alteration visible in BSE im-
ages (Fig. 7E, F), or in reflected polarized light. Due to alter-
ation, spinels are inhomogeneous and their “vermicular” tex-
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Table 1
Representative analyses of clinopyroxenes
No 1 4 5 6 8 9 10 11 12

SiO, 51.50 48.70 49.33 51.69 48.97 49.61 51.75 50.28 51.81
TiO, 1.06 1.84 1.72 1.01 1.98 1.61 1.06 1.32 1.10
ALQ, 2.30 3.03 4.08 2.27 3.92 3.56 2.10 2.72 2.34
Cr,0, 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.01 0.00
FeO,, 7.62 6.02 8.21 8.03 7.75 7.61 7.58 11.15 7.35
MnO 0.23 0.20 0.20 0.21 0.17 0.19 0.25 0.40 0.24
MgO 14.52 14.49 13.11 13.97 13.64 13.28 14.11 11.10 14.35
Ca0 23.39 24.01 22.25 22.48 22.89 22.75 22.73 21.54 22.80
Na,0 0.80 0.60 0.99 0.82 0.81 091 0.85 1.47 0.71
K,0 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01
Total 101.45 98.90 99.89 100.48 100.16 99.56 100.47 99.99 100.71
Formula based on 6 O

Si 1.90 1.84 1.85 1.92 1.83 1.86 1.92 1.91 1.92
Ti 0.03 0.05 0.05 0.03 0.06 0.05 0.03 0.04 0.03
Al 0.10 0.14 0.18 0.10 0.17 0.16 0.09 0.12 0.10
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe™ 0.10 0.12 0.09 0.06 0.10 0.09 0.07 0.09 0.06
Fe™ 0.13 0.07 0.17 0.19 0.14 0.15 0.17 0.26 0.17
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.80 0.82 0.73 0.77 0.76 0.74 0.78 0.63 0.79
Ca 0.92 0.97 0.89 0.89 0.92 0.92 0.90 0.88 0.90
Na 0.06 0.04 0.07 0.06 0.06 0.07 0.06 0.11 0.05
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.05 4.06 4.05 4.03 4.05 4.04 4.03 4.05 4.03

FeOy, — total Fe as FeO

ture is strongly porous. The major constituent of Fe-Ti spinels
(titanomagnetites) is magnetite (43-46 mol%). The amount of
ulvdspinel (Usp) component ranges between 32 and 34 mol%.
According to the spinel classification (Deer et al., 1992), the
spinels studied correspond to ulvéspinels (Fig. 8). Selected
microprobe analyses are shown in Table 4. The content of
Al,Ozis up to 3.4 wt.% and MgO 4.5 wt.%. The dominant sub-
stitution trends are tetrahedral Mg <> Fe®*substitution, fol-
lowed by 2Fe* <> Fe?*+ Ti*"exchange and Fe** <> Ti**substi-
tution (Fig. 9). The charge balance is unequal due to inverse
spinel structure. The substitution trends described are identical
with those reported for other occurrences of Mesozoic alkali
basalts in the Western Carpathians (Mikus et al., 2006), as well
as in the Madeira Island alkaline lava (Mata and Munhg, 2004).
Fe-Ti spinels from VrSatec and CWC alkali rocks are some-
what poorer in Ti (Usps_sg) than those in other alkali basalt oc-
currences (e.g., Usps;_71; Cornen and Maury, 1980, etc.). The
Ti-depletion of the studied Fe-Ti spinels can be explained in
terms of alteration processes (Fig. 9). Fe-Ti spinels in alkali
basalts are richer in minor components (Al and Mg) than those
from tholeiitic rocks and andesites. The distinctive feature of
Fe-Ti spinels from alkaline rocks is their tendency towards a
high Al,O3 content (Frost and Lindsley, 1991).

The chemical composition of the volcanics is rather specific
(Table 5). Generally, these rocks are characterized by low SiO,
contents (ca. 37.0 wt.%), enhanced contents of TiO, and P,Os
(3.0 wt.%) and elevated contents of incompatible elements
such as Ba (1300 ppm), Sr (1100 ppm) and LREE, as well as

those of Nb (217 ppm), V (161 ppm) and Zr (1050 ppm). Gen-
erally low SiO, contents and high CaO contents are partially in-
fluenced by carbonate content (amygdales or carbonate veins)
in the samples analysed. The classification of these rocks is dif-
ficult. According to different classification diagrams (TAS,
Beard et al., 1998, and others) we can characterize these rocks
as ultrabasic rocks and picrobasalts. For classification we used
the classification of basanitic and nephelinitic volcanic rocks
by Le Bas (1989). This classification is based on the CIPW
norm. According to it basanites were recognized as having
>5% normative ab and <20% normative ne, melanephelinites
as having <5% normative ab and <20% normative ne, and
nephelinites as having >20% normative ne. Our volcanites
have 1.2% ab and 12.9% ne. This suggests that we can call
them melanephelinite.

For various discrimination diagrams (Pearce and Cann,
1973; Mullen, 1983; Meschede, 1986, etc.) these volcanics cor-
respond to OIA (ocean island alkali basalt) or WPA
(within-plate alkali basalt) fields (Fig. 10). Although
melanephenite typically have higher contents of some elements
including REE (with a lower degree of partial melting in com-
parison with alkali basalts), we are comparing them with alkali
basalts and/or Cretaceous alkali basalt/basanites of the Western
Crapathians, as we infer their similarity in age and geotectonic
setting. High contents of REE as well as those of some other el-
ements have been influenced by a high apatite content (P,Os
3.0 wt.%) in the separated coarse-grained volcanites. This is a
high content and it is likely to have been a result of local accu-
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Table 2

Representative analyses of amphibole

Sample B-1 B-1 B-1 B-1 B-1 B-2
No 1 2 11 12 13 6
Si0, 40.05 | 40.87 | 40.38 | 40.90 | 40.82 | 41.99
TiO, 3.80 4.04 3.86 385 | 3.82 3.64
AlLO; 1145 | 11.90 | 11.63 | 11.78 | 11.88 | 11.15
Cr,04 0.00 0.04 0.02 0.00 | 0.02 0.00
FeOy 1359 | 12,57 | 1357 | 1244 | 1351 | 12.79
MnO 0.19 013 | 0.24 017 | 017 0.20
MgO 12.34 | 12.95 | 1250 | 13.21 | 12.49 | 13.34
Ca0 11.16 | 11.35 | 11.12 | 11.21 | 11.02 | 11.17
Na,O 2.49 2.50 257 255 | 253 2.68
K,0 2.00 1.96 1.95 1.97 1.96 1.81
Total 97.37 | 98.47 | 97.95 | 9850 | 98.46 | 98.95
Formula based on 23 O
Si 6.031 | 6.044 | 6.021 | 6.047 | 6.046 | 6.160
Al 1.969 | 1.956 | 1.979 | 1.953 | 1.954 | 1.840
Al 0.063 | 0.119 | 0.065 | 0.099 | 0.119 | 0.087
Ti 0.430 | 0.450 | 0.433 | 0.429 | 0.426 | 0.402
Cr 0.000 | 0.005 | 0.002 | 0.000 | 0.002 | 0.000
Fe¥* 0.334 | 0.248 | 0.377 | 0.342 | 0.386 | 0.340
Fe? 1.377 | 1.306 | 1.315 | 1.195 | 1.287 | 1.229
Mg 2.771 | 2.855 | 2.777 | 2.913 | 2.758 | 2.918
Mn 0.025 | 0.017 | 0.030 | 0.021 | 0.021 | 0.024
Ca 1.801 | 1.799 | 1.777 | 1.776 | 1.749 | 1.755
Na“* 0.199 | 0.201 | 0.223 | 0.224 | 0.251 | 0.245
Na* 0.527 | 0.516 | 0.520 | 0.506 | 0.475 | 0.517
K 0.384 | 0.370 | 0.371 | 0.371 | 0.371 | 0.338
Total 15.912 | 15.885 | 15.891 | 15.877 | 15.846 | 15.855
Fe/Fe+Mg | 0.332 | 0.314 | 0.321 | 0.291 | 0.318 | 0.296

For explanation see Table 1

mulation of apatite (and/or ilmenite) in the melt. The course of
the normalized REE curve is clearly in the direction of low
HREE contents without a considerable Eu-anomaly (Fig. 11).
This curve is typical of nephelinitic rocks. Compared to
basanites of identical geotectonic position (Pieniny Klippen
Belt, Jarnuta Fm., Hanigovce — SpiSiak and Sykora, 2009) they
are richer in REE. They display the same elevated REE con-
tents as do Cretaceous alkali basalts/basanites from the Central
Western Carpathians (Hovorka et al., 1999). Such high REE
contents are typical of strongly alkali nephelinite-type rocks
(e.g., Ulrych et al., 1998). A similar pattern is seen in the man-
tle-normalized trace element abundances (Fig. 12).
Melanephelinites from Vr3atec have higher contents of all ele-
ments compared except for Rb and Sr compared to basaltoids
from the Pieniny Klippen Belt (Jarmuta Fm., Biala Woda —
Birkenmajer and Lorenc, 2008; Hanigovce — SpiSiak and
Sykora, 2009) and higher than in other Cretaceous alkaline bas-
alts occurring in the Central Western Carpathians. Such a
course of the mantle-normalized trace element curve for the
basaltoids from other localities of the Pieniny Klippen Belt and
Cretaceous alkaline basalts from the Central Western
Carpathians is typical of ocean island alkali basalts (OIB).

DISCUSSION

GENERAL FRAMEWORK OF THE MESOZOIC
MAFIC ALKALINE VOLCANISM IN CENTRAL EUROPE

Following the widespread and voluminous Permian conti-
nental tholeiitic to calc-alkaline, and only minor alkaline ba-
saltic volcanism (e.g., Timmerman, 2008), the Triassic was a
generally quiet volcanic period outside the Tethyan mobile
belts. However, the latest Triassic-earliest Jurassic breakup of
Pangaea and opening of the central Atlantic Ocean was associ-
ated with voluminous, probably plume-derived magmatism
(Hill, 1991; Oyarzun et al., 1997; Golonka and Bocharova,
2000). Several rift arms propagated from the central Atlantic
north- and westwards during the Mid Jurassic, but oceanic
spreading first affected the eastern branch named the Alpine
Tethys. It included the presently sutured domains known as the
Piemont—Ligurian (South Penninic) oceanic realms. There the
rifting was initially non-volcanic and the sea-floor was first
formed by the subcontinental mantle exhumed during asym-
metrical passive extension leading to continental breakup (e.g.,
Lemoine et al., 1987; Trommsdorff et al., 1993; Marroni et al.,
1998). Passive mantle unroofing was then followed by MORB
type volcanism along a slow-spreading centre (Koller and
Hock, 1992; Durr et al.,, 1993; Piccardo et al., 2004).
Within-plate, mildly alkaline basalts occur rarely within the
Penninic domains and were reported from the Eastern Alps
(Koller, 1985; Hock and Miller, 1987; Koller and Hock, 1992;
Frisch et al., 1994). Their age is unknown, but most probably
they formed during the Late Jurassic and/or Early Cretaceous.

On the other hand, the NE-propagated Atlantic Rift arm did
not result in continental breakup, but an extensive and complex
rift system rejuvenated earlier Permian grabens in the future
north Atlantic realm and its western European margin (e.g.,
Ziegler, 1988). The North Sea triple junction of the Viking, Cen-
tral and Moray Firth Grabens was marked by extensive alkaline
basaltic volcanism in the Forties volcanic province during the
Mid Jurassic (Latin and White, 1990). Sources of this volcanism
were sought in a rapid mantle upheaval and consequent partial
melting of the asthenosphere and lithosphere due to lithospheric
stretching and thinning (Latin and Waters, 1992).

During the Early Cretaceous, a new rift arm propagated
north-eastwards from the central Atlantic, which separated
Iberia and its Briangonnais promontory from Laurasia by the
Galicia, Bay of Biscay and Valais (North Penninic) oceanic
domains. Further to the east, the Valais Rift probably merged
with the Jurassic Piemont-Ligurian Ocean (Triimpy, 1988;
Liati et al., 2005; Schmid et al., 2008). However, even further
east, the Early Cretaceous rifting affected the European mar-
gin as well, and formed several continental splinters, such as
the Oravic (Czorsztyn) and Silesian ridges (e.g., Golonka et
al., 2000). This rift branch was yet again essentially non-vol-
canic, but followed by several Late Cretaceous alkaline mafic
volcanic fields at the Galician margin and Pyrenean foreland
(referred to as the Iberian Province — Rock, 1982; see also
Azambré et al., 1992; Tavares Martins, 1999). The eastern,
Alpine—Carpathian sector of this rift branch (Rhenodan-
ubian—Magura) is accompanied by volumetrically unimpor-
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Table 3
Representative analyses of apatite
1 2 3 4 5 6 7 8 9 10
P,0, 4157 | 4192 | 41.86 | 4112 | 4111 | 4056 | 41.74 | 4174 | 4127 | 4171
Sio, 0.46 0.50 0.42 0.49 0.83 1.13 0.29 0.45 0.39 0.39
ThO, 0.01 0.01 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00
uo, 0.00 0.01 0.06 0.02 0.00 0.00 0.00 0.06 0.03 0.00
Ce,0, 0.14 0.15 0.12 0.14 0.31 0.26 0.02 0.13 0.07 0.12
FeO 0.32 0.34 0.38 0.39 0.57 0.82 0.44 0.27 0.33 0.39
MnO 0.07 0.06 0.07 0.07 0.06 0.06 0.07 0.07 0.06 0.05
MgO 0.27 0.25 0.23 0.27 0.18 0.22 0.44 0.22 0.33 0.30
CaO 55.14 | 5512 | 5449 5416 | 54.17 | 5340 | 5498 | 54.75 54.66 | 54.68
SrO 0.44 0.48 0.47 0.48 0.77 0.77 0.28 0.46 0.38 0.40
Na,O 0.30 0.28 0.29 0.18 0.23 0.21 0.30 0.28 0.28 0.29
H,0* 1.30 1.32 1.29 1.26 1.12 1.15 1.27 1.26 1.23 1.29
F 0.97 0.95 0.98 1.02 131 1.22 1.02 1.06 1.07 0.99
Cl 0.13 0.13 0.14 0.11 0.14 0.13 0.15 0.12 0.14 0.10
O=F -041 | -040 | —041 | _043| —-055| —051| -043 | -045| —045| —042
0=Cl —0.03 | —0.03 | —003| _p02| -003| -003| —0.03| —0.03 | —0.03| -0.02
Total 100.68 | 101.09 | 10036 | 99.28 | 100.22 | 99.41 | 100.54 | 10039 | 99.76 | 100.27
Formula based on 12 O and (OH+F+Cl) = 1 apfu
P 2946] 2955 2969 2953 2.933] 2916] 2957 2961] 2950 2.962
Si 0.039| 0.042]  0.035 0.042] 0.070] 0.096] 0.024] 0.038] 0.033] 0.033
Sum B 2985 2997 3.004] 2995 3.003] 3.012] 2.981] 2999 2983 2995
Th 0.000|  0.000]  0.000]  0.000 0.000] 0.000] 0.000] 0.000] 0.000]  0.000
U 0.000|  0.000 0.001]  0.000[ 0.000] 0.000] 0.000] 0.001] 0.001]  0.000
Ce 0.004|  0.005|  0.004] 0.004] 0.010] 0.008 0.001] 0.004] 0.002] 0.004
Fe 0.022|  0.024] 0.027| 0.028] 0.040]  0.058]  0.031]  0.019]  0.023]  0.027
Mn 0.005|  0.004|  0.005  0.005| 0.004) 0.004] 0.005 0.005| 0.004] 0.004
Mg 0.034|  0.031]  0.029] 0.034] 0.023] 0.028 0.055 0.027| 0.042] 0.038
Ca 4945|4917 4.892] 4922 4891 4.859] 4.929] 4916] 4.944| 4914
Sr 0.021|  0.023]  0.023] 0.024| 0.038/ 0.038] 0.014 0.022| 0.019/ 0.019
Na 0.049]  0.045]  0.047)  0.030] 0.038] 0.035]  0.049]  0.045]  0.046]  0.047
Sum A 5.080| 5.049] 5028 5047 5044 5030 5.084 5039 5081 5.053
OH 0.725] 0.731]  0.720] 0.711] 0.631] 0.654] 0.709] 0.702] 0.694] 0.723
F 0.257| 0250/ 0260/ 0274| 0349 0328 0270 0.281] 0286 0.263
Cl 0.018)  0.018]  0.020] 0.016] 0.020] 0.019]  0.021]  0.017|  0.020]  0.014
Sum X 1.000) 0999 1.000 1.001] 1.000]  1.001 1.000|  1.000]  1.000]  1.000]

H,O* — total H,O

tant, but numerous intrusions and extrusions of Lower Creta-
ceous mafic alkaline magmatic rocks. These embrace the
southern — Austroalpine margin of the Alpine Tethys
(Trommsdorff et al, 1990), along with the CWC
Tatric—Fatric and the Tisia terrane Mecsek-Alfold volcanic
fields described below. The northern margin was affected by
similar alkaline volcanism, e.g. in the St. Veit Klippen Zone
of the Eastern Alps and the extensive Moravian-Silesian vol-
canic field of the EWC, as well as in its prolongation in the
Eastern Carpathian area (see below).

During the Late Cretaceous, the alkaline volcanism moved
further forelandwards into areas later influenced by a wide-
spread Cenozoic magmatism, e.g. along the Ohfe (Eger) Rift
graben (Ulrych et al., 2008). The final opening of the north At-
lantic Ocean and the Labrador Sea in the Paleogene was then
closely related to the Icelandic hot spot accompanied by volu-
minous plume-generated magmatism (e.g., White et al., 1987;

Jones, 2003). The Cenozoic alkaline volcanism in Western Eu-
rope might or might not have been related to this plume activity
(Lustrino and Wilson, 2007).

Over the last two decades, the possible geodynamic sources
of this volcanism have been widely debated. While some au-
thors argued for the plume-generated opening of central Atlan-
tic as the primary source for the subsequent passive margin al-
kaline volcanism (e.g., Hoernle et al., 1995; Oyarzun et al.,
1997), others found no necessity for large-scale mantle plume
activity and relate the rifting and volcanism to the interactions
of local mantle upwellings and pre-existing continental
lithospheric weak zones (e.g., McHone, 2000). Concerning the
European Cretaceous alkaline volcanism, Oyarzun et al.
(1997) proposed the thin-spot model whereby a strongly
thinned and rifted European realm was influenced by
NE-wards divected sublithospheric plume channelling.
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Table 4
Representative microprobe analyses of Fe-Ti spinels from VrSatec
SiO; 0.10 0.10 0.26 0.08 0.10 0.05 0.07 0.09 0.28 0.14 0.14 0.08
TiO, 14.32 14.34 14.39 14.80 14.15 14.08 13.97 13.83 14.23 14.27 14.05 6.37
Al,O3 3.23 3.21 3.15 3.29 3.32 3.09 2.83 3.28 3.29 3.36 3.37 0.68
Cr,03 0.20 0.07 0.03 0.01 0.10 0.15 0.36 0.07 0.03 0.01 0.03 0.00
*Fe,03 50.69 50.67 50.66 50.81 51.07 | 51.93 52.28 52.17 49.71 51.97 51.36 60.70
FeO 23.41 23.12 22.74 23.90 24.33 23.95 23.86 23.92 22.94 24.25 24.00 28.83
MnO 0.62 0.71 0.85 0.67 0.56 0.61 0.71 0.72 0.96 0.64 0.60 1.49
MgO 4.21 4.23 4.47 4.07 3.81 4.12 4.13 4.10 4.05 4.02 4.02 0.15
CaO 0.04 0.11 0.04 0.02 0.04 0.02 0.05 0.02 0.03 0.02 0.02 0.00
ZnO 0.10 0.10 0.04 0.03 0.06 0.03 0.02 0.11 0.12 0.20 0.10 0.11
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Total 96.93 96.66 96.63 97.66 97.54 | 98.04 98.29 98.33 95.63 98.88 97.71 98.41
Formula based on 3 cations
Si 0.004 0.004 0.010 0.003 0.004 0.002 0.003 0.004 0.011 0.005 0.005 0.003
Ti 0.407 0.408 0.409 0.418 0.401 | 0.396 0.393 0.388 0.410 0.398 0.396 0.187
Al 0.144 0.143 0.140 0.145 0.147 0.136 0.125 0.144 0.148 0.147 0.149 0.031
Cr 0.006 0.002 0.001 0.000 0.003 | 0.004 0.011 0.002 0.001 0.000 0.001 0.000
Fe* 1.440 1.443 1.440 1.434 1.445 1.461 1.469 1.463 1431 1.449 1.449 1.779
Fe?* 0.739 0.731 0.718 0.750 0.765 | 0.749 0.745 0.745 0.734 0.752 0.752 0.939
Mn 0.020 0.023 0.027 0.021 0.018 | 0.019 0.022 0.023 0.031 0.020 0.019 0.049
Mg 0.237 0.239 0.252 0.227 0.214 0.230 0.230 0.228 0.231 0.222 0.224 0.009
Ca 0.001 0.004 0.002 0.001 0.002 0.001 0.002 0.001 0.001 0.001 0.001 0.000
Zn 0.003 0.003 0.001 0.001 0.002 | 0.001 0.000 0.003 0.003 0.005 0.003 0.003
Ni 0.000 0.000 0.000 0.000 0.000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000
*Fe,03 — calculated from stoichiometry
Table 5
Chemical composition of the rocks studied (average of two analyses)

SiO, 36.89 Ba 1357.4 Y 64.3 Zr 1052.2

TiO, 3.30 Be 6 La 161.8 Sc 9

ALO; 11.10 Co 28.5 Ce 367.2 Mo 0.9

Cr,0; 0.01 Cs 0.6 Pr 42.92 Cu 15.8

Fe,05¢0t 15.79 Ga 314 Nd 178.3 Pb 10.8

MnO 0.36 Hf 22.5 Sm 29 Zn 224

MgO 6.12 Nb 217.1 Eu 8.53 As 1.4

CaO 12.61 Rb 30.3 Gd 21.7 Cd 0.5

Na,O 2.73 Sn 5 Tb 3.16 Sb 0.1

K,O 1.91 Sr 1107.3 Dy 13.96 Bi 0.1

P,0; 3.00 Ta 13.5 Ho 2.23 Au™ 5.4

LOI 5.70 Th 16.2 Er 5.39 Hg 0.01

Total 99.52 U 5.8 Tm 0.73 Tl 0.1

\Y% 161 Yb 3.98 W 0.8
Ni 38 Lu 0.54

Oxides in wt.%; other elements in ppm; Au™™ in ppb; LOI - loss on ignition; Fe,Ox, — total Fe as Fe,03
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Fig. 5. Back-scattered electron images of clinopyroxenes (A-C, E, F) and amphiboles (D)
with number of analyses (Tables 1 and 2)

Amp — amphibole, Ap — apatite, Cpx — clinopyroxenes, llm — ilmenite

OVERVIEW OF CRETACEOUS ALKALINE BASALTS
IN THE CARPATHIAN-PANNONIAN REALM

The Carpathian—Pannonian area includes several Eu-
rope-derived terranes that were assembled by complex
orogenic processes during the Cretaceous and Cenozoic
(Schmid et al., 2008). Assuming a tentative mid-Cretaceous
palinspastic situation (Fig. 13), the mafic alkaline volcanism
occurred in the foreland of a developing orogenic wedge which
propagated outwards from the internal zones adjoining the Late
Jurassic Meliata Suture. These areas embraced both the north-
ern and southern margins of the spreading Penninic oceanic
basins (Alpine Tethys), and are presently dispersed in various
tectonic units of the Alpine—Carpathian—Pannonian realm.

The northern Penninic passive margin is represented by the
largest Carpathian Early Cretaceous alkaline volcanic region
that extends in a belt some 100 km long in the
Moravian-Silesian territories of NE Czech Republic and
Southern Poland. The volcanics are confined to the detached
sedimentary complexes of the western part of the Silesian
Nappe of the EWC Flysch Belt and represent a classic area of
the teschenite or teschenite-picrite association (e.g.,
Tschermak, 1866). These volcanic rocks are associated with
deep marine clastic deposits — dark shales and calcareous
turbiditic sandstones, Tithonian-Albian in age. K-Ar radiomet-
ric ages reported by Harangi and Arva-Sos (1993) range from
96 to 128 Ma, those obtained by Grabowski et al. (2003) are
even more scattered between 63 and 148 Ma. Though affected
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Fig. 6. Classification diagram of clinopyroxenes (Morimoto et al., 1988)

Central WC — composition of clinopyroxenes from Cretaceous alkali volcanites from the Central Western
Carpathians (Hovorka and Spisiak, 1988; SpiSiak and Hovorka, 1997; Hovorka et al., 1999)

by hydrothermal alteration and/or excess argon, the latter au-
thors argue for the presence of extrusive rocks within the
biostratigraphically dated Valanginian-Hauterivian deposits,
therefore radiometric ages up to 140 Ma seem to be reliable. On
the other hand, “°Ar/*Ar dating from some localities provided
ages in a very narrow span from 120.4 £1.3 to 122.4 +1.1 Ma
(Lucinska-Anczkiewicz et al., 2002). A characteristic feature
of the whole association is a prevalence of shallow subsurface
sills and veins over effusive or volcaniclastic rocks, pointing to
a comparatively deep basin and a high water column. Products
of the volcanic activity are fairly well differentiated (from
picrites to syenites), resulting in various types of intrusive, ef-
fusive and extrusive rocks (picrites, alkali basalts, basanites,
teschenites and monchiquites). On the basis of mineral compo-
sition, they have been further discriminated into less abundant
types (camptonites, ankaratrites, fourchites, ouachites etc., for
details see Mahmood, 1973; Kudélaskova, 1987; Hovorka and
Spisiak, 1988; Narebski, 1990; Dostal and Owen, 1998). This
volcanic field is here referred to as the Moravian-Silesian Vol-
canic Field (MSVF).

The eastern lateral prolongation of the MSVF may be prob-
ably found in the Outer Dacide units of SW Ukraine and North-
ern Romania (Oszczypko et al., 2005). There, the Upper Juras-
sic to Lower Cretaceous basalts occur in several Outer
Carpathian Flysch Belt units appearing in front of the
Marmarosh-Bucovinian basement nappes (Vulkhovchik,
Kaminnyj Potik, Trostianets, Vezhany and Rakhiv—Chiv-
chin—-Black Flysch nappes). Various geochemical signatures
for volcanic rock succession in this region were reported —
from ophiolitic tholeiites to intraplate alkaline basalts
(Hovorka, 1996 and references therein; Varitchev, 1997;
Krobicki et al., 2004, 2008).

Further south-east, similar volcanics are present in the
Black Flysch and Ceahldau nappes (Outer Dacides -
Sandulescu, 1990, 1994) in the Eastern Carpathians of Roma-
nia. Rift-related volcanism of Late Jurassic to earliest Creta-
ceous age is represented by calc-alkaline, tholeiitic and alkaline
basalts (Lupu and Zacher, 1996; Badescu, 1997), as well as by
a large intrusive syenitic body — the Ditrau alkaline massif (e.g.,
Dallmeyer et al., 1997) accompanied by numerous lampro-
phyre dykes, which were emplaced in the Bucovinian pre-Al-
pine basement (Median Dacides). This magmatism is related to

the rift arm designated as the Chivchin—Ceahlau—Severin
Ocean. In addition to true ophiolites (Jurassic Severin Ocean),
the associated within-plate basalts indicate an intracontinental
position of this narrow, probably transtensional oceanic rift
(Badescu, 1997; Schmid et al., 2008).

In the Pieniny Klippen Belt of intra-Penninic position
(Oravic continental fragment in Fig. 13), Mesozoic volcanic
rocks are generally rare. VVolcanics occur more abundantly in
the lateral structural prolongations of the PKB, which, how-
ever, are presently considered to represent more external
palaeogeographic zones with respect to the typical Oravic units
of the PKB. In the Eastern Alps, Mesozoic volcanics are mod-
erately abundant in the Ybbsitz and St. Veit Klippenzones (e.g.,
Schnabel, 1992). These zones separate frontal Austroalpine
units of the Northern Calcareous Alps and the Northern
Penninic Rhenodanubian Flysch Belt in a position analogous to
the PKB. While the Ybbsitz Zone includes dismembered Juras-
sic MORB-type ophiolites, and is therefore ranged to the South
Penninic Piemont-Ligurian oceanic realm (Schnabel, 1992;
Froitzheim et al., 1996; Schmid et al., 2008), the St. Veit
Klippenzone near Vienna is rich in mid-Cretaceous volcanics
described as picrite dykes, lavas and tuffs intercalated within
the Albian-Cenomanian red shales (Janoschek et al., 1956;
Prey, 1975). Along with the associated Kahlenberg Nappe, the
St. Veit Klippenzone is palacogeographically placed in the
southern part of the North Penninic Rhenodanubian Basin
(Trautwein et al., 2001), i.e. in a position analogous to the
Carpathian Magura (Biele Karpaty) Basin.

The eastern structural prolongation of the PKB is to be
found in the Poiana Botizii Klippen area of Northern Romania
(Birkenmajer, 1986; Oszczypko et al., 2005). Here a deep-wa-
ter pelagic Upper Jurassic-Lower Cretaceous succession is un-
derlain by presumably Callovian amygdaloidal basalts, basaltic
tuffs (cinerites) and volcaniclastic sandstones (Sandulescu et
al., 1982; Bombita and Pop, 1991). Palacogeographically, this
succession presumably represents a basinal area north of the
Oravic ridge, i.e. the Magura Basin floor (Bombitd et al.,
1992). The geochemical character of the volcanic rocks is
poorly known, however. They were described as basalts to ba-
saltic andesites (Bombitd and Savu, 1986).

The sporadic volcanic occurrences within the PKB sensu
stricto were summarized by Misik (1992). This author de-
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Fig. 7. Back-scattered electron images: A, B — apatite; C — leucite; D — ilmenite; E, F — strongly alterated Fe-Ti spinels

Ap | — apatite 1, Ap Il — apatite 2; Leuc — leucite; for other explanations see Figure 5

scribed also pyroclastic admixtures in distal sandy turbidites in
Upper Jurassic deep-water Oravic successions (Misik et al.,
1991). The only larger, presently known volcanic occurrence in
the PKB was described from the Velyky Kamenets quarry near
Novoselica in Western Ukraine (Krobicki et al., 2004, 2008
and references therein). The Berriasian or younger amygda-
loidal basalts and basaltic tuffs show a within-plate, alkaline
character (Krobicki et al., 2008).

In the Orava region of NW Slovakia, a small exposure of
strongly altered basaltic tuffs (palagonites) inserted within the

Upper Cretaceous variegated marls of the Czorsztyn Unit was
described by Aubrecht (1997). Some other patchy occurrences
of Upper Cretaceous tuffite layers are cited by Misik (1992).
In Western Slovakia, small basalt exposures have been re-
ported from a few places. In vicinity of BoSéaca village near
Trencin, hyalobasanitic lavas crop up within lower Albian
marly limestones of the Drietoma or Manin Unit (Kullmanova
and Vozar, 1980). However, these units most probably repre-
sent the frontal elements of the CWC Fatric nappe system lo-
cated in the Periklippen Zone neighbouring the PKB s.s. Con-
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and Pécskay, 2000). Two similar basaltic
olistoliths  residing within the Proc¢
(Jarmuta) Fm. near Hanigovce village in
eastern Slovakia have been recently studied
by SpiSiak and Sykora (2009). From the
point of view of their position, petrology
and geochemistry, they are almost identical
to the Jaworki olistolith.

The drifted European continental frag-
ments south of the Penninic Ocean include
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Fig. 8. Nomenclature and composition of spinels based

on classification of Deer et al. (1992)

Studied spinels (white squares, Table 4) are compared with Fe-Ti spinels of the Central
Carpathian Mesozoic alkali basalts — grey circles (Mikus et al.

sequently, they belong to the Tatric—Fatric VVolcanic Field de-
scribed below. A few other, very small occurrences of
hyaloclastic basalts (augitites — Zorkovsky, 1949) were re-
ported from the Plchov sector of the PKB in the vicinity of
MikuSovce and StreZenice, only several km NE of our locality.
Their position amidst Upper Cretaceous variegated marls also
closely resembles our finding.

In addition to these volcanic occurrences in the PKB, Me-
sozoic igneous rocks of various characters can be found as peb-
bles in conglomerate bodies of the Cretaceous to Paleogene
flysch formations. Their provenance is questionable; com-
monly they are thought to be derived from an “exotic” source
located south of the present PKB (see e.g., MiSik and Sykora,
1981; Birkenmajer, 1988; Misik and Marschalko, 1988;
Demko et al., 2008).

At Biata Woda near the village of Jaworki in the Polish
PKB, a remarkable solitary, few metres in diameter basaltic
olistolith resides within the uppermost Cretaceous conglom-
erates of the Jarmuta Formation (Birkenmajer and Wieser,
1990). This basalt has an alkaline, within-plate geochemical
signature and was interpreted as being derived from the
Czorsztyn Ridge (Birkenmajer and Lorenc, 2008). K-Ar dat-
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0 the Austroalpine, Central Western Carpa-

0 thians (CWC - eastern prolongation of the
MgAlL,O, Austroalpine domain) and the Tisza—Dacia
(spinel) terrane (e.g., Csontos et al., 1992). In the
CWOC, the primitive mafic alkaline volcanic
rocks occur in the Tatric, Fatric and proba-
bly also in the Hronic superunits (cf.,
Zorkovsky, 1949; Hovorka and SpiSiak,
1988; Hovorka et al., 1999 for a review).
Volcanites of the Tatric—Fatric Volcanic
Field (TFVF) are mostly of basanite type (fewer picrites), or
their volcaniclastics. In the Tatric sedimentary cover,
hyalobasanitic lava flows form stratiform bodies within the
Lower Cretaceous deep-marine sequences in the Malé Karpaty,
Low and High Tatra Mts. Besides these, basanite dykes in the
Tatric basement granitoid rocks have also been reported
(Hovorka et al., 1982a, b; SpiSiak et al., 1991). Six K-Ar
datings from these dykes are dispersed between 93 and 115 Ma
(Spisiak and Balogh, 2002).

More frequent, though small TFVVF lava bodies are known
from the Barremian-Albian hemipelagic sedimentary succes-
sions of the Fatric KriZzna and Manin nappes (Zorkovsky, 1949;
Hovorka and Sykora, 1979; Hovorka and SpiSiak, 1988). The
products of this volcanic activity are weakly-differentiated
rocks of basalt/basanite type and rarely picrites that occur as
veins in the Triassic carbonates (SpiSiak and Hovorka, 2000).
Volcaniclastic rocks, mostly hyaloclastites, are quite common.
The age of this volcanism, based on stratigraphic and geo-
chronological data, is mid-Cretaceous — generally Aptian to
early Albian (K-Ar isotopic ages 106 and 116 Ma; Bujnovsky
et al., 1981). Picrite veins near Poniky village in the Banska
Bystrica district penetrate the Triassic carbonates of either the
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Fig. 9. Correlation of major elements in Fe-Ti spinels from Vr3atec

Studied spinels (white squares) are compared with Fe-Ti spinels of Mesozoic alkali basalts (grey circles; Mikus et al., 2006)
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Dashed circle — composition of Cretaceous alkali volcanites from the Central Western Carpathians (Hovorka and SpiSiak, 1988; Hovorka et al., 1999),
CAB - calc-alkaline basalt of volcanic arcs, E-MORB - E-type mid-ocean ridge basalt, IAT — island arc tholeiites, MORB - mid-ocean ridge basalt,
N-MORB - N-type mid-ocean ridge basalt, OlA — oceanic island alkali basalt, OIT — oceanic island tholeiites, VAB — volcanic arc basalt, WPA —
within-plate alkali basalt, WPB — within-plate basalt, WPT — within-plate tholeiites

Fatric Krizna, or the Hronic Cho¢ Nappe (Hovorka and
Slavkay, 1966; SpiSiak and Hovorka, 2000).

The intra-Carpathian Tisza (Tisia) terrane, which is another
Europe-derived fragment, includes inselbergs and substrata of
the southern part of the intra-Carpathian Pannonian Basin and
the Apuseni Mts. Early Cretaceous volcanism is particularly
widespread in the western part of the Tisza Unit, in the present
Mescek Mts. and subcrop of the Alfold Basin of Southern Hun-
gary (e.g., Harangi, 1994; Haas and Pér6, 2004). This terrain
was designated as the Mecsek—Alfold Igneous Field (MAIF)
by Harangi et al. (2003). VVolcanic rocks include alternating pil-
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Fig. 11. Chondrite-normalized rare-earth element abundances of the
Vrdatec melanephelinites (squares), Hanigovce basanites (Pieniny
Klippen Belt, SpiSiak and Sykora, 2009 — heavy line) and Cretaceous
alkali volcanites of the Central Western Carpathians (Hovorka et al.,
1999 - thin lines)

Normalizing values after McDonough and Sun (1995)

low lavas and lava breccias, hyaloclastites and volcaniclastics,
as well as numerous subvolcanic dykes and sills (Harangi et al.,
2003). Effusive and extrusive products once possibly formed
huge seamounts and were closely related to coeval atoll-like
carbonate build-ups dated as Valanginian to Albian (Cséaszér
and Turn3ek, 1996). K-Ar radiometric data range between 135
and 110 Ma (Harangi and Arva-Sos, 1993).

Upper Cretaceous (Campanian to Maastrichtian) alkaline
basalts are rarely reported from the Carpathian area. Mafic to
ultramafic dyke swarms (predominantly monchiquite) were de-
scribed from the Transdanubian Range (e.g., Kubovics et al.,
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Fig. 12. Mantle-normalized trace element abundances of: squares —
Vrsatec volcanites, heavy lines — basaoids from Hanigovce (Jarmuta
Fm., Pieniny Klippen Belt; Spisiak and Sykora, 2009), dashed line —
basaoids from Biala Woda (Jarmuta Fm., Pieniny Klippen Belt,
Birkenmajer and Lorenc, 2008) and thin lines — Cretaceous alkali
volcanites of the Central Western Carpathians (Hovorka et al., 1999)

Normalizing values after McDonough et al. (1992)
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Fig. 13. Palaesogeographical scheme for the western Tethyan region in mid-Cretaceous times

Blank areas — continental crust (AA — Austroalpine, CWC — Central Western Carpathians, IWC — Internal Western Carpathians);
grey areas — oceanic crust; crossed line — Meliata and related Jurassic sutures; barbed line — active subduction; asterisks — inferred
position of alkaline basalt volcanic centres; compiled based on reconstructions of various authors mainly, Ziegler (1988),

Stampfli and Kozur (2006) and Schmid et al. (2008)

1990; see also review by Hovorka, 1996 and references
therein). Along with the lamprophyre dykes of similar age from
the Villany Mts. in Southern Hungary (Tisza megaunit), they
bear signs of subduction-related enrichment of the parental
asthenospheric magma (Nédli and T6th, 2007). Contamination
of the lithospheric mantle by the subducted material is then re-
corded also in the Plio-Pleistocene alkali basalts in the
intra-Carpathian area (Kovécs et al., 2004). The increasing
amount of crustal material that polluted the mantle sources of
alkali magmatism from the Late Cretaceous onwards can be as-
cribed to the global increase of subducted crust in the Al-
pine—Carpathia—Mediterranean areas due to ongoing Eu-
rope-Africa convergence and subduction of various Tethyan
branches (e.g., Piromallo et al., 2008).

GEODYNAMIC BACKGROUND OF THE EARLY CRETACEOUS
ALKALINE VOLCANISM

The products of Cretaceous alkaline volcanism are known
from both the EWC and CWC, i.e. north and south of the PKB.
These rocks, in spite of restricted volume and area coverage,
are of key importance for the definition of geotectonic condi-

tions at the time of their formation (Hovorka and SpiSiak, 1988,
1993; Spisiak and Hovorka, 1997).

Auvailable geochronological and biostratigraphic data indi-
cate that the Cretaceous alkaline volcanism in the Western
Carpathian area started during the earliest Cretaceous (at ca.
140 Ma) and culminated during the Aptian and early Albian,
i.e. roughly from 125 to 100 Ma. This can be postulated despite
the isotopic age data usually showing a considerable scatter
while even the K-Ar ages from a single volcanic body may dif-
fer by 10 Ma (cf. Birkenmajer and Pécskay, 2000). Biostati-
graphical dating of sediments, in which the submarine lava
flows are inserted, is often of low resolution as well. However,
the late Early Cretaceous age of their origin fits well to the ma-
jority of occurrences of all volcanic fields described above. The
alkaline basalts described here from the PKB appear to be a lit-
tle younger, although probably not younger than 90 Ma (late
Turonian).

Sources of the Cretaceous and Cenozoic alkaline basaltic
volcanism in Western and Central Europe were looked for in an
extensive, sheet-like subcontinental mantle reservoir designated
as the Common Mantle Reservoir (CMR; Lustrino and Wilson,
2007). The CMR should have originated during the Cretaceous
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and resided in the asthenosphere since then, occasionally form-
ing upwellings and feeding volcanic edifices during periods of
suitable extensional tectonic regime in the overlying lithosphere
(Harangi et al., 2003; Piromallo et al., 2008). Several conceptual
models attempting to explain the origin of Cenozoic alkaline
basalts in the circum-Mediterranean area were summarized in a
comprehensive review by Lustrino and Wilson (2007). The pub-
lished opinions range from a deep mantle plume hypothesis,
through “thin spot”, “mantle fingers”, plume channelling, pas-
sive rifting and mantle upwelling models, up to mantle
lithospheric decompression melting due to lithospheric stretch-
ing. These variable views reflect the geochemical signals in alka-
line basalts from various parts of Europe that, in spite of sharing
many common features, may differ significantly. Hence, they do
not provide unequivocal evidence for the general application of
any model considered. Nevertheless, the presence of small man-
tle plumes, diapirs or “fingers” beneath certain volcanic prov-
inces has been independently supported by seismic tomography
(Granet et al., 1995), but some other models lack such evidence.
An extensional tectonic regime is not an inevitable prerequisite
either for instance Dézes et al. (2004) documented a general
compressional tectonic regime in the Alpine and Pyrenean fore-
land during the Paleocene, when the Cenozoic alkaline mag-
matic provinces of Central Europe (provinces of Western and
Central Europe, Rhenish Massif, Black Forest and Bohemian
Massif) were initiated.

The same applies for the Cretaceous alkali basalts all
around Europe. As pointed out by Harangi et al. (2003), there is
no simple model that can explain all aspects of Cretaceous
primitive mafic volcanism in Western and Central Europe. Ge-
netic relations to Atlantic plumes are uncertain, although envis-
aged by e.g. Oyarzun et al. (1997) and Wilson (1997). Accord-
ing to these authors, the alkaline magmatism is confined to pe-
ripheries of the central and/or north Atlantic plumes and af-
fected the European passive margin.

The period between 120 and 85 Ma was a time of excep-
tional planetary-scale geodynamic process, recorded by the
normal magnetic polarity superchron, a global sea level
highstand, increase in the spreading rate in the Pacific Ocean,
plate movement reorganization, and so on. These phenomena
have been interpreted as the result of an important mantle event
— the rise of huge mantle upwellings named superplumes or
superswells (e.g., Larson 19914, b). Extensive mantle melting
produced large igneous provinces as the Ontong-Java or
Kerguelen plateaus and the mantle superplume ultimately led
to Gondwana splitting and the opening of the south Atlantic
and Indian Oceans. However, the superplume model has been
criticized (e.g., Loper, 1992; Anderson, 1994), especially con-
cerning the apparent coincidence of the magnetic superchron
and the plume-related superficial flood basalts. The
superplume obviously would have needed some tens of Ma to
rise from the core-mantle boundary to the base of the litho-
sphere. Therefore Larson and Kincaid (1996) modified the
superplume hypothesis and proposed elevation of the 670 km
thermal boundary layer as a primary trigger of the onset of
mid-Cretaceous volcanism and Pangaea splitting.

However, all models relying on some sort of rising mantle
plume as a source of the Cretaceous alkaline basaltic volcanism
in Europe do not take into consideration the tectonic style of

rifting that governed the opening of several oceanic arms of the
Alpine Tethys (Penninics). The geological record suggests a
passive, essentially non-volcanic rifting mode during the
pre-drift stage, resulting from accumulation of tensional
stresses in the European lithosphere located in the foreland of
the Alpine—Carpathian orogen prograding from the hinterland
Tethyan (Meliata) Suture (e.g., Froitzheim et al., 2008;
Fig. 13). The first phases of rifting encompassed wide areas,
the ensuing breakup occurring along lithospheric detachment
faults that caused sublithospheric mantle exhumation. Oceanic
crust production commenced only later due to passive mantle
upwelling. This simple shear, “Wernicke-type” (Wernicke,
1985; Lister et al., 1986) rifting mode has been reconstructed
for both the Mid Jurassic opening of the Ligurian—Piemont
(South Penninic) Ocean (Lemoine et al., 1987; Bernoulli et al.,
1993; Froitzheim and Manatschal, 1996; Schaltegger et al.,
2002; Piccardo et al., 2002), as well as for the Early Cretaceous
opening of the North Penninic Valais Ocean (Florineth and
Froitzheim, 1994; Froitzheim and Rubatto, 1998; Manatschal
et al., 2006) and Magura Oceans (PlaSienka, 2003). The Creta-
ceous continental breakup events affected the southern passive
margin of the North European Platform and formed
intra-Penninic continental splinters as the Briangonnais in the
west and Oravic (Czorsztyn) Ridge in the east (Fig. 13). The
Cretaceous North Penninic Rift System (Valais Ocean) partly
re-rifted the Jurassic South Penninic Ocean (Liati et al., 2005).
Even further to the west, the present-day uninverted Galicia
passive margin of the Atlantic Ocean shows a similar evolution
(e.g., Manatschal and Bernoulli, 1999; Manatschal, 2004,
Manatschal et al., 2006).

Recently, Manatschal and Munterer (2009) have proposed
a new tectonic/magmatic scenario for the evolution of the Al-
pine Tethys ophiolites. They characterize the magma-poor
ocean/continent transition (MP-OCT) as a complex association
of subcontinental mantle exhumed along a low-angle detach-
ment, fragments of continental basement, tectono-sedimentary
breccias, post-rift sediments and various basic volcanites rang-
ing from MORB-type to alkaline. Evolution of such margins
progressed from a non-volcanic asymmetric rifting stage to
breakup accompanied and followed by MOR mafic
magmatism. Alkaline magmas were emplaced later during a
post-breakup stage.

Furthermore, White et al. (1987) showed that plume-in-
fluenced asthenosphere 100-150°C hotter than normal would
generate enormous rift-related volcanism, a feature which is
not observed along the Alpine—Carpathian Mesozoic rift
zones. On the contrary, geochemical modelling of Cretaceous
alkali basalts suggests a low-degree (3-6%), low pressure
(60-80 km) partial melting of a garnet peridotite source at the
spinel/garnet transitional zone (Harangi, 1994; Harangi et al.,
2003). An enriched, HIMU/OIB affinity parental magma in-
dicated by trace element distribution and Sr and Nd isotopic
ratios probably resulted from mixing of asthenospheric and
metasomatized subcontinental mantle material (Trommsdorff
etal., 1990; Latin and Waters, 1992), or by introduction of re-
cycled crustal components into the depleted upper mantle
(Lustrino and Wilson, 2007).

During the Early Cretaceous, the Western Carpathian
orogenic foreland was subjected to marine sedimentation orga-
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nized into to wide basinal and narrow ridge areas, as indicated
by the sedimentary record (Michalik et al., 1996; PlaSienka,
1998). This rugged topography resulted from preceding Juras-
sic rifting events, which lack any signs of rift-related volca-
nism. There were several additional rifting events starting from
the Berriasian onwards, which ultimately led to the opening of
the North Penninic-Magura Ocean (PlaSienka, 2003). The
main phase of Cretaceous mafic alkaline volcanism partly coin-
cides with development of the Urgonian carbonate platforms
(Barremian—Aptian), which grew in places on submarine
ridges of the Oravic and Tatric domains (Michalik and Soték,
1990; Michalik, 1994; Jozsa and Aubrecht, 2008). Since
Urgonian platforms are locally inserted within comparatively
deep-water pelagic sequences, a temporary lowering of
bathymetry of some hundreds metres must have occurred. Fur-
thermore, contemporaneous emersion and terrigenous clastic
input was documented in certain parts of the Tatric and Oravic
areas (Jablonsky et al., 1993; Aubrechtetal., 2006). In addition
to the eustatic sea level drop, the differential uplift was most
probably related to horst formation and extensional block tilt-
ing. Accordingly, an extensional tectonic regime governed
wide areas that surrounded the Penninic oceanic domains. As
an alternative, the Barremian-Aptian surface uplift might be at-
tributed to mafic magma underplating. However, the small
amount of effusive volcanic material, low degree of its differ-
entiation and crustal contamination, as well as the primitive
geochemical characteristics of the Lower Cretaceous volca-
nism rather suggest a rapid ascent of tiny portions of mantle
melts that pierced an overlying lithosphere attenuated by pre-
ceding and coeval rifting events (Fig. 14).

Summing up, the geological record from the Western
Carpathians indicates a passive, volcanic-poor rifting mode
during the Jurassic and Early Cretaceous. Rifting and continen-
tal breakup were consequences of build-up of tensional stresses
in the lithosphere located in the foreland of the developing
orogenic wedge. Short-term spreading and oceanic crust pro-
duction resulted from divergent plate movements (Europe vs.
Adria/Africa) with restricted production of MORB-type basalts
in axial zones of comparatively narrow, slow-spreading and/or
MP-OCT Penninic rifts of the Alpine Tethys. Contemporane-
ously, the alkaline basaltic volcanism occurred on passive con-
tinental margins of the Penninic rifts, being generated by
low-degree melting of lithospheric mantle or mixed sources on

the peripheries of mantle upwellings that fed the axial oceanic
rift zones. Global mantle processes, such as the Cretaceous
superplume and/or the thermal boundary layer elevation, might
have contributed to the ambient upper mantle temperature rise
and enhanced the upper mantle upwellings (“diapiric instabili-
ties” — Lustrino and Wilson, 2007) below the extending, ther-
mally softened European continental lithosphere. Nevertheless,
the volcanic centres do not form clusters indicating hotspots
above local mantle plumes, fingers, or diapirs, but spread for
thousands of kilometres along margins of the passive Penninic
rifts. Alkaline volcanism generally postdated the main rifting
phases, hence it appears to be the product, not the cause of rift-
ing. In view of that, the geological data rather support a
non-plume origin of the Lower Cretaceous mafic alkaline vol-
canism in the Alpine—Carpathian—Pannonian realm.

CONCLUSIONS

The newly discovered body of basaltoid within the Pieniny
Klippen Belt forms a comparatively large lava body composed
mostly of hyaloclastites. VVolcanics are intimately related to co-
eval marly deposits containing Globotruncanid foraminifers,
thus their age is Cenomanian or younger. The sedimentary suc-
cession in which the volcanics occur belongs to the Oravic
Superunit that can be placed palaeogeographically at the transi-
tion between the Czorsztyn Ridge and the Kysuca—Pieniny Ba-
sin, i.e. within the Penninic oceanic realm (Alpine Tethys).

The mineralogical composition and geochemical features
of the VrSatec volcanites studied correspond to melane-
phelinites. The rare element and trace element patterns are
higher than those typical of magmas generated in an intraplate
setting and are similar to those of OIB or WPA provinces. High
contents of REE as well as those of some other elements have
been influenced by high apatite (P,Os 3.0 wt.%) contents.
These volcanics were probably generated by decompression
melting during passive asthenospheric mantle upwelling asso-
ciated with lithospheric stretching and thinning.

Though the chemical composition of the melanephelinites
from VrSatec is different (higher contents of P,Os, Rb, Sr,
REE) from the other vulcanite occurrences in the Pieniny
Klippen Belt (Jarmuta Fm.; Biala Woda — Birkenmajer and
Pécskay, 2000; Birkenmajer and Lorenc, 2008; Hanigovce —
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Fig. 14. Lithosphere-scale profile of the future Western Carpathian area showing presumed position
and sources of Cretaceous alkaline basalts

MSVF — Moravian-Silesian Volcanic Field, PKBVF — Pieniny Klippen Belt Volcanic Field, TFVF — Tatric—Fatric Volcanic Field,
dotted — continental crust, dark grey — oceanic crust, light grey — lithospheric mantle, tailed black buttons — alkaline volcanics (exaggerated);
for the position of the section see Figure 13
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SpiSiak and Sykora, 2009) the age and geological position is
very similar to them and to other Cretaceous alkaline basalts
occurring in the External (Silesian Unit, MSVF) and Central
Western Carpathians (Tatric nad Fatric units, TFVF), as well as
to some volcanic rocks from the Eastern Alps (AAVF), Eastern
Carpathians and Pannonian Basin (Tisza terrane — Mecsek
Mts.,, MAIF) and also outside the Alpine—Carpa-
thian—Pannonian realm (e.g., Pyrenean foreland, Iberian/Atlan-
tic passive margin). Considerations of the geodynamic setting
and tectonic evolution of all these zones suggest that they de-
veloped along passive rift arms of the Alpine Tethys governed
by an extensional tectonic regime due to build-up of tensional
stresses in the foreland of compressive Alpine orogenic wedges
prograding from the hinterland. Rifting started as non-volcanic,
and in places was followed by restricted oceanic spreading and
MORB type volcanism. Accordingly, the alkaline volcanism
was related to passive mantle upwelling resulting from
lithospheric stretching. Small portions of mantle-derived melts
originated by low-degree partial melting of a HIMU-like
protolith on the peripheries of mantle upwellings rising below

the rift axes. Their ascent and piercing of the overlying litho-
sphere was enhanced by the general extensional regime and
considerable lithospheric thinning as a result of preceding and
coeval rifting events. Therefore, the basalts were emplaced off
rift axes, along the passive margins rimming the Penninic bas-
ins. Possible contribution of mantle plume material related to a
mid-Cretaceous mantle “storm” cannot be ruled out, but ap-
pears to be of minor relevance in explaining of the Cretaceous
alkaline mafic volcanism in the Alpine—Carpathian area.

Acknowledgements. The authors wish to thank
P. Konegny, D. Ozdin and R. Skoda for electron-microprobe
assistance, and S. Jozsa who determined the microfossils. The
authors also wish to thank Dr. L. Krzeminski and Dr.
M. Krobicki for their constructive comments. This study repre-
sents a partial output of the projects APVT 51-012504,
APVV-0465-06, APVV-LPP-0225-06, APVV-0279-07,
APVV-0557-06, VEGA 2/0104/08 and the Comenius Univer-
sity grant No. UK/267/2007. Financial support from these
grants is gratefully acknowledged.

REFERENCES

ACME ANALYTICAL LABORATORIES Ltd. (2008) — AcmeLabs. Ser-
vices & Fees 2008. — Acme analytical laboratories Ltd., 36 p., Vancou-
ver B.C.

ANDERSON D. L. (1994) — Superplumes or supercontinents? Geology,
22:39-42.

AUBRECHT R. (1997) - Signs of Laramian resedimentation and subma-
rine volcanic activity near Zazriva—Grune (Orava part of the Pieniny
Klippen belt). Miner. Slov., 29: 39-49.

AUBRECHT R., KROBICKI M., SYKORA M., MISIK M., BOOROVA
D., SCHLOGL J., SAMAJOVA E. and GOLONKA J. (2006) — Early
Cretaceous hiatus in the Czorsztyn succession (Pieniny Klippen Belt,
Western Carpathians): submarine erosion or emersion? Ann. Soc.
Geol. Pol., 76: 161-196.

AUBRECHT R. and OZVOLDOVA L. (1994) — Middle Jurassic-Lower
Cretaceous development of the Pruské Unit in the western part of the
Pieniny Klippen Belt. Geol. Carpath., 45: 211-223.

AZAMBRE B., ROSSY M. and ALBAREDE F. (1992) - Petrology of the
alkaline magmatism from the Cretaceous North-Pyrenean Rift Zone
(France and Spain). Eur. J. Miner., 4: 813-834.

BADESCU D. (1997) — Tectono-thermal regimes and lithosphere behav-
iour in the External Dacides in the Upper Triassic and Jurassic Tethyan
opening (Romanian Carpathians). Tectonophysics, 282: 167-188.

BAILEY D. K. and WOOLLEY A. R. (1999) — Episodic rift magmatism:
the need for a new paradigm in global dynamics. Geolines, 9: 15-20.
Czech. Acad. Sc.

BEARD A. D., DOWNES H., HEGNER E., SABLUKOV S. M., VETRIN
V. R. and BALOGH K. (1998) — Mineralogy and geochemistry of De-
vonian ultramafic minor intrusions of the southern Kola Peninsula,
Russia: implication for the petrogenesis of kimberlites and melilitites.
Contrib. Miner. Petrol., 130: 288-303.

BERNOULLI D., BERTOTTI G. and FROITZHEIM N. (1993) — Meso-
zoic faults and associated sediments in the Austroalpine-South Alpine
passive continental margin. Mem. Soc. Geol. It., 45: 25-38.

BIRKENMAJER K. (1977) — Jurassic and Cretaceous lithostratigraphic
units of the Pieniny Klippen Belt, Carpathians, Poland. Stud. Geol.
Pol., 45.

BIRKENMAJER K. (1986) — Stages of structural evolution of the Pieniny
Klippen Belt, Carpathians. Stud. Geol. Pol., 88: 7-32.

BIRKENMAJER K. (1988) — Exotic Andrusov Ridge, its role in plate- tec-
tonic evolution of the West Carpathian Foldbelt. Stud. Geol. Pol., 91:
7-37.

BIRKENMAJER K. and LORENC M. W. (2008) — Lower Cretaceous ex-
otic intraplate basaltoid olistolith from Biata Woda, Pieniny Klippen
Belt, Poland: geochemistry and provenance. Stud. Geol. Pol., 131:
237-246.

BIRKENMAJER K. and PECSKAY Z. (2000) — Early Cretaceous K-Ar
age of a large basalt olistolith at Biata Woda, Pieniny Klippen Belt,
West Carpathians, Poland. Stud. Geol. Pol., 117: 27-35.

BIRKENMAJER K. and WIESER T. (1990) — Exotic rock fragments from
Upper Cretaceous deposits near Jaworki, Pieniny Klippen Belt, West
Carpathians, Poland (in Polish with English summary). Stud. Geol.
Pol., 97: 7-67.

BOMBITA G., ANTONESCU E., MALATA E. and ION J. (1992) —
Pieniny-type Mesozoic formations from Maramures, Romania (sec-
ond part). Acta Geol. Hung., 35: 117-144.

BOMBITA G. and POP G. (1991) — Mesozoic formations from Poiana
Botizii, Pieniny Klippen Belt of Romania. Geol. Carpath., 42: 139-146.

BOMBITA G. and SAVU H. (1986) — Sur les roches volcaniques associées
aux klippes piénines de Poiana Botizii (Maramures roumain). Ann.
Soc. Geol. Pol., 56: 337-348.

BUJNOVSKY A., KANTOR J. and VOZAR J. (1981) — Radiometric dat-
ing of Mesozoic basic eruptive rocks of the Krizna Nappe in the NW
part of the Low Tatra Mts. Geol. Zbor. Geol. Carpath., 32: 221-230.

CORNEN G. and MAURY R. C. (1980) — Petrology of the volcanic island
of Annobon, Gulf of Guinea. Marin. Geol., 36: 253-267.

CSASZAR G. and TURNSEK D. (1996) — Vestiges of atoll-like forma-
tions in the Lower Cretaceous of the Mecsek Mountains, Hungary.
Cretaceous Res., 17: 419-442.

CSONTOS L., NAGYMAROSY A., HORVATH F. and KOVAC M.
(1992) — Tertiary evolution of the intracarpathian area: a model.
Tectonophysics, 208: 221-241.

DALLMEYER D. R., KRAUTNER H.-G. and NEUBAUER F. (1997) -
Middle-Late Triassic “°Rr/*°Ar hornblende ages for early intrusions
within the Ditrau alkaline Massif, Rumania: implications for Alpine
rifting in the Carpathian orogen. Geol. Carpath., 48: 347-352.

DEERW. A., HOWIE R. A. and ZUSSMAN J. (1992) — An introduction to
the rock-forming minerals (2nd Edition). Longman, England.



46 Jan SpiSiak, Dusan PlaSienka, Jana Bu€ova, Tomas Miku$ and Pavel Uher

DEMKO R., IVAN P. and SYKORA M. (2008) — Geochemical and petro-
graphical study of the volcanic rock clasts from the Cretaceous and
Paleogene conglomerates, Pieniny Klippen Belt, Western Carpathians:
implications for source area and Mesozoic tectonic evolution of West-
ern Carpathians. In: SlovTec08. Proc. Excur. Guide (eds. Z. Németh and
D. PlaSienka): 24-26. State Geol. Inst. D. Stur, Bratislava.

DEZES P., SCHMID S. M. and ZIEGLER P. A. (2004) — Evolution of the
European Cenozoic Rift System: interaction of the Alpine and Pyre-
nean orogens with their foreland lithosphere. Tectonophysics, 389:
1-33.

DOSTAL J. and OWEN J. V. (1998) — Cretaceous alkaline lamprophyres
from northeastern Czech Republic: geochemistry and petrogenesis.
Geol. Rundsch., 87: 67-77.

DURR S., RING U. and FRISCH W. (1993) — Geochemistry and
geodynamic significance of North Penninic ophiolites from the Cen-
tral Alps. Schweiz. Miner. Petrogr. Mitt., 73: 407-419.

FLORINETH D. and FROITZHEIM N. (1994) — Transition from continen-
tal to oceanic basement in the Tasna nappe (Engadine window,
Graubiinden, Switzerland): evidence for Early Cretaceous opening of
the Valais ocean. Schweiz. Miner. Petrogr. Mitt., 74: 437-448.

FRISCH W., RING U., DURR S., BORCHERT S. and BIEHLER D.
(1994) — The Arosa Zone and Platta Nappe ophiolites (eastern Swiss
Alps): geochemical characteristics and their meaning for the evolution
of the Penninic Ocean. Jahrb. Geol. B.-A., 137: 19-33.

FROITZHEIM N.and MANATSCHAL G. (1996) — Kinematics of Jurassic
rifting, mantle exhumation, and passive-margin formation in the
Austroalpine and Penninic nappes (eastern Switzerland). Geol. Soc.
Am. Bull., 108: 1120-1133.

FROITZHEIM N., PLASIENKA D. and SCHUSTER R. (2008) — Alpine
tectonics of the Alps and Western Carpathians. In: The Geology of
Central Europe. Volume 2: Mesozoic and Cenozoic (ed. T. McCann):
1141-1232. Geol. Soc. Publ. House, London.

FROITZHEIM N. and RUBATTO D. (1998) — Continental breakup by de-
tachment faulting: field evidence and geochronological constraints
(Tasna nappe, Switzerland). Terra Nova, 10: 171-176.

FROITZHEIM N., SCHMID S. M. and FREY M. (1996) — Mesozoic
paleogeography and the timing of eclogite-facies metamorphism in the
Alps: a working hypothesis. Eclogae Geol. Helv., 89: 81-110.

FROST B. R. and LINDSLEY D. H. (1991) — Occurrence of iron-titanium
oxides in igneous rocks. In: Oxide Minerals: Petrologic and Magnetic
Significance (ed. D. H. Lindsley). Rev. Miner., 25: 433-462.

GOLONKA J. and BOCHAROVA N. Y. (2000) — Hot spot activity and the
break-up of Pangea. Palaeogeogr. Palaeoclim. Palaeoecol., 161:
49-69.

GOLONKAJ.,0SZCZYPKO N. and SLACZKAA. (2000) — Late Carbon-
iferous—Neogene geodynamic evolution and paleogeography of the
circum-Carpathian region and adjacent areas. Ann. Soc. Geol. Pol.,
70: 107-136.

GRABOWSKI J., KRZEMINSKI L., NESCIERUK P, SZYDLO A,
PASZKOWSKI M., PECSKAY Z. and WOJTOWICZ A. (2003) -
Geochronology of teschenitic intrusions in the Outer Western
Carpathians of Poland — constraints from “K/*°Ar ages and
biostratigraphy. Geol. Carpath., 54: 385-393.

GRANET M., WILSON M. and ACHAUER U. (1995) — Imaging a mantle
plume beneath the French Massif Central. Earth Planet. Sc. Lett., 136:
281-296.

HAAS J. and PERO Cs. (2004) — Mesozoic evolution of the Tisza
Mega-unit. Int. J. Earth Sc. (Geol. Rundsch.), 93: 297-313.

HARANGI Sz. (1994) — Geochemistry and petrogenesis of the Early Cre-
taceous continental rift-type volcanic rocks of the Mecsek Mountains,
south Hungary. Lithos, 33: 303-321.

HARANGI Sz. and ARVA-SOS E. (1993) — The Early Cretaceous volcanic
rocks in the Mecsek Mts. (South Hungary). Féldtani Kézloni, 123:
129-165.

HARANGI Sz., TONARINI S., VASELLI O. and MANETTI P. (2003) —
Geochemistry and petrogenesis of Early Cretaceous alkaline igneous
rocks in Central Europe: implications for a long-lived EAR-type man-
tle component beneath Europe. Acta Geol. Hung., 46: 77-94.

HILL R. I. (1991) — Starting plumes and continental break-up. Earth
Planet. Sc. Lett., 104: 398-416.

HOCK V. and MILLER Ch. (1987) — Mesozoic ophiolitic sequences and
non-ophiolitic metabasites in the Hohe Tauern. In: Geodynamics of
the Eastern Alps (eds. H. W. Fliigel and P. Faupl): 16-33. Franz
Deuticke, Vienna.

HOERNLE K., ZHANG Y. S. and GRAHAM D. (1995) — Seimic and geo-
chemical evidence for large-scale mantle upwelling beneath the east-
ern Atlantic and western and central Europe. Nature, 374: 34-39.

HOVORKA D. (1996) — Mesozoic non-ophiolitic volcanic of the
Carpathian arc and Pannonian Basin. Geol. Carpath., 47: 63-72.

HOVORKA D., CHOVAN M. and MICHALEK J. (1982a) — Olivine
kersantite in granodiorites near Dubrava (Nizke Tatry Mts.) (in Slovak
with English summary). Miner. Slov., 14: 85-90.

HOVORKAD., DOSTAL J. and SPISIAK J. (1999) — Geochemistry of the
Cretaceous alkali basaltic rock of the central part of the Western
Carpathians (Slovakia). Krystalinikum, 25: 37-48.

HOVORKA D., PITONAK P. and SPISIAK J. (1982) — Mesozoic basalts
of the Malé Karpaty Mts. (Western Carpathians) — their significance
for the tectonic interpretation of the Variscan granodiorite massif.
Veroff. Zentralinst. Physik Erde, 73: 5-13.

HOVORKAD. and SLAVKAY M. (1966) — Picrite from Poniky (in Slovak
with English summary). Geol. préace, Spravy, 39: 41-51.

HOVORKAD. and SPISIAK J. (1988) — Mesozoic volcanism of the West-
ern Carpathians (in Slovak with English summary). Veda, Bratislava.

HOVORKA D. and SPISIAK J. (1993) — Mesozoic volcanic activity of the
Western Carpathian segment of the Tethyan Belt: diversities in space
and time. Jb. Geol. B.-A., 136: 769-782.

HOVORKA D. and SYKORA M. (1979) — Neocomian basic volcanics in
the Krizna nappe of the Vel’ka Fatra Mts. (West Carpathians) (in Slo-
vak with English summary). Cas. Miner. Geol., 24: 371-383.

JABLONSKY J., MICHALIK J., PLASIENKAD. and SOTAK J. (1993) -
Sedimentary enviroments of the Solirov Formation and correlation
with Lower Cretaceous turbidites in Central West Carpathians,
Slovakia. Cretaceous Res., 14: 613-621.

JANOSCHEK R., KUPPER H. and ZIRKL E. (1956) — Beitrége zur
Geologie des Klippenbereichs bei Wien. Mitt. Geol. Ges. Wien, 47
(1954): 235-308.

JONES S. M. (2003) — Test of a ridge-plume interaction model using oce-
anic crustal structure around Iceland. Earth Planet. Sc. Lett., 208:
205-218.

JOZSAS. and AUBRECHT R. (2008) — Barremian—Aptian erosion of the
Kysuca-Pieniny trough margin (Pieniny Klippen Belt, Western
Carpathians). Geol. Carpath., 59: 103-116.

KOLLER F. (1985) — Petrologie und geochemie der ophiolite des
Penninikums am Alpenostrand. Jb. Geol. B.-A., 128: 83-150.

KOLLERF. and HOCK V. (1992) — The Mesozoic ophiolites in the Eastern
Alps — a review. In: The Eastern Central Alps of Austria (ed. F.
Neubauer): 115-125. ALCAPA Field Guide, Graz.

KOVAC P. and HOK J. (1996) — Tertiary development of the western part
of Klippen Belt. Slovak Geol. Mag., 2 (96): 137-149.

KOVACS 1., ZAJACZ Z. and SZABO Cs. (2004) — Type-II xenoliths and
related metasomatism from the No6grad-Gomor Volcanic Field,
Carpathian-Pannonian region (northern Hungary—southern Slovakia).
Tectonophysics, 393: 139-161.

KROBICKI M., GOLONKA J., LEWANDOWSKI M., MICHALIK M.,
OSZCZYPKO N., POPADYUK I. and SLABY E. (2004) — Volcanism
of the Jurassic-Cretaceous triple-junction zone in the Eastern
Carpathians. Geolines, 17: 60-61.

KROBICKI M., OSZCZYPKO N., SALATA D. and GOLONKA J. (2008)
— Intra-plate alkaline volcanism in the Pieniny Klippen Belt (Eastern
Carpathians, Ukraine). In: SlovTec08. Proc. Excur. Guide (eds. Z.
Németh and D. PlaSienka): 73-74. State Geol. Inst. D. Stur, Bratislava.

KUBOVICS 1., SZABO Cs., HARANGI S. and JOZSA S. (1990) — Petrol-
ogy and petrochemistry of Mesozoic magmatic suites in Hungary and
adjacent areas — an overview. Acta Geod. Geophys. Mont. Hung., 25:
345-371.

KUDELASKOVA J. (1982) — Petrology and geochemistry of selected rock
types of teschenite association, outer Western Carpathians. Geol.
Carpath., 38: 545-573.

KULLMANOVA A. and VOZAR J. (1980) — Hyaloclastic lava in a marly
sequence of Lower Albian age in the middle Vah valley, Western
Slovakia (in Slovak with English summary). Miner. Slov., 12: 53-62.



Petrology and palaeotectonic setting of Cretaceous alkaline basaltic volcanism in the Pieniny Klippen Belt 47

LARSON R. L. (1991a) — Latest pulse of Earth: evidence for a mid-Creta-
ceous superplume. Geology, 19: 547-550.

LARSONR. L. (1991b) — Geological consequences of superplumes. Geol-
ogy, 19: 963-966.

LARSON R. L. and KINCAID Ch. (1996) — Onset of mid-Cretaceous vol-
canism by elevation of the 670 km thermal boundary layer. Geology,
24: 551-554.

LATIN D. and WATERS F. G. (1992) — Basaltic magmatism in the North
Sea and its relationship to lithospheric extension. Tectonophysics,
208: 77-90.

LATIN D. and WHITE N. (1990) — Generating melt during lithospheric ex-
tension: pure shear vs. simple shear. Geology, 18: 327-331.

Le BAS M. J. (1989) — Nephelinitic and basanitic rocks. J. Petrol., 30:
1299-1312.

LEAKE B. E., WOOLLEY A.R., BIRCHW. D., GILBERT M. C., GRICE
J. D., HAWTHORNEF. C., KATO A., KISCH H. J., KRIVOVICHEV
V. G., LINTHOUT K., LAIRD J., MANDARINO J., MARESCH W.
V., NICKELE. H.,ROCK N. M. S., SCHUMACHERJ. C., SMITHD.
C.,STEPHENSON N. C. N., UNGARETTI L., WHITTAKER E. J. W.
and YOUZHI G. (1997) — Nomenclature of amphiboles. Eur. J. Miner.,
9: 623-651.

LEMOINE M., TRICART P. and BOILLOT G. (1987) — Ultramafic and
gabbroic ocean floor of the Ligurian Tethys (Alps, Corsica,
Apennines): in search of a genetic model. Geology, 15: 622—625.

LETERRIER J.,, MAURY R. C., THONON C., GIRARD I. and MARCHE
L. M. (1982) — Clinopyroxene composition as a method of identifica-
tion of the magmatic affinities of paleo-volcanic series. Earth Planet.
Sc. Lett., 59: 139-154.

LIATI A., FROITZHEIM N. and FANNING C. M. (2005) — Jurassic
ophiolites within the Valais domain of the Western and Central Alps:
geochronological evidence for re-rifting of oceanic crust. Contrib.
Miner. Petrol., 149: 446-461.

LISTERG.S.,ETHERIDGE M. A.and SYMONDS P. A. (1986) — Detach-
ment faulting and the evolution of passive continental margins. Geol-
ogy, 14: 246-250.

LOPER D. E. (1992) — On the correlation between mantle plume flux and
the frequency of reversals of the geomagnetic fields. Geophys. Res.
Lett., 19: 25-28.

LUCINSKA-ANCZKIEWICZ A., VILLA 1. M., ANCZKIEWICZ R. and
SLACZKA A. (2002) — “°Ar/*Ar dating of alkaline lamprophyres
from the Polish Western Carpathians. Geol. Carpath., 53: 45-52.

LUPU M. and ZACHER W. (1996) — Faziesentwicklung und Tektogenese
im Jungmesozoikum und Alttertidr der Ruménischen Karpaten und
Vergleiche mit den Alpen. Zeitsch. Dt. Geol. Ges., 147: 81-99.

LUSTRINO M. and WILSON M. (2007) — The circum-Mediterranean
anorogenic Cenozoic igneous province. Earth Sc. Rev., 81: 1-65.

MAHEL M. (1980) — The Peri-klippen zone: its nearer characterization
and significance (in Slovak with English summary). Miner. Slov., 12:
193-207.

MAHMOOD A. (1973) - Petrology of the teschenitic rock series from the
type area of Cieszyn (Teschen) in the Polish Carpathians. Rocz. Pol.
Tow. Geol., 43: 153-212.

MANATSCHAL G. (2004) — New models for evolution of magma-poor
rifted margins based on a review of data and concepts from West Iberia
and the Alps. Int. J. Earth Sc. (Geol. Rundsch.), 93: 432-466.

MANATSCHAL G. and BERNOULLI D. (1999) — Architecture and tec-
tonic evolution of nonvolcanic margins: present-day Galicia and an-
cient Adria. Tectonics, 18: 1099-1119.

MANATSCHAL G. and MUNTERER O. (2009) — A type sequence across
an ancient magma-poor ocean-continent transition: the example of the
western Alpine Tethys ophiolites. Tectonophysics, 473: 4-19.

MANATSCHAL G., EGSTROM A., DESMURS L., SCHALTEGGER U.,
COSCA M., MUNTERER 0. and BERNOULLI D. (2006) — What is
the tectono-metamorphic evolution of continental break-up: the exam-
ple of the Tasna ocean-continent transition. J. Struct. Geol., 28:
1849-1869.

MARKO F., VOJTKO R., PLASIENKA D., SLIVA L., JABLONSKY J.,
REICHWALDER P. and STAREK D. (2005) — A contribution to the
tectonics of the Periklippen zone near Zazriva (Western Carpathians).
Slovak Geol. Mag., 11: 37-43.

MARRONI M., MOLLI G., MONTANINI A. and TRIBUZIO R. (1998) -
The association of continental crust rocks with ophiolites in the North-
ern Appenines (Italy): implications for the continent — ocean transition
in the Western Tethys. Tectonophysics, 292: 43-66.

MATA J. and MUNHA J. (2004) — Madeira Island alkaline lava spinels:
petrogenetic implications. Miner. Petrol., 81: 85-111.

McDONOUGH W. and SUN S. (1995) — The composition of the Earth.
Chem. Geol., 120: 223-253.

McDONOUGH W., SUN S., RINGWOOD A. E., JAGOUTZ E. and
HOFMAN A. V. (1992) - K, Rb, and Cs in the earth and moon and the
evolution of the earth’s mantle. Geochim. Cosmochim. Acta, 56:
1001-1012.

McHONE J. G. (2000) — Non-plume magmatism and rifting during the
opening of the central Atlantic Ocean. Tectonophysics, 316: 287-296.

MESCHEDE M. (1986) — A method of discriminant between different
types of mid-ocean ridge basalts and continental tholeiites with the
Nb-Zr-Y diagram. Chem. Geol., 56: 207-218.

MICHALIK J. (1994) — Lower Cretaceous carbonate platform facies,
Western Carpathians. Palaeogeogr. Palaeoclimat. Palaeoecol., 111:
263-277.

MICHALIK J., REHAKOVA D. and JABLONSKY J. (1996) -
Geodynamic setting of fluxoturbidites in West Carpathian Upper Ju-
rassic and Lower Cretaceous sedimentary basins. Slovak Geol. Mag.,
3-4 (96): 325-329.

MICHALIK J. and SOTAK J. (1990) — Lower Cretaceous shallow marine
buildups in the Western Carpathians and their relationship to pelagic
facies. Cretaceous Res., 11: 211-227.

MIKUS T., SPISIAK J., SYKORA M. and DEMKO R. (2006) — Chemical
composition of spinels from Mesozoic alkali basalts of the Western
Carpathians — implications for sources of detrital spinels in flysch sed-
iments. Geol. Carpath., 57: 447-460.

MISIK M. (1979) — Sedimentological and microfacial study in the Jurassic
of the Vr3atec (castle) klippe (neptunic dykes, Oxfordian bioherm fa-
cies) (in Slovak with English summary). Zép. Karpaty, Geol., 5: 7-56.

MISIK M. (1992) — Pieniny Klippen Belt in relationship with Mesozoic
and Tertiary volcanism. Z&p. Karpaty, Geol., 16: 47-64.

MISIK M. (1994) — The Czorsztyn submarine ridge (Jurassic—Lower Cre-
taceous, Pieniny Klippen Belt) sequences examples from the West
Carpathians. In: Evolution of the Northern Margin of Tethys, Vol. I.
(eds. M. Rakds, J. Dercourt and A. E. M. Nairn). Mém. Soc. Géol.
France, Nouvelle Sér., 154: 95-113.

MISIK M., JABLONSKY J., OZVOLDOVA L. and HALASOVA E.
(1991) — Distal turbidites with pyroclastic materials in Malmian
radiolarites of the Pieniny Klippen Belt (Western Carpathians). Geol.
Carpath., 42: 341-360.

MISIK M. R. and MARSCHALKO R. (1988) — Exotic conglomerates in
flysch sequences: examples from the West Carpathians. In: Evolution
of the Northern Margin of Tethys, IGCP-198. ESRI (Columbia, SC),
GUDs (Bratislava), Soc. géol. Fr. (Paris). Mém. Soc. Géol. France
Nouvelle Sér., 154: 95-113.

MISIK M. and SYKORA M. (1981) — Der pieninische exotische Riicken,
rekonstruiert aus Gerollen karbonatischer Gesteine Kretazischer
Konglomerate der Klippenzone und der Manin-Einheit. Zap. Karpaty,
Geol., 7: 7-111.

MISIK M., SYKORAM., OZVOLDOVA L. and AUBRECHT R. (1994) —
Horna Lysa (VrSatec) — a new variety of the Kysuca Succession in the
Pieniny Klippen Belt. Miner. Slov., 26: 7-19.

MORIMOTO N., FABRIES J., FERGUSON A. K., GINZBURG I. V,,
ROSS M., SEIFERT F. A., ZUSSMAN J., AOKI K. and GOTTARDI
G. (1988) — Nomenclature of pyroxenes. Am. Miner., 73: 1123-1133.

MULLEN E. D. (1983) — MnO/TiO,/P,0s: a minor element discriminant
for basaltic rocks of oceanic environments and its implications for
petrogenesis. Earth Planet. Sc. Lett., 62: 53-62.

NAREBSKI W. (1990) - Early rift stage in the evolution of western part of
the Carpathians: geochemical evidence from limburgite and teschenite
rock series. Geol. Carpath., 41: 521-528.

NEDLI Z. and TOTH T. M. (2007) — Origin and geodynamic significance
of Upper Cretaceous lamprophyres from the Villany Mts (S Hungary).
Miner. Petrol., 90: 73-107.



48 Jan SpiSiak, Dusan PlaSienka, Jana Bu€ova, Tomas Miku$ and Pavel Uher

NEMCOK M. and NEMCOK J. (1994) — Late Cretaceous deformation of
the Pieniny Klippen Belt, West Carpathians. Tectonophysics, 239:
81-109.

NISBET E. G. and PEARCE J. A. (1977) — Clinopyroxene composition in
mafic lavas from different tectonic settings. Contrib. Miner. Petrol.,
63: 149-160.

OSZCZYPKO N., OSZCZYPKO-CLOWES M., GOLONKA J. and
KROBICKI M. (2005) — Position of the Marmarosh Flysch (Eastern
Carpathians) and its relation to the Magura Nappe (Western
Carpathians). Acta Geol. Hung., 48: 259-282.

OYARZUNR., DOBLAS M., LOPEZ-RUIZ J. and CEBRA J. M. (1997) —
Opening of the central Atlantic and asymmetric mantle upwelling phe-
nomena: implications for long-lived magmatism in western North Af-
rica and Europe. Geology, 25: 727-730.

PEARCE J. A. and CANN J. R. (1973) — Tectonic setting of basic volcanic
rock determined using trace element analyses. Earth Planet Sc. Lett.,
19: 290-300.

PICCARDO G., MUNTERER O., ZANETTI A. and PETTKE T. (2004) —
Ophiolitic peridotites of the Alpine-Apennine system: mantle pro-
cesses and geodynamic relevance. Internat. Geol. Rev., 46:
1119-1159.

PICCARDO G., RAMPONE E. and ROMAIRONE A. (2002) — Formation
and composition of the oceanic lithosphere of the Ligurian Tethys: in-
ferences from the Ligurian ophiolites. Ofioliti, 27: 145-162.

PIROMALLO C., GASPERINI D., MACERA P. and FACCENNA C.
(2008) — A Late Cretaceous contamination episode of the Euro-
pean-Mediterranean mantle. Earth Planet Sc. Lett., 268: 15-27.

PLASIENKA D. (1998) — Paleotectonic evolution of the Central Western
Carpathians during the Jurassic and Cretaceous. In: Geodynamic De-
velopment of the Western Carpathians (ed. M. Rakus): 107-130. Geol.
Surv. Slov. Rep., D. Stdr Publ., Bratislava.

PLASIENKA D. (2003) — Dynamics of Mesozoic pre-orogenic rifting in
the Western Carpathians. Mitt. Osterr. Geol. Ges., 94 (2001): 79-98.

PREY S. (1975) — Neue Forschungsergebnisse iber Bau und Stellung der
Klippenzone des Lainzer Tiergartens in Wien (Osterreich).
Verhandlungen Geol. B.-A., 1975: 1-25.

RATSCHBACHER L., FRISCH W., LINZER H.-G., SPERNER B,
MESCHEDE M., DECKER K., NEMCOK M., NEMCOK J. and
GRYGAR R. (1993) — The Pieniny Klippen Belt in the Western
Carpathians of northeastern Slovakia: structural evidence for
transpression. Tectonophysics, 226: 471-483.

ROCK N. M. S. (1982) — The Late Cretaceous alkaline igneous province in
the Iberian Peninsula, and its tectonic significance. Lithos, 15: 111-131.

SANDULESCU M. (1990) - Paleogeography of the Romanian
Carpathians and foreland. In: Evolution of the Northern Margin of
Tethys, Vol. 111, Pt. 1. (eds. M. Rakus, J. Dercourt and A. E. M. Nairn).
Mém. Soc. Géol. France, Nouvelle Sér., 154: 91-100.

SANDULESCU M. (1994) — Overview of Romanian Geology. In: Alcapa
Il Field Guide Book. Romanian J. Tectonics Reg. Geol., 75 (suppl. 2):
3-15.

SANDULESCU M., NEAGU T. and ANTONESCU E. (1982) — Contribu-
tions B la connaissance des klippes de type Pienin de Poiana Botizei
(Maramures). D. S. Inst. Geol. Geofiz., 67: 79-96.

SCHALTEGGER U., DESMURS L., MANATSCHAL G., MUNTERER
O., MEIER M., FRANK M. and BERNOULLI D. (2002) — The transi-
tion from rifting to sea-floor spreading within a magma-poor rifted
margin: field and isotopic constraints. Terra Nova, 14: 156-162.

SCHMID S. M., BERNOULLI D., FUGENSCHUH B., MATENCO L.,
SCHEFER S., SCHUSTER R., TISCHLER M. and USTASZEWSKI
K. (2008) — The Alpine-Carpathian-Dinaridic orogenic system: corre-
lation and evolution of tectonic units. Swiss J. Geosc., 101: 139-183.

SCHLOGL J.,, PLASIENKA D., AUBRECHT R., MICHALIK J. and
POTFAJ M. (2008) — Composition, structure and evolution of the
Pieniny Klippen Belt and adjacent zones in western Slovakia — Excur-
sion Guide. In: SlovTec08. Proc. Excur. Guide (eds. Z. Németh and D.
Plasienka): 203-235. State Geol. Inst. D. Stur, Bratislava.

SCHNABEL W. (1992) — New data on the Flysch zone of the Eastern Alps
in the Austrian sector and new aspects concerning the transition to the
Flysch Zone of the Carpathians. Cretaceous Res., 13: 405-419.

SPISIAK J., ARVENSIS M., LINKESOVA M., PITONAK P. and CANO
F. (1991) — Bazanite dyke granitoids near Dlbrava, Low Tatra Mts.,
Central Slovakia. Miner. Slov., 23: 339-345.

SPISIAK J. and BALOGH K. (2002) — Mesozoic alkali lamprophyres in
Variscan granitoids of the Malé Karpaty and Nizke Tatry Mountains —
geochronology and geochemistry. Geol. Carpath., 53: 295-301.

SPISIAK J. and HOVORKA D. (1997) — Petrology of the Western
Carpathians Cretaceous primitive alkaline volcanics. Geol. Carpath.,
48: 113-121.

SPISIAK J. and HOVORKA D. (2000) — Picrite rocks in the vicinity of
Banska Bystrica (Krizna unit, Western Carpathians). Slov. Geol. Mag.,
6: 419-429.

SPISIAK J. and SYKORA M. (2009) — Geochemistry and mineralogy of
the Hanigovce basalts — the Pro¢ beds (in Slovak). In: Geochémia
2009 (eds. L. Jurkovig, 1. Slaninka and O. Durza): 106-109. Konf.,
Symp., Sem., State Geol. Inst. D. Stur, Bratislava.

STAMPFLI G. M. and KOZUR H. W. (2006) — Europe from the Variscan to
the Alpine cycles. In: European Lithosphere Dynamics (eds. D. G. Gee
and R. A. Stephenson). Geol. Soc. London, Mem., 32: 57-82.

TAVARES MARTINS L. (1999) — Cretaceous alkaline magmatism in
Algarve Littoral (South Portugal): a basanite-lamprophyre rock suite.
Geolines, 9: 84-91.

TIMMERMAN M. J. (2008) — Palaeozoic magmatism. In: The Geology of
Central Europe. Volume 1: Precambrian and Palaeozoic (ed. T.
McCann): 665-748. Geol. Soc. Publ. House, London.

TRAUTWEIN B., DUNKL I. and FRISCH W. (2001) — Accretionary history
of the Rhenodanubian flysch zone in the Eastern Alps — evidence from
apatite fission-track geochronology. Int. J. Earth Sc., 90: 703-713.

TROMMSDORFF V., DIETRICH V., FLISCH M., STILLE P. and
ULMER P. (1990) — Mid-Cretaceous, primitive alkaline magmatism in
the Northern Calcareous Alps: significance for Austroalpine
geodynamics. Geol. Rundsch., 79: 85-97.

TROMMSDORFF V., PICCARDO G. B. and MONTRASIO A. (1993) -
From magmatism through metamorphism to sea floor emplacement of
subcontinental Adria lithosphere during pre-Alpine rifting (Malenco,
Italy). Schweiz. Miner. Petrogr. Mitt., 73: 191-203.

TRUMPY R. (1988) — A possible Jurassic—Cretaceous transform system in
the Alps and the Carpathians. In: Processes in Continental
Lithospheric Deformation (eds. S. P. Clark Jr., B. C. Burchfiel and J.
Suppe). Geol. Soc. Am. Spec. Pap., 218: 93-109.

TSCHERMAK G. (1866) - Felsarten von ungewohnlicher
Zusammensetzung in der Umgebung von Teschen und Neutitsche.
Sitzber. Akad. Wiss. Math.-Naturwiss., KlI., 53 (1-5): 260-287.

ULRYCH J., DOSTAL J., HEGNER E., BALOGH K. and ACKERMAN
L. (2008) — Late Cretaceous to Paleocene melilitic rocks of the
Ohfe/Eger Rift in northern Bohemia, Czech Republic: insights into the
initial stages of continental rifting. Lithos, 101: 141-161.

ULRYCH J., PIVEC E., LANGROVA A,, JELINEK E., ARVA-SOS E.,
HOHNDORF A., BENDL J. and RANDA Z. (1998) — Geochemically
anomalous olivive-poor nephelinite of Rip Hill, Czech Republic. J.
Czech Geol. Soc., 43 (4): 299-311.

VARITCHEV A. (1997) — Major and trace element geochemistry of Meso-
zoic igneous formations of the Ukrainian Carpathians as an indicator
of paleotectonic setting. Prz. Geol., 45 (10): 1109-1110.

WHITE R. S., SPENCE G. D., FOWLER S. R., McKENZIE D. P,
WESTBROOK G. K. and BOWEN A. N. (1987) — Magmatism at
rifted continental margins. Nature, 330: 439-444.

WERNICKE G. (1985) — Uniform sense simple shear of continental litho-
sphere. Can. J. Earth Sc., 22: 108-125.

WILSON M. (1997) — Thermal evolution of the Central Atlantic passive
margin: continental breakup above a Mesozoic superplume. J. Geol.
Soc. London, 154: 491495,

WILSON M. and DOWNES H. (1991) — Tertiary—Quaternary exten-
sion-related alkaline magmatisms in Western and Central Europe. J.
Petrol., 32: 811-849.

ZIEGLER P. A. (1988) — Evolution of the Arctic-North Atlantic and the
Western Tethys. Am. As. Petrol. Geol. Mem., 43.

ZORKOVSKY V. (1949) — The basic eruptives in the Mesozoic of western
and central Slovakia (in Slovak with English summary). Prace St.
Geol. Ustavu, Zosit, 26: 3-44.



