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Ab stract: A pet ro graph i cal and geo chem i cal anal y sis was car ried out on in tru sive rocks from the Pieniny and
Moravian ar eas, with spe cial at ten tion to bo ron con tent and K-Ar ra dio met ric ages. 

The in tru sions form me dium- to high-po tas sium calc-al ka line andesitic suites, which are compositionally
slightly dif fer ent from each other and from the other calc-al ka line se quences in the Carpathian-Pannonian Region.
No sig nif i cant geo chem i cal dif fer ences were ob served within the dif fer ent phase in tru sions in the Pieniny ar eas.
How ever, there is a slight dif fer ence in ma jor and trace el e ment com po si tion be tween the Moravian and Pieniny
in tru sions. The andesitic rocks in the Pieniny and Moravian area are en riched in large ion lithophile el e ments and
light rare earth el e ments and de pleted in high field strength el e ments, in di cat ing a metasomatized man tle source of
the par ent mag mas. The low bo ron con cen tra tion of the andesitic rocks in the Pieniny area is in the range mea sured 
in back-arc, intraplate bas alts of the Bakony-Balaton High land vol ca nic field, whereas the higher bo ron con tent of
the Moravian rocks over laps with that of the West ern Carpathian andesites. This may in di cates the het er o ge ne ity
of the man tle litho sphere be low the ar eas, or in di cates dif fer ent magma evo lu tion his to ries.

On the ba sis of the sys tem atic geo chron ol ogi cal study, the in tru sive rocks along the Outer Carpathians can be
di vided on three groups, which over lap with each other tem po rally. The old est magmatism oc curred from 14.8 Ma
to 11.0 Ma in the Uhersky Brod area, Moravia, which was fol lowed by the em place ment of andesitic dikes and
sills in the Pieniny Mts., south Po land (13.5–10.8 Ma). In the Pieniny area, two in tru sive phases were dis tin gui-
shed. Partly over lap ping with this area, but gen er ally youn ger than this magmatism, the em place ment of the
youn gest in tru sions is re fer able to the Poiana Botizei-Þibleº-Toroiaga-Rodna-Bârgâu in tru sive area, Ro ma nia,
where mag matic ac tiv ity started at ~11.8 Ma and ter mi nated at 8.0 Ma.

Key words: Outer Carpathians, Pieniny Klippen Belt, Neo gene in tru sive magmatism, K-Ar ages, bo ron con cen -
tra tions.
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IN TRO DUC TION

The geo log i cal re cord of the Pieniny Mts., in the West -
ern Carpathians arc in SE Po land, is dom i nated by a va ri ety
of mag matic ep i sodes that re flect a com plex tec tonic his -
tory. The Pieniny Mts. are made up of a com pos ite unit,
con sist ing of struc tur ally de formed Me so zoic to Neo gene
sed i men tary se quences. Lines of iso lated in tru sions can be
traced along this chain both west wards into the West ern
Carpathians (Moravia) and south-east ward into the East ern

Carpathians (Ro ma nia), form ing a 700-km-long “outer
mag matic arc” par al lel to the Carpathian arc (Fig. 1). 

The sys tem atic study of the Pieniny Klippen Belt, in -
volv ing a dem on stra tion of its highly com pos ite na ture and
its struc tural and chro no log i cal di vi sion into units, was be -
gun by Birkenmajer 1970’s (Birkenmajer, 1970, 1978,
1981, 1983, 1984; Grochocka-Piotrowska and Kibitlewski,
1974; Youssef, 1978; Birkenmajer and Nairn, 1979; Bir-



kenmajer et al., 1979). On the ba sis of de tailed map ping and
field ob ser va tions, Birkenmajer (1957, 1958) di vided the in -
tru sions into two ma jor phases, which fol low each other not
only spa tially, but also tem po rally (Birkenmajer, 1962).

Ex ten sive petrographic work on the in tru sions, ex posed 
in the Pieniny Mts. (Birkenmajer, 1970, 1978, 1981, 1983,
1984), pro vided the ba sis for char ac teri sa tion of the dif fer -
ent vol ca nic as so ci a tions in the ad ja cent ar eas. How ever, a
better un der stand ing of the re la tion ship of in tru sive magma- 
tism to tectonism has been ham pered by the lack of ac cu rate
and a sys tem atic, ra dio met ric data base.

Be cause of the dis cor dant em place ment of these ande-
sitic in tru sions into the much older sed i men tary se quences,
ra dio met ric dat ing is the only tool which makes pos si ble the 
re con struc tion of the evo lu tion of this mag matic event.

The first K-Ar age de ter mi na tions (Birkenmajer et al.,
1987) of these andesitic in tru sions yielded widely-dis persed 
an a lyt i cal ages (3.0–15.9 Ma), ex cept for two mean ing ful
geo log i cal ages (the isochron age; 12.6 Ma; Birkenmajer et
al., 1987 and the hornblende age; 13.5±1.0 Ma; Bukowski
et al., 1997). De tailed geo chron ol ogi cal work be gan in 1998 
in the frame work of sci en tific co op er a tion be tween the Pol -
ish and Hun gar ian Acad e mies of Sci ences. K-Ar data, ob -
tained on more than 40 rep re sen ta tive sam ples, have played
a cru cial role in es tab lish ing the chro no log i cal frame work
for the in tru sive magmatism and the tec tonic evo lu tion of
the re gion (Birkenmajer and Pécskay, 1999, 2000). Since

the pub li ca tion of the geo chron ol ogi cal pa pers, con sid er -
able ad vances have been made not only in doc u ment ing the
dis tri bu tion of Neo gene calc-al ka line andesitic in tru sions in
space and time, but also in un der stand ing the im pli ca tions
of this mag matic ac tiv ity. Much of the prog ress has been
achieved, ow ing to the col lab o ra tive ef forts of geo phys i -
cists, struc tural ge ol o gists and geo chem ists, con cerned with
the re la tion ship of in tru sive magmatism to geodynamic pro -
cesses (e.g., Seghedi et al., 2004a, b, 2005; Pécskay et al.,
2006a, b; Trua et al., 2006; Harangi and Lenkey, 2007;
Harangi et al., 2007; Nejbert et al., 2012).

This pa per is in tended to pro vide a gen eral sum mary of
the Neo gene calc-al ka line in tru sive mag matic rocks of the
Pieniny Mts., com pared with sim i lar in tru sive rocks ex -
posed in the “outer arc” of the Carpathian Pannonian Re -
gion (CPR). The au thors dis cuss the sig nif i cance of the new
pet ro graph i cal and geo chem i cal data in re la tion to the or i gin 
of the Neo gene calc-al ka line in tru sive rocks, which are gen -
er ally as so ci ated with much older sed i men tary and/or meta -
mor phic rocks.

GEO LOG I CAL SET TING

The CPR had a very com plex tectonomagmatic evo lu -
tion dur ing the Ce no zoic as a con se quence of the es cape and 
ro ta tion of Alcapa (Alp-Carpathian-Pannonian) and Tisza
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Fig. 1. Ex tent of Neo gene–Qua ter nary calc-al ka line mag matic rocks and their age pat tern along the Carpathian arc (mod i fied af ter
Pécskay and Gméling, 2010). PBTTRB – Poiana Botizei-Þibleº-Toroiaga-Rodna-Bârgâu in tru sive area. 



microplates from the Al pine collisional zone. Their con tem -
po ra ne ous ex ten sion and col li sion with the Eu ro pean Plate
acted at dif fer ent times in dif fer ent places. The large-scale
(~400–600 km) ex tru sion of the microplates was trig gered
by the north ward mo tion of the Adri atic microplate, the
subduction and roll-back of the Magura Ocean (Kázmér and 
Kovács 1985; Csontos, 1995; Márton and Márton, 1996;
Márton and Fodor, 2003; Csontos and Vörös, 2004). These
plate-tec tonic events were ac com pa nied by arc-, back-arc
and, intra-plate calc-al ka line and al ka line magmatism (Ha-
rangi et al., 2001, 2007; Seghedi et al., 2004a, b, 2005; Lexa
et al., 2010; Seghedi and Downes, 2011). Vol ca nic and/or in -
tru sive ac tiv ity in the In ner Carpathian Vol ca nic Arc (Fig. 1)
took place from 21 Ma un til 0.1 Ma, with a dis tinct mi gra tion
in time from west to east (Pécskay et al., 1995b; 2006a, b;
Lexa et al., 2010). 

The dom i nantly andesitic in tru sive rocks of the “Ex ter -
nal In tru sive Vol ca nic Arc” (EIVA; Fig. 1) form an ex ter nal 
arc, par al lel to the north ern and north east ern bend of the
West ern and North-East ern Carpathians. The main mag -
matic fields (from west to east) are in Moravia and Pieniny
in the West ern Carpathians and in Poiana Botizei, Þibleº,
Toroiaga, Rodna, Bârgâu and Calimani in the East ern
Carpathians. These mag matic in tru sions in the West ern
Carpathians fol low the Pieniny Klippen belt or in trude into
the ex ter nal flysch zone of the Carpathians and are in a tran -

si tional po si tion be tween the CPR and the Cen tral Eu ro pean 
Vol ca nic Field. There fore, their re la tion ship to the sub-
duction and ex ten sion in the CPR is con tro ver sial. Nejbert
et al. (2012) pro posed that the Moravian in tru sions can be
seen as tran si tional be tween the rift-re lated, al ka line mag-
matism of the fore land and the dom i nantly calc-al ka line
magmatism of the Carpathian–Pannonian re gion. They sug -
gested that the pri mary mag mas of the Moravian and Pie-
niny in tru sions were formed in a metasomatized man tle
litho sphere. This metasomatism could have been re lated to
an an cient subduction in the case of the Moravian in tru sions 
and to deep man tle sources in the case of the Pieniny in tru -
sions. Trua et al. (2006) sug gested that the delamination
process of the Eu ro pean plate that oc curred dur ing Mid dle
Mio cene in this sec tor of the Carpathian orogen should have 
fa voured par tial melt ing of metasomatized am phi bole-bear -
ing veins within the lithospheric man tle of the over rid ing
Alcapa mi cro-plate. 

Ge ol ogy of the Pieniny intrusives

At the Slovakia-Pol ish bor der, prod ucts of in tru sive ac -
tiv ity form ap prox i mately a 20-km-long belt, called the Pie-
niny An de site Line (PAL; Fig. 2). The in tru sions have an en 
échelon re la tion ship to the Dunajec Fault Zone (Birken-
majer, 1979), which is part of the NW-SE-ori ented, man tle-
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Fig. 2. Ex tent of the Pieniny An de site Line in tru sions in the Pieniny Mts. (mod i fied af ter Birkenmajer and Pécskay, 1999). Ab bre vi a -
tions: KL – Kluszkowce; W – Mount W¿ar; Kr – Kroœcienko; S – Szczawnica; J – Mount Jarmuta; K – Mount Krupianka.



rooted struc ture, called the Kraków-Myszków Fault Zone.
The dextral strike-slip move ment along this zone pro vided a 
mi gra tion path for the mag mas to in trude from the man tle
into the up per crust (Nejbert et al., 2012). The in tru sions
were emplaced into the Lower Ju ras sic–Up per Cre ta ceous
ma rine sed i men tary rocks of the Grajcareck Unit and its Pa-
laeogene sed i men tary cover and the Up per Cre ta ceous–
Eocene flysch rocks of the Magura Nappe (Fig. 2).

Em place ment of the in tru sions took place in two phases 
(Birkenmajer and Pécskay, 1999, 2000). First-phase in tru -
sions form dyke swarms subparallel to the Pieniny Klippen
Belt and were faulted dur ing Sarmatian times. The 2nd

phase in tru sions are pro nounced in the wes tern most part,
but also are pres ent in the east ern seg ment of the PAL. The
2nd phase in tru sions fol low transversal faults that cut the 1st

phase andesites. On the ba sis of the field ob ser va tions and
the ra dio met ric data, the em place ment of these andesitic in -
tru sions un am big u ously post-date the early Mio cene com -
pres sion, re spon si ble for the in tense fold ing of the Klippen

Belt and flysch zones (Birkenmajer and Pécskay, 1999,
2000).

Pre vi ous stud ies (Trua et al., 2006; Gméling et al.,
2008; Nejbert et al., 2012) dis cussed the pet ro graph i cal and
geo chem i cal char ac ters (ma jor- and trace-el e ment and iso -
to pic com po si tions) and pro vided var i ous mod els for the
Pieniny in tru sions. The in tru sions form me dium to high-K
calc-al ka line rock suites and are dif fer ent from each other
and from other calc-al ka line se quences of the CPR. Geo-
chem i cally, they are tran si tional be tween rift-re lated al ka -
line magmatism and the calc-al ka line magmatism of the
CPR. The con trast be tween the dom i nance of ba saltic ande-
sites on the west ern side of the “outer arc” and more acid
(dacitic and rhy o lite) on south-east ern side is con sis tent
with the changes in the prop er ties of the litho sphere. The
vari able de gree of iron en rich ment shown by these in tru -
sions may be due to dif fer ences in frac tion ation con di tions,
but vari a tions in po tas sium and some of the trace el e ments
may mean a het er o ge neous magma source (Seghedi et al.,
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Ta ble 1

Petrographic fea tures of rock sam ples from Mount W¿ar, and Mount Jarmuta (Pieniny Klippen Belt)

Sample
name

Location Rock type Texture Rock forming minerals
Hydrothermal/ contact
metamorphic features

Comment

Intrusive rocks

40P

Mt. W¿ar/
Czorsztyn

1st phase
amphibole-
pyroxene
andesite

micro-
porphyritic

plagioclase (30%), pyroxene (15%),
amphibole (10%), magnetite (5%),

groundmass (volcanic glass, 
plagioclase 30–40%)

no
rich-in xenoliths,
useful for K-Ar

age dating

35P

2nd phase
amphibole-
pyroxene
andesite

glomero-
porphyritic

plagioclase (30%), amphibole (20%),
pyroxene (5%), magnetite (3%), quartz (2%)

groundmass (volcanic glass, 
plagioclase 30–40%), apatite (<1%)

no

useful for K-Ar
age dating

30P

2nd phase
amphibole-
pyroxene
andesite

porphyritic

plagioclase (30%), amphibole (20%),
pyroxene (10%), magnetite (5%), groundmass

(volcanic glass, plagioclase,
goethite; 30–40%), apatite (<1%)

no

Country rocks

36P

Mt. W¿ar/
Czorsztyn

allodapic
limestone

wackestone
calcite, intraclasts: microcrystalline arenite,

extraclasts: angular quartz crystals
no

not useful for K-Ar 
age dating 

37P mudstone
thin-bedded,

laminated pelite
clay minerals, fine-grained muscovite, quartz no

39P
recrystallized,
extraclast-rich

limestone

equigranular
crystalline

calcite (70%), extraclasts: quartz, muscovite;
recrystallization: wollastonite.

contact effect of the
andesite dykes is

recognizable (recrystallized, 
wollastonite is present) 

39W sandstone
non-bedded, well

sorted, clastic
plagiocalse, muscovite, carbonate crystals,

cemented by calcite
no

41P mudstone
well sorted,

slightly foliated
clay minerals, muscovite, quartz, carbonate

domains
no

47P

Mt. Jarmuta

mudstone
non-bedded

clastic,
intraclast-rich

clay minerals, muscovite, quartz, carbonate
domains

chalcedony veining may
indicate contact
metamorphism

46P mudstone
non-bedded

clastic, intra-, and
extraclast-rich

clay minerals, muscovite, quartz, carbonate
domains, extraclasts: limestone

abundant fine muscovite
crystals may indicate weak
recrystallization as a result
of contact metamorphism

45P
aleurolite-
sandstone

foliated quartz, clay domains, cemented by calcite no



2004a). The Pieniny rocks are en riched in highly in com pat i -
ble trace el e ments (LILE and LREE) and de pleted in high-
field-strength el e ments (HFSE), com pared to the prim i tive
man tle, sim i lar to most Carpathian Arc mag mas (Trua et al., 
2006).

METH ODS

De ter mi na tion of bo ron con tent was car ried out, us ing
the prompt gamma ac ti va tion anal y sis (PGAA) fa cil ity at the
Bu da pest Re search Re ac tor (Hun gary). PGAA is es pe cially
use ful for ana lys ing whole-rock bo ron con cen tra tions. In
con trast to other geoanalytical meth ods, with PGAA sam ple
prep a ra tion pro ce dures are not needed and hence con tam i na -
tion prob lems are elim i nated (An der son and Kasztovszky,
2004). Ac cu racy of bo ron anal y ses by PGAA has been
checked by mea sure ments of geo log i cal ref er ence ma te ri als
(Gméling et al., 2005; Gméling et al., 2014). The B data have 
a small rel a tive un cer tainty (1–1.5%).

RE SULTS AND DIS CUS SION

New petrographic data of the intrusives
and their coun try rocks in the Pieniny Mountains

Sam ples of the 1st and 2nd in tru sive phases and their
coun try rocks were col lected in two quar ries at Mt. W¿ar
near Czorsztyn and at Mt. Jarmuta at Malinów (Fig. 2).
Petrographic fea tures (modal com po si tion, rock tex ture and
al ter ations) are sum ma rized in Ta ble 1. 

The in tru sive rocks were pre vi ously clas si fied as two
main groups: the am phi bole andesites and am phi bole-augite 
andesites (Ma³kowski, 1921, 1958). Both 1st and 2nd phase
an de site sam ples – stud ied re cently – are am phi bole-augite
andesites, there fore the clas si fi ca tion for the study area sug -
gested above does not agree with the tem po ral (1st and 2nd

phase) dis tinc tion of the in tru sions.
The 1st phase in tru sive rock is an am phi bole-pyroxene

an de site show ing microporphyritic tex ture (Fig. 3A). The
most abun dant pheno crysts are plagioclase, am phi bole and
clinopyroxene. Plagioclase is resorbed by the groundmass
that crys tal lized to smaller plagioclase crys tals. On the ba sis 
of op ti cal ob ser va tions, plagioclase com po si tions range
from lab ra dor ite to an de sine. The am phi bole has been iden -
ti fied op ti cally as hornblende (Fig. 3A). On the ba sis of op -
ti cal ob ser va tions, the clinopyroxene phenocryst is augite.
Am phi bole and plagioclase are zoned: the core of the crys -
tals was formed in an early phase of the crys tal li za tion of
the melt, whereas the outer zones rep re sent a late crys tal li -
za tion event. Min er als in the groundmass are mag ne tite and
sub mi cro scopic crys tal lites. The groundmass is inhomoge-
neous (dom i nantly pilotaxitic, lo cally hyalopilitic). The
zoned pheno crysts and the inhomogeneous tex ture of the
groundmass in di cate that the rock ex pe ri enced a multi-
phase crys tal li za tion his tory and that the crys tal li za tion rate
dur ing in tru sion and cool ing was not uni form. Three dif fer -
ent xe no liths with di am e ters of up to 1.5 mm were ob served
in the 1st phase an de site: 1) dark, rounded, very fine-grai-
ned, recrystallized in clu sions that orig i nated prob a bly from

the metasedimentary footwall; 2) ori ented plagioclase-rich
fragments in a glassy groundmass, which orig i nated from the
mar gin of the an de site dykes that ex pe ri enced rapid cool ing;
and 3) a granitoid in clu sion with par tially mol ten plagioclase
and al tered bi o tite. Al ter ation of the bi o tite is the re sult of the
re ac tion of the bi o tite and plagioclase. This lat ter in clu sion
prob a bly co mes from the crys tal line base ment.

Sec ond-phase in tru sions have glomeroporphyrytic or
por phy ritic tex ture. Pheno crysts, are zoned plagioclase (an -
de sine-lab ra dor ite; Fig. 3B), zoned hornblende and clino-
pyroxene (augite). The var i ous hialopilitic-pilotaxitic tex -
tures of the groundmass (Fig. 3C) prove the multi-phase
crys tal li za tion pro cess of the dykes. The por phy ritic tex ture
of sam ple 30P in di cates that the pheno crysts were al ready
crys tal lized by the time of the in tru sion and the fine-grained
groundmass crys tal lized rel a tively rap idly dur ing the in tru -
sion of the magma. 

Sev eral sec ond ary hy dro ther mal pro cesses in the 1st

phase dykes and their coun try rocks, as so ci ated with the 2nd

phase magma in tru sion have been dis tin guished by Youssef
(1978) and Trua et al. (2006). 

Hy dro ther mal al ter ation and ore-min er al iza tion in the
east ern part of the PAL (Kroœcienko, Szczawnica, and Mt.
Jarmuta) of the 1st phase in tru sions was re ported by
Birkenmajer et al. (2004). The veins in these re gions ex pe ri -
enced three phases of hy dro ther mal al ter ation. Dur ing the
1st high-tem per a ture hy dro ther mal phase, bi o tite with high
Cl con tents, intergrown with quartz and Cl-ap a tite were
formed. The high Cl con tent of the bi o tite is ev i dence for a
sec ond ary or i gin and thus suit able for K-Ar dat ing of the
hy dro ther mal pro cess (Birkenmajer et al., 2004). Dur ing the 
2nd low-tem per a ture, hy dro ther mal phase, the an de site was
propilitized (al bite-epidote-chlorite al ter ation). Ore min er -
als (e.g., pyrrhotite, py rite, chal co py rite and electrum) for-
med in this phase. Dur ing the 3rd hy dro ther mal phase, car-
bonatization of the an de site was caused by cool car bon-di -
ox ide-rich wa ters (Birkenmajer, 1958; Ma³kowski, 1958).
Dur ing the 4th hy dro ther mal phase, low-pH and low-tem -
per a ture flu ids re placed the pri mary rock-form ing min er als
(e.g., pyroxene) by Fe-ox ides and the 2nd phase sulphides;
by covel lite and marcasite. 

Ex cept for the opa cite rim of am phi bole – in di cat ing
deuteric al ter ation – no sec ond ary hy dro ther mal or ther mal
al ter ation was ob served in the 1st phase sam ples. In some
2nd phase in tru sions, weak goethitic al ter ation, a re sult of
oxidation of the pri mary sil i cate phases, is pres ent. 

The coun try rocks stud ied are var i ous clastic (mud-
stone-sand stone) and car bon ate rocks (lime stone). Con tact
meta mor phic ef fects of the in tru sive rocks was ob served
only in three sam ples, in form of chal ce dony vein ing (47P;
Fig. 3D), the oc cur rence of wollastonite (39P; Fig. 3E) in
lime stone and the oc cur rence of mus co vite as a re sult of
recrystallization in mudstone (46P; Fig. 3F). 

Con tact-meta mor phic al ter ation of the sed i men tary
coun try rocks was ob served by Birkenmajer et al., (2004). In
the con tact-close zones, wollastonite, di op side, pigeonite,
and cristobalite, in the dis tal zones wollastonite, di op side and 
gar net oc cur. Hy dro ther mal cir cu la tion around the dykes re -
sulted in the for ma tion of argillitization, for ma tion of car bon -
ate and ore min er als (py rite, pyrrhotite, chal co py rite). 
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Geochemistry of in tru sive rocks in the Pieniny
Mountains and in Moravia

The geo chem i cal data are sum ma rized in the Ap pen dix.
With one ex cep tion, the rocks stud ied can be clas si fied

as me dium-K, calc-al ka line, rang ing from ba saltic andesites 
to andesites. The 1st phase in tru sions show greater vari a tion
in SiO2 con tent (Fig. 4A, B). No vari a tion in trace el e ment
com po si tion of 1st and 2nd phase in tru sions can be ob served
in Figure 4C. 

In gen eral, the Pieniny rocks are en riched in highly in -
com pat i ble trace el e ments (LILE, LREE), and de pleted in
high-field-strength el e ments com pared to the prim i tive man -
tle, sim i lar to most Carpathian arc lavas (Fig. 4D). The LILE
en rich ment in di cates that the melt ing oc curred in the metaso-
matised sub con ti nen tal lithospheric man tle. The metasoma-
tism can ei ther be re lated to the Neo gene subduction of the
Magura Ocean or to an older subduction event.

The pos i tive Pb anom aly re flects a com po nent, de rived
from con ti nen tal crust in the par ent magma.
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Fig. 3. Pho to mi cro graphs of an de site dikes A. 1st phase an de site dyke: zoned, euhedral am phi bole with opacitic rim, subhedral
pyroxene and plagioclase pheno crysts in a hyalopilitic-microporphyric groundmass. B. Euhedral am phi bole and plagioclase in a
hyalopilitic-pilotaxitic groundmass. C. Large, euhedral plagioclase with glass-rich core. The outer zones show os cil la tory zon ing us ing
crossed polars, as ev i dence of vari a tion in the com po si tion. D. Ir reg u lar chal ce dony do main in lime stone (Sam ple 47P). E.
Wollastonite-rich do main in lime stone (sam ple 39P). F. Mus co vite-rich mudstone with intraclasts.



The rel a tive fresh ness of most of these sam ples is sup -
ported by their low LOI (less then 3 wt.%; Ap pen dix 1).

The B con tent of the Pieniny andesites is be tween 2.97
and 29.5 µg/g. This range over laps with the B con tent of the
andesitic vol ca nic rocks in the West ern Carpathians (Fig. 5A).
The lower val ues of the Pieniny area are more in the range
measured in back-arc, intraplate bas alts of the Ba- kony-
Balaton High land vol ca nic field (1.6–12.9 µg/g; Gméling et
al., 2007). Us ing the LILE/HFSE and LILE/ REE ra tios the
fluid trans ferred from the subducted slab and sed i ments into
the over lain man tle wedge can be mon i tored (Vroon et al.,
1993). On the plot of B/Sm ver sus Ba/Sm (Fig. 5B) two
trends can be seen: the high Ba/Sm ra tios in di cate ad di tion of
flu ids from the subducted slab, and the high B/Sm ra tios in di -
cate in volve ment of flu ids in the magma gen e sis from sed i -
ments. High La/Nb ra tios and vari able B/Nb ra tios (Fig. 5C)
are in dic a tive for metasomatic pro cesses of the lithospheric
man tle dur ing subduction (Ishikava and Tera, 1997). 

The av er age B con tent of the Moravian rocks ex am ined
are slightly higher (~15 and 7 µg/g re spec tively). How ever,
some Pieniny rocks show ex tremely high val ues of around
20 µg/g (Fig. 5A). The rel a tively higher B con tents of the
Moravian rocks cor re late with the higher K2O con tent of
these rocks com pared to the andesites in the Pieniny Klip-
pen Belt. The B data of the Moravian rocks over lap with the
B con tent of West ern Carpathian andesites (11.1–29.8
µg/g). The higher K2O/Sm ra tio of the Moravian rocks, re -
fers the metasomatic or i gin of the flu ids orig i nat ing from
the crust. The fluid added to the source of the Pieniny rocks
more prob a bly orig i nated from the subducted sed i ments,
caus ing el e vated B/Sm ra tios (Fig. 4B). The flysch sed i -
ments from the re gion ex am ined also show high B/Sm ra tios 
(Gméling, 2010).

There are two 1st phase sam ples from the peak of Mt.
Wzar with an oma lously high bo ron con tent (29.5 and 18.9
ìg/g re spec tively) and B/Gd ra tios (4–8) (Fig. 4A, E). As
these 1st phase in tru sions are in spa tial con tact with 2nd

phase in tru sions, prob a bly the hy dro ther mal fluid flow as -
so ci ated with the 2nd phase in tru sions geochemically mod i -
fied the 1st phase in tru sions. Hy dro ther mal ac tiv ity en riched 
the in tru sions in fluid-mo bile el e ments, es pe cially the bo ron 
and the lead con tent of the rocks.

Ef fect of the flu ids on the K-Ar ages based
on the bo ron geo chem is try of some Pieniny in tru sions

Ther mal/hy dro ther mal pro cesses may cause sec ond ary
al ter ation of the rock, form ing min er als that can af fect the
K-Ar ra dio met ric age of the rock through ad di tion or loss of
K and Ar. Ex am i na tion of the B con tent as a func tion of the
K-Ar age can be in dic a tive of the role of flu ids on the ra dio -
met ric age of the rock. No sys tem atic re la tion ship be tween
B/Gd ra tios vs. H2O con tent of the 2nd phase in tru sions can
be de tected in Fig. 5D. Some 1st phase in tru sions, how ever,
show a slight in crease in B/Gd ra tios. In the west ern part of
the Pieniny Mts. (Mt. Jarmuta, Kroœcienko, Krupianka) only
weak ev i dence of fluid ad di tion can be de tected, whereas in
the west ern part (Kluszkowce, Mt. W¿ar) andesites show a
slightly in creas ing fluid in volve ment with time that may have 
af fected the K-Ar age of the rocks (Fig. 5E).

NEO GENE CALC-AL KA LINE IN TRU SIVE MAGMATISM 83

Fig. 4. New geo chem i cal data of in tru sions from the Pieniny
Mts. A. To tal Al kali–Sil ica di a gram (TAS: Le Maitre, 1989). B.
K2O (wt%) vs. SiO2 (wt%) di a gram (Peccerillo and Tay lor, 1976)
of in tru sive rocks from the Pieniny Mts. C. Th-Zr/117-Nb/16
(ppm) trace-el e ment dis tri bu tion di a gram. D. Prim i tive-man tle-
nor mal ized el e ment vari a tion di a grams for Pieniny Mts. sam ples.
Nor mal iz ing val ues and E-MORB data from Sun and McDonough
(1989).



K-Ar geo chron ol ogy of em place ment of the in tru sive
rocks along the “EIVA”

The in tru sive mag matic for ma tions are im por tant geo -
log i cal units within the Neo gene–Qua ter nary calc-al ka line
vol ca nic ac tiv ity of CPR, which gen er ally of fer views on
the roots of the mag matic struc ture. Fur ther more, the dis tri -
bu tion of the vol ca nic rocks shows a strong cor re la tion with
lo cal fault struc tures, im ply ing a strong ge netic re la tion ship
be tween mag matic ac tiv ity and Neo gene tectonism. It is
widely ac cepted that there is a ge netic con nec tion be tween
the vol ca nic and in tru sive rocks (Seghedi et al., 2004a,
2005). This con clu sion has been also con firmed by ac cu rate
ra dio met ric dat ing of the in tru sions and the cor re spond ing
lavas (e.g., Pécskay et al., 2006a).

The ex tended range of the K-Ar dates (15.0–8.0 Ma)
pre sented in Figure 6 sup port rec og ni tion of spa tial groups

along the “EIVA”. There are some tem po ral trends in the
dis tri bu tion of rock types along the CPR. The K-Ar ages in -
di cate that the in tru sive magmatism started at about 15.0 Ma 
ago (Badenian) and con tin ued through the Sarmatian, ter mi -
nat ing at about 8.0 Ma (early Pannonian; Pécskay et al.,
1995b, 2006a; Fig. 6A).

The old est in tru sive rocks, form ing dikes, sills and lac-
coliths, are ex posed on the NW side of the “EIVA”, West -
ern Carpathians, Moravia (Fig. 6A). These in tru sions yiel-
ded dates that range from 14.8 Ma to 11.0 Ma (Pécskay et
al., 1995b, 2006a). On the ba sis of K-Ar data, three pulses
of in tru sions can be as sumed in this re gion; 14.8–14.4 Ma;
13.5–13.4 Ma and 12.7–11.0 Ma, re spec tively. The small
out crops of an de site dykes in west ern Slovakia (Fig. 1) are
the eroded rem nants of dike swarms. One rep re sen ta tive
sam ple taken from these dikes at the Horné Srnie lo cal ity
gave 11.8 Ma (Fig. 1), which is com pat i ble with the youn -
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Fig. 5.  Bi nary di a grams of var i ous el e ment pairs and el e ment con -
cen tra tions vs. K-Ar ra dio met ric ages. A. The SiO2 (wt%) vs. B
(ppm) di a gram in di cates that the Moravian in tru sions are slightly
more acid and en riched in B, com pared to the Pieniny in tru sions. B.
The in tru sions show en rich ment of flu ids that orig i nated from the
subducted slab and from sed i ments. C. The B/Nb vs. La/Nb (ppm)
di a gram in di cates that the source magma of the Pieniny in tru sions
was en riched in flu ids in the lithospheric man tle. D. There is no cor -
re la tion be tween H2O and B/Gd (ppm) ra tios, in di cat ing no hy dro -
ther mal al ter ation of the in tru sions. E. There is a weak cor re la tion
be tween the K-Ar ra dio met ric age (Ma) and B/Gd (ppm) ra tios of
some 2nd phase in tru sions as an in di ca tor of the ad di tion of flu ids,
but the ra dio met ric age of the 1st phase in tru sions is not af fected by
any sec ond ary hy dro ther mal/ther mal pro cess.



gest in tru sions crop ping out in Moravia (Pécskay et al.,
1995b). 

In the Pieniny Mts., out crops of in tru sions are spa tially
re stricted to the max i mum bend and north ward ex ten sion of
the Pieniny Klippen Belt (Birkenmajer, 1984; Fig. 2). Their
size and shape are re lated to in tru sive rock type and rel a tive
time of em place ment: the ear lier/older (1st phase), more ba -
sic in tru sions are much larger than the later va ri et ies (2nd

phase).
The most pref er a ble age in ter val for the Neo gene in tru -

sive magmatism in the Pieniny Mts. is from 13.3 Ma to 10.8
Ma (Sarmatian). The old est andesitic in tru sions are ex posed 
near Szczawnica and yielded ages that range from 13.3 Ma
to 12.1 Ma (Figs 2, 6A). The 1st phase in tru sions, mainly
dikes, subordinately sills, are the most fre quent mag matic
forms. Their dis tri bu tion shows a strong cor re la tion with lo -
cal fault struc tures (see Fig. 2; e.g., Birkenmajer, 1979,
1984). K-Ar dates on rep re sen ta tive sam ples be long ing to
the 1st phase show a range of 13.3 Ma–12.1 Ma. The ap par -
ent ages youn ger than 12.0 Ma are re lated to some sec ond -
ary ef fect, which caused Ar loss (e.g., these rocks were re ju -
ve nated by this sec ond ary ac tiv ity; Birkenmajer and Pécs-
kay, 1999, 2000).

The chro no log i cal or der of em place ment of the var i ous
in tru sions de duced from field ev i dences is not al ways re -
flected in de tail by the age data. It seems that an in cre men tal 
heat ef fect oc curred, ow ing to the closely spaced pulses of
magma, su per im posed on one an other. The most re li able
K-Ar ages, es pe cially from the west ern side of the Pieniny
Mts. – cor re spond to the cli max of this in tru sive ac tiv ity,
which was marked by the em place ment of the larg est in tru -
sions, be long ing to the 1st phase.

On the other hand, it is also strik ing that on the ba sis of
the ra dio met ric ages, some am phi bole and plagioclase min -
eral frac tions sep a rated from the andesitic in tru sions gave
much older ages than the whole-rock age of the same rep re -
sen ta tive sam ple. One might con sider that the older ages are
the con se quence of some ex cess Ar, caused by the pres ence
of a xe no lith or xeno crysts in the ana lysed rock sam ples. It
is well known that am phi bole pheno crysts crys tal lise quite
early in re la tion to plagioclase dur ing the cool ing of magma; 
there fore, the crystallisation age of the am phi bole and the
age of em place ment of the in tru sion (Birkenmajer and Pécs- 
kay, 2000) can be dif fer ent. Nev er the less, for the sake of
cor rect in ter pre ta tion of these K-Ar ages, it would be nec es -
sary to iden tify all the xe no liths/xeno crysts, if they are true
ac ci den tal xe no liths, de rived from the early in tru sive pha-
ses, or torn-off xe no liths from the coun try rocks.

Ac cord ing to the field ob ser va tions of Birkenmajer
(1984), the 2nd phase in tru sions are spa tially re stricted to the
wes tern most part of the Pieniny Mts. How ever, the geochro-
nological data do not con firm this geo log i cal in ter pre ta tion
(Fig. 2; Birkenmajer and Pécskay, 1999, 2000). The ter mi na -
tion of the in tru sive magmatism that oc curred in the Pieniny
Mts. has been pre cisely de ter mined (10.75±0.46 Ma).

Neo gene andesitic in tru sive rocks are found also in spa -
tial group ings in the Kapušany-Vinné com plex of East ern
Slovakia. Their dis tri bu tion also shows a strong cor re la tion
with lo cal fault struc tures. K-Ar dates on these rocks are
12.2–11.7 Ma (Pécskay et al., 2006). These ra dio met ric

ages, to gether with pet ro graph i cal and geo chem i cal featu-
res, link these in tru sions with the sim i lar rocks be long ing to
the 1st phase of the Pieniny Mts.

Close to the Kapušany-Vinné com plex, ar eas of calc-al -
ka line andesitic rocks show ing vol ca nic landform, gen er ally 
form ing com pos ite vol ca noes in the Vihorlát-Poprieèny
Mts., are sim i lar in age (Kalièiak et al., 1995).

A rel a tively small sill in truded into the flysch de pos its,
out crop ping im me di ately to the north east of the Siniak
stratovolcano, Transcarpathia, yielded 11.8 Ma (Pécskay et
al., 2000). The chem is try and age of this rock are com pat i -
ble with in ter pre ta tion of the au thors that this sam ple rep re -
sents the same mag matic as so ci a tion be long ing to the EIVA 
(Seghedi et al., 2001).

The south-east ern groups of in tru sions ex posed be -
tween the Oas-Gutai Mts. and Calimani Mts., East ern Car-
pathians (Poiana Botizei-Þibleº-Toroiaga-Rodna-Bârgâu)
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Fig. 6. Dis tri bu tion di a grams of K-Ar ra dio met ric ages A. K-Ar 
age dis tri bu tion of the Extrenal In tru sive Vol ca nic Arc in tru sions
(PBTTRB, Pieniny, Moravia). B. K-Ar age dis tri bu tion of the
PBTTRB in tru sions.



are re ferred to col lec tively as PBTTRB (Figs 2, 6B; Pécskay 
et al., 2006b, 2009). Ac cord ing to the de tailed geo chron ol -
ogy, they are the youn gest man i fes ta tion of the EIVA to be
con sid ered as Sarmatian and Lower Pannonian in age
(14.0–8.0 Ma; Pécskay et al., 1995a, 2009) and form the
third age group.

CON CLU SIONS

The K-Ar dates ob tained on the in tru sions along the
EIVA in di cate that pre dom i nantly me dium to high-K
calc-al ka line andesitic in tru sive magmatism com menced
about 15 Ma ago on the west ern side of the EIVA. Dur ing
the pe riod 15.0–8.0 Ma, this magmatism ex tended along the 
arc and ter mi nated about 8 Ma ago on the south-east ern side 
of the EIVA, Ro ma nia. On the ba sis of the ra dio met ric data
and in ac cor dance with the geo log i cal ob ser va tions, it has
been proved that this magmatism was ep i sodic. Nei ther pet -
ro graph i cal nor geo chem i cal dif fer ences were found be -
tween the dif fer ent phases of andesitic in tru sion in the Pie-
niny Mts. How ever, K-Ar ages proved that mag matic ac tiv -
ity in the Pieniny Mts. was a two-phase pro cess.

The Neo gene calc-al ka line in tru sive magmatism com -
menced as a re sult of tec tonic com pres sion at a con ver gent
plate bound ary and was prob a bly as so ci ated with a pre ced -
ing pe riod of subduction. Bo ron con cen tra tion anal y sis con -
firmed pre vi ous mod els in di cat ing that the source re gion be -
neath the vol ca nic arc was het er o ge neous. On the ba sis of
var i ous bo ron/in com pat i ble el e ment ra tios, par tial melt ing
oc curred in a pre vi ously metasomatized man tle wedge. Bo -
ron con cen tra tion anal y sis also proved to be a use ful tool for 
in ter pre ta tion of an oma lously old K-Ar ages and de tec tion
of ther mal/hy dro ther mal ef fects in the in tru sive rocks.
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Ap pen dix

Ma jor- and trace-el e ment data for Pieniny Mountains and Moravian sam ples

Mt. W¿ar 1st phase intrusions Mt. W¿ar 2nd phase intrusions Moravian intrusions

98/13P 98/7P 98/6P 98/17P 98/12P 99/24P 99/21P 99/20P 98/8P 98/1P 98/5P 99/27P 99/25P
KPM-

4/I
KPM-1 KPM-6

KPM-4/
IIB

KPM-4/
IIA

SiO2 62.31 54.06 54.74 60.34 60.57 52.3 61.17 52.77 56.64 55.89 56.3 52.91 55.76 60 55 59 58 72

TiO2 0.51 0.79 0.72 0.51 0.49 0.74 0.51 0.78 0.69 0.67 0.71 0.77 0.68 0.69 0.98 0.71 0.61 0.69

Al2O3 18.66 18.91 18.92 18.04 18.44 18.69 19.18 18.87 18.72 18.64 18.89 17.63 18.36 17.2 19.8 19.8 18 18.2

Fe2O3(T) 4.76 7.75 7.35 5.02 4.67 8.05 4.96 8.18 6.77 6.75 6.83 6.92 6.72 4.3 7.6 5.9 4.7 5.6

MnO 0.12 0.16 0.14 0.13 0.13 0.16 0.14 0.19 0.15 0.15 0.15 0.13 0.15 0.062 0.301 0.199 0.188 0.134

MgO 0.99 3.48 2.9 1.44 1.12 3.26 1.17 3.57 2.68 2.88 2.9 4.07 2.88 2.5 1.6 1.5 2.3

CaO 5.99 8.79 8.07 5.95 6.27 8.89 5.71 9.18 7.61 8.32 8.15 8.66 7.38 4.7 6.2 5.4 5.3 4.9

Na2O 4.09 3.81 3.6 3.76 4.46 3.48 4.7 3.52 3.65 3.83 3.67 3.64 3.68 4.76 4.9 5 4.49 5.4

K2O 1.54 1.7 1.89 1.56 1.88 1.67 1.66 1.85 1.8 1.58 1.71 1.54 1.64 3.19 3.01 3.17 3.72 3.95

P2O5 0.24 0.28 0.28 0.26 0.24 0.37 0.24 0.38 0.33 0.32 0.33 0.26 0.32

LOI 1.26 0.62 1.24 3.45 2.19 2.7 1.06 1.04 1.78 1.41 1.24 4.31 3.17

Mg# 0.31 0.48 0.45 0.38 0.34 0.45 0.33 0.47 0.45 0.47 0.46 0.55 0.47

B 3.53 29.5 18.9 10.69 2.97 4.24 4.37 16.8 5.11 6.82 6.91 8.19 7.23 9.86 13.62 14.02 20.8 17.7

Cl 73 160 75 70 54 77 137 178 130 112 112 65 110 370 95 111 231 208

Nd 28 26 31 33 23 26 29 26 20 28 36 47 45 43

Sm 2.74 2.8 2.99 2.92 3.08 2.91 3.11 3.3 3.15 2.9 3.04 2.72 3.3 3.16 4.6 4.2 3.51 3.56

Gd 3.1 3.5 3.6 3.3 3.4 3.7 3.5 3.9 3.5 3.5 3.7 3.3 3.5 3 4.8 4.3 3.3 3.41

Cr 4 25 15 10 5 22 22 25 41

Co 4 14 14 8 4 17 5 17 13 13 12 17 13

Rb 54 52 53 52 58 47 61 69 56 52 51 42 52

Sr 976 620 672 937 910 792 879 927 678 821 638 597 596

Y 18 20.2 21 20.4 17.3 20.1 17.8 22.3 22 19.8 19.8 17.7 19.6

Zr 169 109 120 165 170 108 173 134 129 124 121 110 121

Nb 13.3 10.9 9.6 10.7 13.8 6.3 14.4 10.1 11.3 11 10.7 9.9 10.9

Cs 1 3.4 2.7 6.1 1.3 1.3 2 5.2 1.8 1.5 1.3 1.4 1.1

Ba 880 607 621 674 892 515 891 597 621 633 635 581 630

La 38.6 23.9 28.9 36.8 36.2 23.5 33.5 30.4 36 31.4 31.6 26.1 31.6

Ce 61.6 43 45.6 59.8 61.9 40.8 58 50.2 56.9 51.7 51.4 42.4 50.4

Pr 8.41 5.17 6.27 8.39 7.35 5.73 6.84 6.89 8 6.95 6.92 5.8 6.88

Nd 31.6 20.5 24.1 31.4 27.8 23.1 26.3 26.9 29.6 26 26.2 22.3 25.8

Sm 5.6 4.25 4.7 5.72 4.91 4.91 4.93 5.46 5.62 4.82 4.98 4.36 4.89

Eu 1.93 1.36 1.56 1.86 1.69 1.58 1.64 1.78 1.82 1.6 1.62 1.45 1.59

Gd 4.52 3.72 4.25 4.59 3.95 4.49 3.99 4.95 4.9 4.39 4.39 3.88 4.3

Tb 0.7 0.64 0.71 0.73 0.65 0.75 0.65 0.82 0.79 0.71 0.73 0.65 0.72

Dy 3.61 3.66 4.02 3.95 3.37 4.18 3.47 4.39 4.41 3.93 4.04 3.58 3.94

Ho 0.65 0.73 0.76 0.74 0.62 0.79 0.64 0.82 0.84 0.76 0.77 0.68 0.75

Er 1.89 2.11 2.22 2.15 1.78 2.24 1.82 2.39 2.44 2.19 2.2 1.93 2.16

Tm 0.269 0.305 0.329 0.315 0.264 0.328 0.272 0.346 0.357 0.327 0.326 0.278 0.325

Yb 1.81 1.96 2.11 2.1 1.78 2.05 1.87 2.25 2.36 2.1 2.15 1.86 2.09

Lu 0.277 0.304 0.314 0.321 0.264 0.308 0.27 0.34 0.361 0.324 0.322 0.272 0.32

Hf 4.8 3.25 3.6 4.8 4.6 3.3 4.7 3.8 3.8 3.7 3.6 3.4 3.6

Ta 0.96 0.68 0.74 0.82 0.92 0.53 0.96 0.78 0.9 0.86 0.85 0.76 0.85

Tl 0.18 0.18 0.27 0.27 0.21 0.19 0.27 0.44 0.27 0.27 0.21 0.09 0.21

Pb 6 15 19 10 8 6 16 13 12 10 7 9 9

Th 4.46 5.49 3.89 4.09 5.01 3.88 4.97 4.98 4.61 4.4 4.43 3.54 4.38

U 1.59 1.57 2.53 1.79 1.86 1.41 2 1.58 1.21 1.15 1.15 1.1 1.2

K-Ar age 11.27 12.52 12.74 13.2 11.4 11.56 11.64 11.22 12.21 11.55 11.31 11.28 10.75 13.39 13.49 13.36 12.66 11.62

LOI = to tal vol a tile lost on ig ni tion. Mg# = (Mg/(Mg+Fe2+))×100, with Fe3+/Fe2+ as sug gested by Middlemost (1989)


