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ABSTRACT. Riftogenic volcanic rocks occur in all three megaunits, ie. in the Outer, Central and Inner Western Carpathians
(OWC, CWC, IWC). Volcanic rocks were formed during several events from Early Paleozoic to the Tertiary/Quaternary. Based on
geochemical and petrological data they can be divided into two groups: (1) within-plate alkali voleanic rocks and (2) transitional
tholeiitic volcanic rocks mostly with E-MORB or CT signature. The former were generated during incipient stage of continental
crust rifting, the latter during further rift evolution tending to the back-arc basin opening. Alkali volcanic rocks associated with
early rifting were formed during: (1) Early Paleozoic (IWC), (2) Ladinian-Carnian (IWC), (3) Upper Cretaceous (CWC and OWC)
and (4) Tertiary/Quaternary. Except for the Cretaceous event every rifting seems to be preceded by arc voleanism. Transitional
tholeiitic voleanic rocks related to the back-arc basin opening were formed in: (1) Devonian (IWC and CWC), (2) Late Carbonif-

erous (IWC) and (3) Triassic (IWC). There are indices of spatial and temporal relations to preserved oceanic crust relics.

KEY WORDS: volcanism, rifting, back-are basins, Western Carpathians.

Early Paleozoic volcanic rocks

Alkali basalts in the Early Paleozoic rock complexes of the
Western Carpathians are very scarce. A sole typical representa-
tive only of these rocks has been found in the Malé Karpaty
Mts. crystalline complex (Central Western Carpathians ~ CWC;
Fig. 1.). It forms a dyke several tens of cm thick which cuts
metagabbro of the Pernek Formation — an ancient (Devonian?)
oceanic crust relic, The basalt was, together with the surround-
ing rocks, metamorphosed in the amphibolite facies conditions
but original phyric texture of the basalt is still discernible. Its
within-plate alkali character follows from REE pattern (La,/
Yb, = 11.67; La,= 113.2) and other immobile trace ¢lement
(e.g. HFSE) distribution (Figs. 3A, 4A).

In the volcano-sedimentary Smredinka Formation (Gemeric
Unit, Inner Western Carpathians — IWC) small metabasaltic
bodies rarely occur. Preliminary study of the metabasalt com-
position has shown a similarity to fractionated alkali basaltic
rocks (Figs. 3A, 4A).

Early Paleozoic volcanic rocks transitional between alkali
basalt and ocean tloor tholeiites have been found in the CWC
(the Pezinok Formation of the Malé Karpaty Mts. crystalline
complex) and also in the IWC (the Gelnica and Rakovee Groups
of the Gemeric Unit; Fig.1)

The Pezinok Formation is a volcano-sedimentary sequence
Upper Silurian to Devonian in age dominated by metasediments
(Ivan etal., in press). Basalts originally formed small lava flows,
hyaloclastic and pyroclastic beds in carbonate environment or
small subvolecanic bodies (dykes?). Basalts of the Pezinok Fm.,
underwent strong multi-stage metamorphic recrystallization.
No primary magmatic minerals were found in the metabasalts
and primary textures are preserved only sporadically. Major el-
ement, REE and HFSE distributions point to their primary sub-
alkaline (tholeiitic) character.

Enrichment in LREE (La,= 35.2-74.8) and differentiated
LREE/HREE enrichment (La/Yb = 4.8-9.6) typical for en-
riched mantle melting indicate the geochemical characteristics
close to E-MORB or CT (Figs. 3C, 4A). Major and selected
trace element distribution in ambient metasediments indicates
that the protolith of these rocks was represented by relatively

immature sediments of back-arc basin provenance, derived from
an acid magmatic source and deposited in the sedimentary envi-
ronment resembling ensialic island arc (Ivan et al. in press).

Based on the above mentioned arguments about metabasalts
of the Pezinok Fm., their generation during initial stage of back-
arc rifting on the ensialic island arc or active continental margin
is proposed.

Transitional alkali/tholeiitic basalts in the Gelnica Group, a
volcano-sedimentary complex with dominating calc-alkaline acid
volcaniclastics Silurian—Devonian in age, form small subvolca-
nic to less frequently effusive bodies metamorphosed in the
greenschist facies conditions (Fig. 1). REE-normalized patterns
and immobile trace element distribution resemble those of tran-
sitional types of basalts between E-MORB/OIT and CT (Figs.
3B, 4A). Positive or negative Eu-anomaly in some samples as
well as oceurrence of picritic rocks indicate fractional crystalli-
zation processes during their magmatic evolution (Ivan 1994),

Volcanic rocks of analogus type constitute the main compo-
nent of the Rakovec Group (Devonian?) (Fig. 1). They are formed
mainly by lava flows, less frequently by small subvolcanic bod-
ies and volcaniclastics. The volcanic rocks are basaltic or basalt-
andesitic in composition, more acidic members occur rarely.
Despite multi-phase metamorphism including high to medium
pressure event, magmatic textures and minerals are often pre-
served. Aphyric and phyric types with phenocrysts of clinopy-
roxene and/or plagioclase have been found. Metabasalts are
geochemically close to the E-MORB/OIT (Hovorka et al. 1988;
Ivan 1994). This follows from typical LREE/HREE fraction-
ation (La,/Yb, =4.5~7.6) and distribution of HFSE in compar-
ison to the ocean floor basalts (Figs. 3B, 4A). Clinopyroxene,
olivine and sometimes also plagioclase and ilmenite fraction-
ation resulted in variations in 5i0,,Mg0, TiO,, Cr, Scas well as
total REE contents (La, = 29.8-143.3). Plagioclase fraction-
ation is typical especially for subvolcanic bodies from the present
upper part of the Rakovec Group.

Similar (or partly identical) geochemical type of metaba-
salts in the Gelnica and Rakovec Groups is a result of their
generation in similar geodynamic settings, i.e. during initial stage
of back-arc rifting on the destructive plate margin. While transi-
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tional volcanics of the Gelnica Group were formed on the back
side of ensialic magmatic arc just on the back-arc basin margin,
the metavolcanics of the Rakovec Group are relics of the back-
arc basin crust from more internal part of this basin (Ivan 1994),

Late Paleozoic volcanic rocks

Only transitional alkaline/tholsiitic volcanics were repotted from
the Late Paleozoic complexes of the Western Carpathians. In
the volcano-sedimentary Lower Carboniferous in the Ochtind
and Crmel' Formations (IWC) they form small conformly ori-
ented bodies metamorphosed in the greenschist facies condi-
tions in the dominant clastic metasediments. Pre-existing ophitic
texture of the metavolcanics is locally preserved. Geochemical
data, mainly REE patterns ( La,/Yb,=1.2-2.0; La, = 10.4-33.9
) and HFSE distribution indicate their transitional character be-
tween typical E-MORB and N-MORB {or BABB). They were
probably related to the immature stage of the opening of a back-
arc bhasin, the crust of which from a more evolved stage of the
opening is preserved in the Late Carboniferous Zlamik Forrma-
tion (Ivan 1996, 1997).

Mesozoic volcanic rocks

Riftogenic volcanism in the Mesozoic period of geological evo-
lution of the Western Carpathians is represented mainly by
typical alkali basalts. They occur in the CWC and also in the
Outer Western Carpathians (OWC). Not only alkali basalts but
also occurrences of the transitional alkali/tholeiite basalt were
recorded in the IWC.

The alkali basalts of the CWC are located : (1) in the pre-
Alpine basement of the Tatric megaunit and in its Mesozoic
(Lower Triassic to Lower Cretaceous) cover as well and (2) in
the KriZna nappe (Fig. 2).

Alkali volcanics in the basement rocks and also in the pre-
Cretaceous Mesozoic rocks of the cover form small dykes. Only
in the Cretaceous strata biostratigraphically dated to the Berri-
asian to Aptian they occur as small (a few metres, rarely a few
tens of metres) lava flows or as hyaloclastites. Lava flows are
massive or amygdaloidal, containing as a rule numerous car-
bonate xenoliths with well-preserved organic remains in some
of them (Hovorka and Spisiak 1988), Lavas are both crystalline
and vitric. Phyric texture with olivine. clinopyroxene, and lo-
cally even hornblende phenocrysts is the most common. Among
them, clinopyroxene is the most abundant and corresponds to
diopside or augite. Clinopyroxene phenocrysts are composition-
ally zoned, the composition of rims cquals to that of the cli-
nopyroxenes in the matrix.

Major and trace element distribution in the volcanics indi-
cates their alkali character and originaily basanitic composi-
tion. Low content of 8i0, (40-47 wt.%; LOI-free) and Mg-
number varying between 0.50-0.69 are typical. Alkali within-
plate character of these volcanics is also obvious from normal-
ized REE patterns displaying LREE enrichment (La,= 334.0-
179.8) combined with LREE/HREE fractionation (La/Yb, =
32.2-19.3) as well as from HFSE distribution (Fig. 3D; Fig. 4B;
Hovorka et al. in press).

The most typical occurrences of the above mentioned vol-
canics are known in the Tatry Mts. and the Nizke Tatry Mts.
Alkali voleanics of the KriZna nappe (CWC) are represented by
several tens of occurrences in the Malé Karpaty Mts., the Mala
Fatra Mts. and the Velka Fatra Mts. All of them form small
bodies, a few metres or tens of metres in diameter, including
small, shallow-level intrusive bodies, chimney breccias and hy-
aloclastites locally associated with volcanogenic “tempestites”,

i.e. unconsolided muds disturbed by subaqueous volcanic activ-
ity (Hovorka and Sykora 1979; Hovorka and Spisiak 1988,
1993). Breccia fragments show various degrees of crystalliza-
tion from holocrystalline to vitric. Intimate interactions of vol-
caniclastite bodies with biostratigraphically dated, originally
calcareous mud indicate Aptian—Albian age of the volcanics.
Two main facies have been distinguished within the KriZna nappe
(Mahel’ 1968): deep-water and shallow-water one. Volcanics
occur in the deep-water environments.

Their petrological and geochemical characteristics are very
close even identical with those of the CWC Cover Unit.

Despite the fact that the spatial distribution of both sedi-
mentation areas, i.e. the cover unit and the KriZna nappe, were
widely geographically separated, products of volcanic activity
penetrated to the bottom of the basin in identical time span and
their petrology and geochemistry are also identical, Short-lived
rifting processes in both the above mentioned sedimentary ba-
sins were considered the cause of velcanic activity (Gucwa and
Wieser 1985; Hovorka and SpiSiak 1988, 1993; Narebski 1990).
These rifting processes are now correlated with the initial stage
of the opening of the Penninic—Vahic Ocean (Plagienka 1997).

Cretaceous riftogenic volcanics in the OWC are represented
by the teschenite—picrite rock association (TPRA). Volcanic
rocks are located in the Silesian Unit forming a partial unit of the
Flysh Zone (Belt) which is composed of huge, allochthonous
Cretaceous—Paleogene complexes of mostly sedimentary origin
{Fig. 2). This area is the type locality for teschenite and picrite
association both representing prevailing rock type. Besides te-
schenite and picrite, numerous other types (alkali basalts, mon-
chiquites, ouachitites, ankaramites, pyroxenites and others) were
described in the past (Kudélaskova 1987 and references there-
in). Dostal and Owen (1998) newly named the whole rock asso-
ciation as lamprophyres. Volcanics form mostly dykes, in less
amount also lava flows and even very rare hyaloclastites. Sever-
al hundreds of volcanic bodies are documented on the territory
of the Czech Republic and Poland. Teschenite—picrite associa-
tion is Hauterivian—Aptian in age.

Volcanics of the TPRA represent a wide range of rocks with
variable fabric, structure and also modal composition. Total
mineral association is similar in all types: clinopyroxene + oli-
vine, kaersutite, biotite, plagioclase, K-feldspar, analcime, apa-
tite. Olivine is magnesian (Fo,,), clinopyroxene is represented
by Ti-augite and acgirine and also by diopside as xenocrysts.

In terms of their major element compositions the TPRA are
characterized by low SiO, content (42-52%) and variable Mg
number (40-60). High contents of TiO,, P,0,, alkalies and in-
compatible elements indicate their pronounced alkali character
(Hovorka and Spisiak 1988, 1993). Differences in chemical
composition result from fractional crystallization and variable
degree of melting and secondarily also from carbonaceous xe-
nolith assimilation, metasomatic processes and hydrothermal
alteration. Steeply-sloped normalized REE patterns (Fig. 3E)
as a result of LREE enrichment (La,=70.0-429.3) and LREE/
HREE fractionation (La,/Yb, = 15.3-26.9) are typical for with-
in-plate alkali volcanics (Hovorka and Spisiak 1993; Dostal and
Owen 1998). Sr and Nd isotope data suggest derivation from a
similar mantle source as the Cenozoic within-plate alkali basalts
of western and central Europe {Dostal and Owen 1998).

Production of TPRA in the sedimentary basin of the origi-
nal Silesian Unit was interpreted as a result of an incipient rift-
ing (Hovorka and Spidiak 1988; Narebski 1990). Akin to the
CWC, this rifting could be related to the initiation of the Pen-
ninic—Vahic Ocean opening. During nappe structure evolution
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TPRA was tectonically transported together with adjacent sed-
imentary complexes in northwesterly direction.

Occurrences ol alkali basalts as well as transitional tholeiit-
ic/alkali basalts have been found in the Mesozoic complexes of
the IWC (Fig. 2). Slightly metamorphosed alkali basalts form-
ing several lava flows oceur in the Upper Ladinian-Lower Car-
nian formation of Triassic carbonate platform sediments in the
eastern Bikk Mts. They show phyric or subephitic textures
mostly with Ti-augite phenocrysts and Ti-augite, plagioclase,
Fe-Ti oxides and some secondary minerals in groundmass. With-
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in-plate character of volcanics obviously follows from REE and
incompatible trace element distribution (La, = 75.6-143.1, La /
Yb, =5.7-10.8). According to Harangi et al. (1996) their gener-
ation could have been related to continental rifting at the north-
western edge of the Tethys, but occurrences of calc-alkaline
volcanics in the Anisian—Lower Ladinian sequence of the same
urnit rather testify to the initiation of back-arc rifting.

Basalts (dolerites, ferrogabbros) with transitional E-MORB/
N-MORB signature (La, = 45.4-69.5, La,/Yb, = 2.1) are spo-
radically embedded together with more frequent typical ocean-
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Fig. 3. Chondrite-normalized REE patterns of the riftogenic volcanic rocks of the Western Carpathians. A — Early Paleozoic
Smredinka and Pernek Fms.; B — Early Paleozoic Gelnica and Rakovec Groups; C — Early Paleozoic Pezinok Fm.; D —
Cretaceous basic volcanies in the Tairic Mesozoic cover and in the KriZna nappe; E — Cretaceous basic volcanics of the
Outer Western Carpathians; F —Neogene/Quaternary basic volcanics. Data sources: Dostal and Owen (1998), Hovorka et
al. (1988), Hovorka and Spidiak (1993), Ivan (1997), Ivan et al. {in press), Ivan and Hovorka (1993), Kud&liskova (1987)

and unpublished data. Normalization after Sun (1982).
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Fig. 4. Hff3-Th-Ta discrimination diagram (Wood 1980) for the
riftogenic voleanic rocks of the Western Carpathians. A
— Early Paleozoic volcanics; B — Mesozoic volcanics; C
— Neogene/Quaternary volcanics. See Fig. 3 for symbol
explanation and data sources. Explanation of fields in
diagrams: A — N-MORB; B — E-MORB; C - within-
plate alkali basalts; D— destructive plate margin basalts.

ic rocks of N-MORB signature in a strongly tectonized mélange
of the Meliata Unit (Harangi et al. 1996) and may be related to
the initial stage of the Mcliata—Hallstatt Ocean opening. Basalts
of the same composition, moreover accompanied by oceanic
basalts with N-MORB or BABB signature, have been also found
as olistolites in the Middle Triassic and Upper Jurassic olis-
tostroma serics in Darné Hill (Downes et al. 1990; Harangi et al.
1996).

Tertiary—Quaternary volcanic rocks
Tertiary—Quaternary alkali volcanic rocks are concentrated into
two areas in the inner part of the Western Carpathian arc: (1)
Slevenské stredohorie Mts. and (2) Lugenec—Fil'akovo—Salgo-
tarjan area, Volcanic rocks were formed during several volcanic
phases between ca. 7 to 0.5 Ma (Balogh et al, 1981). Typical
forms are lava flows, dykes, diatremes, necks, ash and cinder
cones and maars (Konedny et al. 1995). Petrographically they
are represented mainly by basalts, basanites and trachybasalts,
to a lesser degree also by trachyandesites. Phyric, subphyric
and aphyric textures are most common. Phyric types contain
plagioclase, olivine and clinopyroxene phenocrysts, Matrix is
composed of the same minerals and also of apatite, Fe-Ti ox-
ides, biotite, volcanic glass and rarely of nepheline. Alkali volca-
nics contain spinel peridotite xenoliths (Szabé and Taylor 1994),
olivine, clinopyroxene, plagioclase and ilmenite xenocrysts as
well as megacrysts of olivine, clinopyroxene and amphibole.
Composition of olivine phenocrysts varies in the range of Fo,
Fo,,, with central parts being richer in magnesium (Fo, —Fa,,)
than rims. Composition of olivine megacrysts varies between
Fo,~Fo,, (Ivan and Hovorka 1993). Clinopyroxene phenoc-
rysts vary in size and display concentric, sector or irregular
zoning. They are represented Ti-diopside to Ti-augite by com-
position. Al and Ti contents increase to the rims, whereas Na
contents decrease. Some clinopyroxene phenocrysts contain
cores of different colour, which represent xenocrystic cli-
nopyroxene—chromdiopside, ferrosalite or ferrian aluminian di-
opside (Dobosi 1989). The amphibole of the megacrysts is kaer-
sutite, locally replaced by rhénite.

Alkali character of basalts is indicated by high contents of
such major elements as Ti, P or alkali elements. Restricted vari-
ability of silica content is typical. Enrichment in LILE and HFSE
is consistent with within-plate tectonic setting of these rocks.
Typical steep-sloped chondrite-normalized REE patterns re-
sult from LREE/HREE fractionation (La,/Yb, = 10-19) and
LREE enrichment (La, = 110.0-235.1). The relation between
the decrease in Ni and Co concentrations and the decrease in
Mg-number indicates olivine fractionation. There are some rela-
tions between chemical composition and age: older basalts seem
to be lower in total REE and also display lower La/Yb, and
higher Na,O/K,O ratio than younger ones. Mineralogical and
geachemical data indicate generation of these basalts by 10—
15% partial melting of metasomatically enriched mantle source,
Basaltic magmas were modified during their ascent by reac-
tions with the host rocks of conduits walls producing ferrian
aluminian diopside xenocrysts and megacrysts and substantial
part of the mantle xenoliths. These processes resulted in the
olivine fractionation effect and small LREE depletion in the
basalt composition {Ivan and Hovorka 1993). Fractionation of
the alkali basalt magma in the crust was reported from igneous
xernoliths occurring in some maar volcaniclastics (Huraiové et al,
1996; Hurai et al. 1998).

Tertiary to Quaternary alkali basalts of the Western Car-
pathians differ in Nd, Pt and Srisotope contents from the most
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alkali volcanics of the Central-European volcanic province (Salt-
ers et al. 1988: Ivan and Hovorka 1994). They are spatially
related to calc-alkaline volcanism and were generated as a re-
sult of back-arc extension immediately after cessation of south-
ward subduction of the European plate below northern margin
of the Pannonian fragment of Gondwana (Tomek and Hall 1993).

Conclusions

Riftogenic volcanism in the Western Carpathians was generated
inrelation to (1) incipient stage of rift evolution in the continen-
tal crust or (2) immature stage of rift opening. Within-plate
alkali voleanic rocks were produced in the first geodynamic
setting, transitional types between within-plate alkali basalt and
N-MORB formed in the second setting. Evidence for rift initi-
ation was found in: (1) Early Paleozoic (IWC, Smire¢inka Fm.),
(2) Ladinian—Carnian (IWC, eastern Biitkk Mts.), (3) Upper
Cretaceous (CWC, Tatric cover unit and KriZna nappe; OWC,
Silesian Unit) and (4) Tertiary/Quaternary: Except for the Cre-
taceous event every rifting seems to be preceded by arc volcan-
itsm. Further rift evelution tending to back-arc basin opening
was identified in the: (1) Devonian (IWC, Gelnica and Rakovec
Grps.: CWC, Pezinok Grp.), (2) Late Carboniferous (IWC,
Ochting and Crmel Fms.) and (3) Triassic (IWC, Meliata Unit
and Damno Hill Fm.). Spatial and temporal relations of the vol-
canism produced in the above mentioned geodynamic setting to
the preserved relics of the ancient oceanic crust (Ivan et al,
1994) indicate continuous evolution to the small oceanic basins.
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