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This pa per re-as sesses the tectono-ther mal evo lu tion of the fron tal Infratatricum part of the In ner West ern Carpathians
orogen based on new geo log i cal-pet ro log i cal and zir con fis sion track (ZFT) data and pub lished 40Ar–39Ar and K–Ar data. The
study area is in the Považský Inovec Mts. in West ern Slovakia, where the Infratatric Inovec Nappe com prises a
micaschist-gneiss base ment and Up per Car bon if er ous–Lower Cre ta ceous cover with the Ju ras sic–Lower Cre ta ceous
Humienec Suc ces sion; this lat ter is re con structed from olistoliths in the Horné Belice Suc ces sion Up per Cre ta ceous flysch.
The Infratatric Inovec Nappe pos te rior part is thrust over its fron tal Humienec tec tonic Slice with infolded Up per Cre ta ceous
sed i ments. This nappe ex hib its very low-tem per a ture tectono-ther mal over print ing, and this is doc u mented by elec tron
probe microanalysis of meta mor phic phases and P–T es ti mates. The late Early Cre ta ceous age of this D1 stage event at ap -
prox i mately 115–95 Ma is re corded by 114 ±2 and 106 ±4 Ma phengitic white mica 40Ar–39Ar ages from a Lower Cre ta ceous
cherty slate, and by 101 ±3 Ma 40Ar–39Ar age and 102 ±4 Ma ZFT age from Perm ian meta-sand stone. The Inovec Nappe was
thus de rived from an Albian–Early Cenomanian accretionary wedge. The hemipelagic Up per Turonian to Lower Santonian
red marls and up ward syn-orogenic Up per Santonian to Maastrichtian flysch were de pos ited on the fron tal at ten u ated part of
the Inovec Nappe-type base ment in the in ferred Pieninic–Váhic (~South-Penninic) zone. This flysch con tains olistolithic to
clastogeneous meta mor phosed ma te rial, in clud ing the Lower Cre ta ceous slates, sup plied from the pos te rior part of the
Inovec Nappe. The 40Ar–39Ar age of 86 ±2 Ma from this nappes’ Perm ian meta-sand stone is con sis tent with D2 thrust ing at
ap prox i mately 95–85 Ma and Horné Belice fore land flysch ba sin sup ply in the D3 stage at ~85–65 Ma. The Inovec Nappe
fron tal Humienec tec tonic Slice with infolded Up per Cre ta ceous sed i ments sug gests for ma tion of a Paleocene–Eocene
accretionary wedge at ap prox i mately 65–40 Ma in the D4 stage. This event is con strained by 40Ar–39Ar age of 48 ±2 Ma from
the Tatricum hang ing wall blastomylonites and whole-rock K–Ar age of 46 ±3 Ma from a Perm ian ba salt olistolith in the
footwall Infratatricum Horné Belice flysch. The Infratatricum fi nally be came part of an Eocene accretionary wedge north of
the Hrádok–Zlatníky thrust-fault, and re heat ing and ex hu ma tion cool ing is doc u mented by 57–37 Ma ZFT ages. Al though the 
Infratatricum ex hib its Late Cre ta ceous and Eocene tectono-ther mal im prints, it is a rem nant of the Early Cre ta ceous struc -
ture at the In ner West ern Carpathian front. This im poses the Infratatricum as a dis tal con ti nen tal mar gin of the Penninicum.
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INTRODUCTION 

INFRATATRICUM IN THE OROGENIC STRUCTURE OF THE INNER
WESTERN CARPATHIANS

The West ern Carpathians are an ex am ple of an orogenic
sys tem in cor po rat ing accretionary wedges (Platt, 1993;
Brandon, 2004) formed due to clo sure of the Neo-Tethys

Meliata and At lan tic Tethys Penninic oce anic and intra-con ti -
nen tal bas ins and the re lated subduction–col li sion pro cesses
oc cur ring be tween ~150 to 50 Ma (as in fig. 10 in Putiš et al.,
2009a; Kozur, 1991; Putiš, 1991a, b; Faryad, 1995; Dallmeyer
et al., 1996; Plašienka et al., 1997; Neubauer et al., 2000;
Schmid et al., 2008). The West ern Carpathians are tra di tion ally
sub di vided into three tec tonic zones – the Outer, Cen tral and In -
ner West ern Carpathians (Plašienka et al., 1997). Here we pre -
fer the di vi sion only into Outer and In ner West ern Carpathians
(OWC, IWC) in re view of prin ci pal tec tonic units.

The OWC are com posed mostly of Ce no zoic flysch de pos -
its trans formed into a sys tem of N-vergent root less nappes in -
cor po rated in the large Magura and Silesian-Krosno units over -
rid ing the Neo gene de pos its of the North Eu ro pean Plat form
Carpathian Foredeep.
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The Czorsztyn and Kysuca units of the Pieniny Klippen Belt
(PKB), with un known pre-Ju ras sic base ment, mark the mor -
pho log i cally dis tinct Ce no zoic tec tonic bound ary be tween the
OWC Magura Unit (~North-Penninic) and the Klape, Drietoma,
Manín and Infratatric Inovec nappe units of the IWC
Peri-Pieniny Klippen Belt (PPKB), south of the in ferred
subducted Pieninic–Váhic (~South-Penninic) zone (see also
Oszczypko et al., 2015 and ref er ences therein).

South wards, a NW-vergent fold-and-thrust belt (Fig. 1) with
crys tal line base ment and Up per Pa leo zoic to Me so zoic cover
com plexes (~Lower and Up per Austroalpine) is sub di vided into
the Tatric, Veporic and Gemeric units (Tatricum, Veporicum
and Gemericum) that are sep a rated by ma jor Cre ta ceous shear 
zones (Putiš, 1991b; Tomek, 1993; Plašienka et al., 1997; Putiš 
et al., 1999). In gen eral, the Tatric and Veporic Variscan base -
ment con sists mostly of the Variscan Up per (para- and
ortho-gneiss es, migmatites, am phi bo lites, rare eclogites and
peri dot ites, in truded by S- and I-type gran ites to tonalites) and
the Mid dle (mo not o nous micaschists to gneiss es) units, while
the Gemeric base ment forms the Variscan Lower Unit in the
south-vergent Variscan struc ture (Putiš, 1992; Bezák, 1994;
Putiš et al., 2009b, 2018a). The Tatricum is overthrust by the
Me so zoic Fatric nappes over ly ing the Cenomanian and in
places also Turonian to Santonian(?) cover sed i ments (Pelech
et al., 2017a and ref er ences therein) which in turn are over lain
by the Hronic nappes. Fi nally, the Gemericum is overthrust by
the Meliatic and higher Turnaic and Silicic nappes.

The Late Ju ras sic–Early Cre ta ceous Neotethyan Melia -
tic–South-Veporic–Gemeric accretionary wedge (Putiš et al.,
2009a, 2014; Vozárová et al., 2014 and ref er ences therein)
was underplated by the North-Veporic Unit crustal sheet. This
event ini ti ated the clo sure of the intra-con ti nen tal bas ins to -
wards the north at ~115–95 Ma and in cor po ra tion of the
North-Veporic, Fatric and Tatric (in clud ing Infratatric) units in
the late Early Cre ta ceous orogenic wedge (Putiš et al., 2009a).
Con se quently, the Albian–Lower Cenomanian syn-orogenic
deep-ma rine terrigenous clastic Poruba and Klape-type
flysches formed, which ter mi nate the Ju ras sic–Lower Cre ta -
ceous sed i men tary suc ces sions (Mišík et al., 1981; Mišík and
Marschalko, 1988; Aubrecht et al., 2009).

Putiš (1992) in tro duced the “Infratatricum” term for the
north ern-most and lower-most struc tural com plex of the
Tatricum, pre vi ously called the Carpathian Penninicum by
Leško et al. (1988), be cause of its po si tion north of the typ i cal
Tatricum which was con sid ered by Tollmann (1980) and Mahe¾
(1981) as an equiv a lent to the Lower Austroalpine of the East -
ern Alps. Ac cord ingly, the Infratatricum was re cently re ported
as a dis tal Tatric con ti nen tal mar gin fac ing north ward to the
South-Penninic Ocean (Putiš et al., 2006, 2008), while
Plašienka et al. (1994) con sid ered the Mid dle Ju ras sic to Up per 
Cre ta ceous Belice Suc ces sion rep re sen ta tive of the oce anic
Váhicum. Mahe¾ (1981) in tro duced the “Váhicum” term for the
oce anic crust sources of the Klape Unit flysch con glom er ates,
sup pos edly rep re sent ing a South-Penninic equiv a lent in the
West ern Carpathians. How ever, the blueschist peb bles

Fig. 1. The In ner West ern Carpathians (IWC) sketch map (back ground from Lexa et al., 2000, mod i fied)

1 – Qua ter nary and Ce no zoic de pos its un di vided; 1a – Paleogene de pos its of the IWC (south of PKB); 2 – Pieniny Klippen Belt (PKB) in clud -
ing the Manín and Klape units in west ern sec tor; 3a – Up per Cre ta ceous to Eocene Gosau-type sed i ments; 3b – Up per Cre ta ceous
(Infratatric, Horné Belice) Suc ces sion; 4 – Hronic nappes; 5 – Fatric (Krížna) nappes; 6 – Tatric cover; 7 – North-Veporic cover; 8 –
South-Veporic cover; 9 – Meliatic nappes; 10 – Silicic nappes; 11 – Gemeric Pa leo zoic base ment (Variscan Lower Unit) and cover; 12 –
Variscan Up per Unit; 13 – Variscan Mid dle Unit; ab bre vi a tions: BB – Bojná Block (~Tatricum), HB – Hlohovec Block (~Infratatricum), SB –
Selec Block (~Infratatricum)



glaucophane was dated at ~155 Ma by 40Ar–39Ar (Dal Piaz et
al., 1995), thus re sem bling rather Neotethyan Meliatic Bôrka
Nappe-type sources (Šímová, 1985; Dallmeyer et al., 1996;
Faryad, 1997; Faryad and Henjes-Kunst, 1997; Kissová et al.,
2005; Ivan et al., 2006; Putiš et al., 2014). We use the Váhicum
term for the still un de ter mined but in ferred subducted/obducted
frag ments of the Pieninic–Váhic oce anic crust as an equiv a lent
of the South ern Penninicum.

The Infratatric base ment–cover Inovec Nappe (Putiš, 1983; 
Putiš et al., 2016 and ref er ences therein), the PPKB Manín and
Klape units, and the PKB Kysuca and Czorsztyn units all con -

tain Up per Cre ta ceous shal low- to deep-wa ter suc ces sions;
mostly from Turonian up wards (Plašienka et al., 1997; Aubrecht 
et al., 2009; Plašienka and Soták, 2015; Oszczypko et al., 2015
and ref er ences therein).

This pa per tar gets the Infratatricum, be cause it pro vides im -
por tant clues to the tec tonic evo lu tion of the outer parts of the
IWC, al though it is ex posed on the sur face only in the Považský
Inovec Mts. (Fig. 2) and re sem bles a Mio cene tec tonic win dow
(Danišík et al., 2004; Putiš et al., 2008, 2018b). More over, the
cross cut ting NW–SE-di rected re flec tion seis mic pro file 6HR
(Figs. 2 and 3; see also Vozár et al., 1998; Vozár and Šantavý,
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Fig. 2. Geo log i cal sketch-map of the middle and north ern part 
of the Považský Inovec Mts. (com piled from Putiš 1983–2018; 

higher Me so zoic nappes from Ivanièka et al., 2007)

IFTA – Infratatricum, TA – Tatricum; sam ple lo ca tion from ZFT study; sam ple num bers
are de signed by “F”, and sam ple num bers from 40Ar–39Ar dat ing are de signed by “A” at

the end of the sam ple num ber; 6HR – re flec tion seis mic line
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1999) high lights an ap prox i mately a 6–7 km thick Infra tatric
accretionary wedge underthrust by a few crustal sheets rec og -
niz able above the MOHO bound ary.

The Al pine tectono-meta mor phic over print of the
Infratatricum re mains un der dis cus sion. Králiková et al. (2016)
con cluded from two Perm ian zir con fis sion track (ZFT) ages
that the Infratatricum in the Považský Inovec Mts. lacks an Al -
pine over print. In con trast, Putiš (1983, 1986, 1992), Korikovsky 
et al. (1995), Putiš et al. (2006, 2008, 2009a, 2018b) and Sulák
et al. (2009) all re port pet ro log i cal and geo chron ol ogi cal data
doc u ment ing dis tinct very low-tem per a ture tectono- meta mor -
phic over print ing.

This pa per re views the prin ci pal data on li thol ogy and tec -
tonic struc tures of the Považský Inovec Mts. New data on meta -
mor phic over print ing grade es ti mates of the Infratatric Inovec
Nappe and its meta mor phosed olistolithic frag ments in the Up -
per Cre ta ceous flysch sed i ments are com bined with new ZFT
and cho sen pub lished 40Ar–39Ar and K–Ar data (Putiš et al.,
2009a). This dataset pro vides a re vised view on the Infra -
tatricum. A spe cial nov elty is ev i dence that the Infratatricum
was an ac tive mem ber of the Albian–Early Cenomanian
accretionary wedge; with the sub se quent Late Cre ta ceous and
Eocene re ac ti va tion pe ri ods. This com pletely changes the pre -
vi ously pro posed geo log i cal mod els re cord ing a con tin u ous
“Infratatric” sed i men tary cover suc ces sion up to the Late Cre ta -
ceous, with out men tion ing or dis claim ing a late Early Cre ta -
ceous tectono-meta mor phic event (as in Plašienka, 2018 and
dis cussed mod els therein). Ab bre vi a tions for the names of
rock-form ing min er als in the text, ta bles and fig ures: Act –
actinolite, Ab – al bite,   Amph – am phi bole, Ap – ap a tite (F-Ap –
flu o rine-rich Ap), Bt, Bio – bi o tite, Cal – cal cite, Cel – celadonite, 

Chl – chlorite, Cpx – clinopyroxene, Czo – clinozoisite, Ep –
epidote,  Gl – glaucophane, Hbl – hornblende, Ill – illite, Ill-Phg – 
illite-phengite mixed-layer phase, Kfs – po tas sium feld spar,
Law – lawsonite, Mag – mag ne tite, Ms –  mus co vite (Cel-Ms –
celadonite-rich Ms), Pg – par ga site, Phg – phengite (Cel-Ms),
Pmp, Pu – pumpellyite, Qz – quartz, Ser – seri cite (fine-flaked
white mica), Sph – ti tan ite, Stlp – stilpnomelane, Tr – tremolite,
Ts – tschermakite.

GEOLOGICAL REVIEW 
OF THE POVAŽSKÝ INOVEC MOUNTAINS

The Považský Inovec Mts. form a Neo gene horst in the
north west ern part of the West ern Carpathians. It is di vided into
the fol low ing three blocks: the north ern Selec, the mid dle Bojná, 
and the south ern Hlohovec (Figs. 1 and 2; Mahe¾, 1986). These 
blocks have nu mer ous geo log i cal spe cif ics. Only the Selec and
Hlohovec blocks of the Považský Inovec Mts. have the PPKB-
and PKB-type Up per Cre ta ceous cover we use as the main cri -
te rion for de ter mi na tion of the Infratatricum.

SELEC BLOCK (INFRATATRICUM)

The tec tonic bound ary be tween the Selec and Bojná blocks
is a transpressional thrust-fault (Fig. 2).

The Variscan crys tal line base ment of the Selec Block is
formed by me dium-grade micaschists to gneiss es with rare am -
phi bo lite and orthogneiss bod ies (Kamenický, 1956; Putiš,
1983, 1986; Krist et al., 1992; Ivanièka et al., 2011).

Fig. 3. Sim pli fied re flec tion seis mic pro file 6HR (data from Vozár and Šantavý, 1999,
pro cessed by È. Tomek) cross cut ting the Považský Inovec Mts. in the NW–SE di rec tion

IFTA – Infratatricum, PKB – Pieniny Klippen Belt, PPKB – Peri-Pieniny Klippen Belt, 
TA – Tatricum



The Up per Pa leo zoic cover of the Selec Block con sists of
intra-con ti nen tal Up per Car bon if er ous and Perm ian vol -
cano-sed i men tary rocks (Putiš, 1986; Olšavský, 2008; Putiš et
al., 2016). The Perm ian siliciclastics con tain rhy o lite and ba salt
interlayers af ter the lava flows. Perm ian volcanics and silicicla -
stics also oc cur as large olistoliths in Up per Cre ta ceous flysch
sed i ments. The meta-bas alts were orig i nally pyroxene–am phi -
bole–spinel bas alts to ba saltic andesites (Putiš, 1986;
Korikovsky et al., 1995; Putiš et al., 2006, 2008, 2016).

The Infratatric Me so zoic sed i men tary suc ces sion
(Plašienka et al., 1994; Putiš et al., 2006, 2008; Plašienka,
2012) dif fers from the Tatric sed i men tary cover par tic u larly by
the thicker Up per Cre ta ceous sed i men tary suc ces sion which
de vel oped af ter a late Early Cre ta ceous tectono-meta mor phic
event (Putiš et al., 2016; Putiš and Tomek, 2016).

The Lower Tri as sic quarzites, sand stones and con glom er -
ates, to gether with the Mid dle to Up per(?) Tri as sic platformal
car bon ates, form part of the anchi-meta mor phosed cover
folded in micaschits to gneiss es of the Infratatric Inovec Nappe.

The Ju ras sic to Lower Cre ta ceous mem bers (~the
Humienec Suc ces sion) were re con structed solely from
olistoliths in the Up per Cre ta ceous flysch (the Horné Belice
Suc ces sion) which oc curs ex clu sively in the fron tal Humienec
tec tonic Slice of the Inovec Nappe. The Ju ras sic con sists of
quartzitic sand stones and sandy crinoidal lime stones, up per
Lower Ju ras sic red dish nod u lar lime stones and wackestone
re-sed i ments. This syn-rift stage is marked by olistostrome
brec cias pass ing into deep-wa ter red dish nod u lar lime stones
with fil a ments. The mass-de bris flow de pos its are com posed of
sand stones with cha ot i cally de pos ited de tri tal ma te rial of
micaschists, Perm ian sed i men tary and vol ca nic rocks, and Tri -
as sic to Lower Ju ras sic siliciclastics and car bon ates with shal -
low-wa ter micritic lime stones, dolomites and brown ish clasts of
karstified car bon ates. The clasts are em bed ded in a pe lagic
pseudo-ma trix of red dish micritic car bon ates or claystones,
con tain ing Involutina sp. foraminifera and ostracods, radio lar -
ians, and ammonites (Putiš et al., 2008). In the late Mid dle Ju -
ras sic, car bon ate sed i men ta tion changed to cherty shales,
radiolarites, rare chertified turbidites of shal low-wa ter car bon -
ates (Kimmeridgian to Tithonian?), a boudinaged layer of
Maiolica-type lime stone (Tithonian to Berriasian?), and
clayey-cherty dark shales with Hedbergella foraminifera al ter -
nat ing with thin radiolarite lay ers (Lazy For ma tion; Plašienka et
al., 1994).

Hemipelagic red dish marly shales and marly lime stones of
Couches Rouges-type (Lemoine, 2003) then fol lowed in the
Turonian to Lower Santonian. Turonian age is spec i fied by
foraminifera (Svinica For ma tion; Plašienka et al., 1994), and
the strati graphic ex tent of the Couches Rouges-type red marls
was con firmed up to the Santonian by Marginotruncana
coronata Bolli foraminifera by Putiš et al. (2006, 2008). Later,
Rakús in Ivanièka et al. (2011) re-de fined the Ju ras sic to Up per
Cre ta ceous Belice Suc ces sion of Plašienka et al. (1994) to the
Up per Cre ta ceous Horné Belice Group com posed of the flysch
Hranty and Rázová For ma tions of for mer Belice Suc ces sion,
leav ing the Svinica For ma tion marlstones (Plašienka et al.,
1994) as a sep a rate Up per Cre ta ceous for ma tion. There fore,
we use the Horné Belice Suc ces sion as an in for mal
lithostratigraphic unit which also in cor po rates the Svinica For -
ma tion. Santonian to Maastrichtian flysch of the Horné Belice
Suc ces sion has al ter nat ing fine-grained red-col oured clayey
shales, yel low marly sandy shales, mm-thick marly shale
laminae and interlayers of fine- to me dium-grained brown ish
carbonatic sand stones, sandy lime stones and con glom er ates.
The carbonatic shales and sand stones con tain re-sedimented
cri noids and radiolarite clasts.

Olistoliths, olistostromes and fault-re lated scarp brec cias
with cm-to-km rock-frag ments form an in te gral part of the Up per 
Cre ta ceous flysch. These frag ments in clude brecciated
micaschists with a ma trix of subangular rock-frag ments
(0.3–5 cm), with min eral clasts from the micaschists to gneiss -
es, and Perm ian shales, sand stones, bas alts and rhyolites.
Perm ian siliciclastic sed i men tary and vol ca nic rocks, Lower Tri -
as sic quartzites, Mid dle Tri as sic shal low-wa ter car bon ates, Up -
per(?) Tri as sic car bon ates and carbonatic brec cias, and up per
Lower Ju ras sic to Lower Cre ta ceous pe lagic sed i ments of the
re con structed Humienec Suc ces sion are also re ported.
Red-col oured patches of unlithified clayey to cherty pseudo -
matrix pro vide ev i dence for fi nal de po si tion in a deep-wa ter en -
vi ron ment. The brec cias in the pre vail ing “yel low ish-grey ish
flysch” of the Èierny vrch Hill Beds (Rázová For ma tion) con tain
up to 0.5 m micaschist clasts, to gether with clasts of cherty
slates and carbonatic sand stones. A polymict con glom er ate ho -
ri zon in the grey flysch turbidites formed in the rel a tively up per
por tion of the suc ces sion. How ever, Putiš et al. (2006) doc u -
mented ev i dence of the Ce no zoic de for ma tion from the over -
turned flysch beds in the type-lo cal ity near the Èierny vrch Hill
area (Fig. 2), and this agrees with the over turned suc ces sion of
meta-radiolarites and dark cherty slates in olistoliths in the close 
neigh bour hood. The lithological maps and pro files show nu mer -
ous tec tonic lenses in flysch, es pe cially de rived from
olistolith-olistostrome bod ies com posed of the mu tu ally re -
folded Up per Ju ras sic meta-radiolarites and the Lower Cre ta -
ceous dark cherty slates in flysch (Figs. 4–7). Part of less to
prac ti cally unmetamorphosed ma te rial may be de rived from the 
base ment-cover rocks of the fron tal Humienec tec tonic Slice by
south ward shed ding (Putiš et al., 2008).

Pelech et al. (2016a) con sider this Up per Cre ta ceous type
as Gosau-type wedge-top ba sin sed i ments with con tin u a tion to
the Tatric cover Hubina For ma tion of the Bojná Block (Pelech et 
al., 2017a).

TECTONIC STRUCTURES

Com plete geo log i cal map ping of the Považský Inovec Mts.
was not avail able un til the 1:50,000 re gional map of Ivanièka et
al. (2007, 2011). The gen eral 1:200,000 geo log i cal map from
Kamenický in Buday et al. (1962, 1963) re vealed the Selec and
Bojná blocks sep a rated by the in ferred Al pine thrust-fault
(Mahe¾, 1986). New struc tural-geo log i cal map ping at 1:25,000
by Putiš (Putiš, 1983, 1986) re vealed com plex base ment–cover 
tec tonic struc tures which were also out lined in the first geo log i -
cal pro files across the moun tains (Putiš, 1983, 1986; Leško et
al., 1988; Krist et al., 1992). Ac cord ingly, partly pre served
pre-Al pine struc tures of the Selec Block de pict at least a
two-stage Al pine over print. Synforms, es pe cially of the Perm ian 
rocks folded in the phyllonitized crys tal line base ment, are wide -
spread in the Selec Block (Fig. 2) and su per po si tion of the Al -
pine struc tures, in di cat ing their polystadial evo lu tion in the crys -
tal line base ment rocks and the Up per Pa leo zoic to Me so zoic
cover, is best proven by the com pos ite fold-thrust struc tures.
The limbs of partly pre served large-scale to mesoscopic re cum -
bent folds are gently in clined with E–W to NE–SW-trending
axes and 15–30° SE dip ping meta mor phic schistosity. The
steep ened parts of the limbs have SE dip ping at 60–85° and
these doc u ment the su per im posed fold-thrust, back-thrust to
im bri cate zones which may in clude Up per Cre ta ceous sed i -
ments.

Mesoscopic crenulation cleav age is char ac ter is tic in the Up -
per Cre ta ceous marly and flysch sed i ments (Putiš et al., 2008),
while folds in the base ment and Perm ian to Lower Cre ta ceous
cover rocks, in clud ing those from olistoliths, are typ i cally man i -
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Fig. 4. De tailed map of the Up per Cre ta ceous flysch sed i ments with olistoliths 
of meta mor phosed Perm ian to Lower Cre ta ceous rocks in the Èierny vrch Hill area

 (Putiš et al., 2008, mod i fied)

Dot ted pro file line of lithological suc ces sion in Figure 5

Fig. 5. Frag ments (olistoliths orig i nally) of Lower Cre ta ceous slates and Up per Ju ras sic meta-radiolarites in Up per Cre ta ceous
flysch in the Èierny vrch Hill area



fested by iso cli nal tight intrafolial folds with char ac ter is tic sec -
ond ary trans po si tion cleav age de fined by the very low-grade
meta mor phic min er als (Putiš, 1986). Ad di tional vast (mi -
cro-)struc tural data is avail able in pub lished pa pers (Putiš,
1983, 1986; Putiš et al., 2006, 2008, 2009a).

Pelech et al. (2017b) es tab lished about 100 m infolded Up -
per Cre ta ceous sed i ments in the micaschist base ment, while
Plašienka et al. (1994) or Putiš et al. (2008) con sid ered these
ex po sures of Up per Cre ta ceous sed i ments as tec tonic win -
dows. The north ern tec tonic bound ary of the Považský Inovec
Mts. horst is formed by the gen er ally NW–SE-strik ing Jastrabie
fault (Mahe¾, 1986).

BOJNÁ BLOCK (TATRICUM)

The Bojná Block com prises the Tatric Panská Javorina
Nappe (Putiš, 1983) over ly ing the Infratatric Inovec Nappe
along the Hrádok–Zlatníky thrust-fault (Figs. 1 and 2). The
Tatric block crys tal line base ment gneiss es and am phi bo lites
are in truded by large bod ies of meso-Variscan gran ites cov ered 
by Tri as sic to Up per Cre ta ceous sed i men tary suc ces sions
(Mahe¾, 1986; Plašienka et al., 1997; Ivanièka et al., 2011;
Pelech et al., 2017a).

The pre-Al pine ar chi tec ture is per fectly pre served in this
block and an Al pine over print is reg is tered only by the
Hrádok–Zlatníky thrust-fault zone blastomylonites of leucocrate 
gran ites (Putiš, 1983). This is a typ i cal fea ture of the Tatricum
and is also pres ent in the neigh bour ing Malé Karpaty, Tribeè
and Lúèanská Fatra Mts. where the newly formed
blastomylonitic white micas were dated at ~80–70 Ma by
40Ar–39Ar ages from rel a tively thin de for ma tion shear zones
(Putiš, 1987, 1991b; Hók et al., 2000; Krá¾ et al., 2002; Putiš et
al., 2009a). The Hrádok–Zlatníky thrust-fault blastomylonites
yielded 48 ±2 Ma age, thus pro vid ing ev i dence for the Eocene
re ac ti va tion of this in ferred orig i nally Cre ta ceous thrust-fault
(Putiš et al., 2009a).

HLOHOVEC BLOCK (INFRATATRICUM)

The small Hlohovec Block is ex posed on the sur face at the
south ern ter mi na tion of the Považský Inovec Mts. (Fig. 1) and it
has a Lower Tri as sic to Lower Ju ras sic cover suc ces sion
(Havrila and Vaškovský, 1983; Ivanièka et al., 1998, 2007,
2011). This block also con tains the Up per Cre ta ceous
Couches-Rouges-type marls (Havrila, 1983 in Mahe¾, 1986;
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Fig. 6. De tailed map of the Up per Cre ta ceous flysch sed i ments
with olistoliths of meta mor phosed Perm ian to Lower Cre ta ceous 

rocks in the Humienec Hill area (Putiš et al., 2008, mod i fied)

Dot ted pro file line of lithological suc ces sion in Figure 7; other
explanations as in Figure 4

Fig. 7. Frag ments (olistoliths orig i nally) of meta mor phosed Perm ian to Lower Cre ta ceous rocks in Up per Cre ta ceous flysch
 in the Humienec Hill area



Ivanièka et al., 2007, 2011) and flysch sed i ments (Pelech et al.,
2016b) which are oth er wise char ac ter is tic only for the
Infratatricum area of the north ern Selec Block, PPKB and PKB
units. These sed i ments have a gra nitic base ment (Fig. 1) and
are overthrust mostly by the sheared Mid dle Tri as sic mar bles
(Havrila and Vaškovský, 1983; Putiš et al., 1999; Pelech et al.,
2016b).

SAMPLES AND METHODS

The fol low ing six sam ples of crys tal line base ment and sed i -
men tary rocks were ana lysed in this study; PI-2, 4, 5, 6 and 12
from the Selec Block and PI-9 from the Bojná Block of the
Považský Inovec Mts. These were pre vi ously AFT dated
(Danišík et al., 2004), and herein they are dated by ZFT to de -
ter mine the pres ence, mag ni tude and tim ing of Al pine meta -
mor phic events in the Infratatric and Tatric units (Ta bles 1 and
2; Fig. 8). The ZFT anal y sis fol lowed Danišík et al. (2007), and
Fig ure 2 il lus trates the sam ple lo ca tions and geo graphic co or di -
nates as in Danišík et al. (2005).

We adopted Gleadow’s (1981) ex ter nal de tec tor method
and Hurford and Green’s (1983) x age cal i bra tion ap proach to
de ter mine fis sion track (FT) age. Spon ta ne ous tracks in zir con
were re vealed by etch ing in a eutectic mix ture of KOH and
NaOH at 215°C for 7 to 18 hours (Zaun and Wag ner, 1985).
Sam ples were ana lysed us ing a ZeissAxioskop 2 mi cro scope
(Carl Zeiss, Göttingen, Ger many) with mo tor ized x-y stage con -
trolled by the FT Stage v. 3.11 com puter pro gram (Dumitru,
1993). Tracks were counted with 1250 ´ mag ni fi ca tion us ing a
dry ob jec tive for mica de tec tors and an oil ob jec tive with
Cargille oil type B for zir con (n = 1.515). Up to 60 grains per
sam ple were ana lysed for age de ter mi na tion, de pend ing on the
avail abil ity of suit able zir con crys tals and the dis tri bu tion of sin -
gle-grain ages, and FT ages were cal cu lated by the TrackKey
ver sion 4.2g pro gram (Dunkl, 2002).

Sev eral sam ples re vealed com plex sin gle-grain age spec -
tra with high dis per sion. Here, the re ported cen tral FT age may
not be en tirely rep re sen ta tive, so we iden ti fied sam ple in di vid -
ual age com po nents by prin ci pal com po nent anal y sis and
PopShare soft ware (Dunkl and Székely, 2003; http://www.sed i -
ment.uni-goettingen.de/staff/dunkl/soft ware). This en ables res -
o lu tion of up to three com po nents in mixed data us ing the Sim -
plex al go rithm for best-fit (Dantzig, 2016). Ini tially, we man u ally
de fined the prin ci pal age com po nents by fit ting peaks over dis -
tinct group ings in age spec trum plots to es tab lish the best so lu -
tion with the min i mal root mean square value for “good ness of
fit”, and we then em ployed the Sim plex al go rithm with 500
interations to test their optimality.

The older elec tron probe mi cro-anal y ses (EPMA) of
Korikovsky et al. (1995) were com ple mented with new EPMA of 
white micas, actinolite, epidote, chlorite, al bite and phengite, to -
gether with mag matic rel ics of am phi bole, clinopyroxene and
spinel (Ta bles 3, 4, 5 and Figs. 9, 10). These were per formed
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Sam ple
code

PC1 PC2 PC3

Mean

[Ma]

Stan dard
de vi a tion

[Ma] [%]

Mean

[Ma]

Stan dard
de vi a tion

[Ma] [%]

Mean

[Ma]

Stan dard
de vi a tion

[Ma] [%]

PI-2   76.2   8.5   21 109.1 13.7 68 147.8 5.6 11

PI-4   37.8   1.5   15   60.6 10.1 85

PI-5   47.6   8.2   67   83.2   5.8 33

PI-6 142.5 32.6 100

PI-9 133.2 16.1 100

PI-12 75 19.3   13 175.6 22.5 87

T a  b l e  2

ZFT age com po nent anal y sis re sults
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Fig. 8. Di a grams of sin gle-grain ZFT ages dis played in ra dial plots, his to grams with identifed ma jor age com po nents, 
and age vs. U con tent plots

Explanation of di a grams: ra dial plots – left-hand-axis: s – er ror, bot tom axis: rel a tive er ror in %, right-hand axis: age in Ma; 
his to grams – y-axis: num ber of grains, x-axis: age in Ma
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by Cameca SX-100 at the State Geo log i cal In sti tute of D.S. in
Bratislava. This study also in cludes chlorite ther mom e try
(Cathelineau, 1988; Jowett, 1991), phengite ba rom e try
(Massonne and Schreyer, 1987) and Perple_X pseudo-sec tion
mod el ling to con strain P–T con di tions of the late Early Cre ta -
ceous tectono-meta mor phic over print (D1 stage).

The P–T pseudo-sec tions were cal cu lated by the Perple_X
com puter pro gram pack age in 4–7 kbar and 200–400°C ranges 
(Conolly and Petrini, 2002; Conolly, 2005). Cal cu la tions were
per formed us ing the ther mo dy namic dataset of Hol land and
Powell (1998, up dated 2004). The fol low ing solid-so lu tion mod -
els were cho sen: Chl(HP), Ep(HP) for clinozoisite-epidote,
Pheng(HP) for potassic white mica, Bio(HP) for bi o tite, Pu(M)
for pumpellyite, GlTrTsPg for am phi boles, and Cpx(HP) for
clinopyroxene. How ever, no solid-so lu tion model was se lected
for plagioclase be cause this phase is al most pure al bite in
very-low-grade metabasic rocks. The whole-rock com po si tion
of the PI-B3A sam ple was used (SiO2 = 51.38, Al2O3 = 15.18,

Fe2O3 = 10.76, MgO = 5.84, CaO = 6.96, Na2O = 2.72,
K2O = 1.34, TiO2 = 1.97, P2O5 = 0.41, MnO = 0.15). This was
then cal cu lated un der the NCKFMASHTO sys tem
(Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2). The chem -
i cal com po si tion of Phg and Chl (Ta bles 4 and 5) was used for
isoplots and P–T con di tions es ti ma tion (Fig. 11).

The rocks’ orig i nal com po si tions were slightly mod i fied to fit
this 9-com po nent sys tem, as fol lows: (1) CaO was re duced ac -
cord ing to bulk-rock phos pho rous con tent, and as sum ing these
el e ments are bound ex clu sively to ide ally com posed ap a tite,
and (2) the H2O con tents were set to 5 wt.% to al low free hy -
drous fluid phase for ma tion at rel a tively low P–T. The
pseudo-sec tions were con toured with isoplets for var i ous
chem i cal pa ram e ters us ing Perple_X werami and pstable
subprograms to sup ply raw data. The fi nal pseudo-sec tions and 
countoured P–T di a grams were re drawn, and min eral as sem -
blage data at spe cific P–T con di tions was sup plied by Perple_X
werami.

Sam ple PI-BS1 PI-B3a

Rock age Perm ian

Rock Ba salt

Min eral Ab Ep Ep Tr(Act) Cpx

[wt.%]

SiO2 67.80 SiO2 37.70 38.21 SiO2 55.20 54.81 SiO2 51.57

TiO2   0.00 TiO2   0.53   0.04 TiO2   0.00   0.09 TiO2   1.00

Al2O3 21.08 Al2O3 21.33 22.65 Al2O3   0.74   1.18 Al2O3   1.72

Fe2O3 – Fe2O3 13.13 13.43 Fe2O3   0.05   1.21 Fe2O3   0.62

FeO   0.24 FeO   1.15   0.83 FeO 13.24 12.87 FeO 11.46

MnO   0.00 MnO   0.04   0.33 MnO   0.30   0.33 MnO   0.35

MgO   0.01 MgO   0.05   0.00 MgO 15.20 14.74 MgO 14.89

CaO   0.08 CaO 23.02 23.03 CaO 12.45 11.85 CaO 18.12

Na2O 11.55 Na2O   0.00   0.00 Na2O   0.29   0.62 Na2O   0.21

K2O   0.04 K2O   0.00   0.00 K2O   0.06   0.08 K2O   0.00

H2O* – H2O*   1.85   1.89 H2O*   1.80   1.80 –

To tal 100.79  To tal 98.80 100.40  To tal 99.33 99.58 To tal 99.99

Based on 5 cat ions – Ab, 3 Si and 8 cat ions – Ep, 13eCNK – Tr (apfu), 4 cat ions – Cpx

Si4+ 2.938 Si4+ 3.000 3.036 Si4+ 7.964 7.900 Si4+ 1.932

Ti4+ 0.000 Ti4+ 0.032 0.002 Al3+ 0.036 0.100 Al3+ 0.068

Al3+ 1.077 Al3+ 2.001 2.121 ST 8.000 8.000 ST 2.000

Mg2+ 0.009 Fe3+ 0.786 0.803 Ti4+ 0.000 0.010 Ti4+ 0.028

Mn2+ 0.000 Mn2+ 0.002 0.022 Al3+ 0.090 0.100 Al3+ 0.008

Fe2+ 0.000 Fe2+ 0.077 0.055 Fe3+ 0.005 0.132 Fe3+ 0.018

Ca2+ 0.004 Mg2+ 0.006 0.000 Mg2+ 3.270 3.167 Mg2+ 0.832

Na+ 0.970 SM 2.904 3.003 Mn2+ 0.037 0.041 Fe2+ 0.113

K+ 0.002 Ca2+ 1.963 1.961 Fe2+ 1.598 1.551 Mn2+ 0.000

To tal 5.000 Na+ 0.000 0.000 SC 5.000 5.000 SM1 1.000

K+ 0.000 0.000 Ca2+ 1.925 1.830 Fe2+ 0.246

SA 1.963 1.961 Na+ 0.075 0.170 Mn2+ 0.011

OH– 1.000 1.000 SB 2.000 2.000 Mg2+ 0.000

Na+ 0.006 0.004 Ca2+ 0.727

K+ 0.010 0.015 Na+ 0.016

SA 0.016 0.019 SM2 1.000

OH– 2.000 2.000 To tal 4.000

Clas si fi ca tion of am phi bole af ter Haw thorn et al. (2012); epidote af ter Armbruster et al. (2006)

T a  b l e  3

Rep re sen ta tive EPMA of meta mor phic al bite, am phi bole Tr(Act) and epidote
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Sam ple PI-2F PI-4A PI-14A PI-16 PI-B3a PI-R11b PI-RD1

Rock age                Perm ian

Rock Sand stone Sand stone Sand stone Ba salt Rhy o lite Rhyodacite

Min eral Cel-Ms Cel-Ms Ms clast Cel-Ms Cel-Ms Cel-Ms Cel-Ms Cel-Ms Cel-Ms Cel-Ms Cel-Ms

[wt.%]

SiO2 48.78 50.05 48.88 51.31 47.63 47.37 49.43 49.95 51.50 52.18 48.44

TiO2   0.37   0.24   0.06   0.08   0.13   0.09   0.08   0.10   0.10   0.20   0.12

Al2O3 27.08 27.13 35.50 32.29 33.90 33.40 24.59 27.21 26.94 26.52 29.48

FeO   5.58   4.86   0.74   1.03   3.24   3.45   6.08   5.06   3.51   3.18   3.12

MnO   0.02   0.01   0.02   0.00   0.04   0.02   0.01   0.05   0.02   0.04   0.00

MgO   1.92   2.06   0.72   0.82   0.80   0.85   2.94   2.26   2.75   2.88   1.99

CaO   0.01   0.01   0.04   0.03   0.02   0.00  0.05   0.08   0.03   0.06   0.03

Na2O   0.02   0.08   0.92   0.63   0.78   0.59   0.06   0.19   0.04   0.06   0.35

K2O 11.04 10.86   9.02   9.45   8.92   9.56 10.81 10.75 10.49   9.57   9.71

H2O*   4.38   4.43   4.61   4.59   4.52   4.49   4.33   4.44   4.49   4.49   4.40

To tal 99.19 99.73 100.50  100.23  99.98 99.82 98.39 100.08  99.87 99.17 97.63

Based on 11 ox y gen (apfu)

Si4+ 3.341 3.386 3.182 3.348 3.160 3.162 3.421 3.373 3.442 3.484 3.303
IVAl3+ 0.659 0.614 0.818 0.652 0.840 0.838 0.579 0.627 0.558 0.516 0.697

ST 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

Mg2+ 0.062 0.045 0.019 0.000 0.079 0.073 0.087 0.059 0.040 0.047 0.059
I� 0.938 0.955 0.981 1.000 0.921 0.927 0.913 0.941 0.960 0.953 0.941

Ti4+ 0.019 0.012 0.003 0.004 0.007 0.005 0.004 0.005 0.005 0.010 0.006
VIAl3+ 1.527 1.550 1.905 1.831 1.811 1.790 1.427 1.538 1.564 1.571 1.673

Fe2+ 0.320 0.275 0.040 0.056 0.180 0.192 0.352 0.286 0.196 0.177 0.178

Mn2+ 0.001 0.001 0.001 0.000 0.002 0.001 0.001 0.003 0.001 0.002 0.000

Mg2+ 0.133 0.163 0.051 0.109 0.001 0.012 0.216 0.168 0.234 0.240 0.144

SM 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Ca2+ 0.001 0.001 0.003 0.002 0.001 0.000 0.004 0.006 0.002 0.004 0.002

Na+ 0.003 0.010 0.116 0.080 0.100 0.077 0.008 0.024 0.005 0.007 0.047

K+ 0.964 0.937 0.749 0.787 0.755 0.815 0.954 0.926 0.895 0.815 0.844
I� 0.032 0.051 0.132 0.131 0.143 0.109 0.034 0.044 0.098 0.173 0.107

SI 0.968 0.949 0.868 0.869 0.857 0.891 0.966 0.956 0.902 0.827 0.893

OH- 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Clas si fi ca tion of white micas af ter Tischendorf et al. (2007); we of ten use phengite (Phg) as an equiv a lent of Cel-rich Ms; sam ple lo ca tion af -
ter Fig ure 2; de picted po si tion of dated sam ples PI-2F, PI-4A, PI-14A; po si tion of the other sam ples: PI-16 (0.5 km west of Èierny vrch Hill),
PI-B3a (1.3 km east of PI-4F), PI-R11b (tiny meta-rhy o lite body SE of PI-2F), PI-RD1 (1.5 km east of PI-22A)

T a  b l e  4

Rep re sen ta tive EPMA of white micas from the Perm ian rocks



We also de scribe 5 rep re sen ta tive Ar–Ar-dated sam ples in
greater de tail (Fig. 12) from Putiš et al. (2009a), which are im -
por tant for def i ni tion of the (D) Infratatric evo lu tion ary stages.
Ar–Ar anal y ses were per formed by mea sur ing the 40Ar*/39Ar
iso to pic ra tio of mica ag gre gates at the Cen tral Eu ro pean
Ar-Lab o ra tory – CEAL of the Earth Sci ence (for mer Geo log i cal)
In sti tute of The Slo vak Acad emy of Sci ences in Bratislava. The
an a lyt i cal pro ce dure was briefly pub lished in Putiš et al. (2009a) 
and Faryad and Frank (2011). Here we pro vide new in for ma tion 
on sam ple choice, white mica sep a ra tion, elim i na tion of ir ra di a -
tion re coil ef fects, and K/Ca ra tio cal cu la tion.

Only the fol low ing two-phase rocks were cho sen for Ar–Ar
dat ing of fine-grained anchi-meta mor phic white mica ag gre -
gates: Perm ian quartzitic meta-sand stones (PI-4, PI-14) and
Lower Cre ta ceous cherty slates (PI-22) from the Infratatric
Inovec Nappe cover. In ad di tion to quartz, these rocks con tain

only phengite (PI-4), mus co vite (PI-14) or illite-phengite (PI-22). 
This avoided Ar gain from other phases such as feld spar and
mica porphyroclasts. EPMA anal y sis re vealed that white mica
is a newly formed ho mo ge neous gen er a tion, and its sep a ra tion
com menced with care ful man ual rock-crush ing to avoid
“over-crush ing”. Fine-grained frac tions in <2 µm, 5–10 and
20 µm size were sep a rated by sed i men ta tion in dis tilled wa ter,
and then most of the un der-size frac tion was cut off. We em -
ployed a spe cial ar range ment of en cap su lated sam ples to elim -
i nate re coil ef fect and this cap tured all quan ti ta tive Ar loss dur -
ing the ir ra di a tion pro ce dure, as in Foland et al. (1992). We as -
sumed pos si ble com bi na tion of mi nor ity re coil ef fect with old lat -
tice de gas sing, es pe cially at higher tem per a ture steps. The raw 
data cor rec tion in cludes time-de pend ent cor rec tion of ra dio ac -
tive de cay and in ter fer ing masses. While all sin gle-step re sults
in the fi nal age cal cu la tion are quoted with 1s er rors, the
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Sam ple PI-21a PI-39-7 PI-136 PI-88a PI-88b

Age Lower Cre ta ceous Up per Cre ta ceous

Rock Slate in Flysch Couches Rouges Shale Flysch Shale

Min eral Cel-Ms Cel-Ms Ms clast Ill Ms clast Cel-Ms clast Ill Ill

[wt.%]

SiO2 50.52 50.85 48.03 51.89 49.01 51.77 46.31 43.42

TiO2   0.12   0.64   0.48   0.07   0.16   0.43   1.03   0.38

Al2O3 30.14 28.06 34.76 29.62 34.99 24.91 30.04 24.01

FeO   2.98   3.51   1.05   3.50   1.31   2.54   4.95   8.50

MnO   0.06   0.05   0.00   0.00   0.05   0.00   0.20   0.10

MgO   2.96   2.61   0.80   2.35   1.08   3.41   2.67   5.65

CaO   0.08   0.07   0.02   0.11   0.25   0.75   0.29   0.94

Na2O   0.11   0.16   0.70   0.21   0.45   0.28   0.32   0.10

K2O   9.07   9.21   7.82   7.41   8.73   9.43   7.23   4.95

H2O*   4.56   4.50   4.52   4.57   4.61   4.43   4.38   4.08

To tal 100.61  99.67 98.18 99.72 100.64  97.94 97.43 92.12

Based on 11 ox y gen (apfu)

Si4+ 3.319 3.385 3.183 3.403 3.187 3.504 3.168 3.190
IVAl3+ 0.681 0.615 0.817 0.597 0.813 0.496 0.832 0.810

ST 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

Mg2+ 0.116 0.076 0.059 0.118 0.055 0.001 0.210 0.437
I� 0.884 0.924 0.941 0.882 0.945 0.999 0.790 0.563

Ti4+ 0.006 0.032 0.024 0.003 0.008 0.022 0.053 0.021
VIAl3+ 1.653 1.587 1.898 1.693 1.869 1.491 1.590 1.269

Fe2+ 0.164 0.195 0.058 0.192 0.071 0.144 0.283 0.522

Mn2+ 0.003 0.003 0.000 0.000 0.003 0.000 0.012 0.006

Mg2+ 0.174 0.183 0.020 0.112 0.049 0.343 0.062 0.182

SM 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Ca2+ 0.005 0.005 0.001 0.008 0.018 0.054 0.021 0.074

Na+ 0.014 0.020 0.090 0.027 0.057 0.036 0.043 0.014

K+ 0.760 0.782 0.661 0.620 0.725 0.814 0.631 0.463
I� 0.220 0.193 0.248 0.346 0.201 0.096 0.305 0.449

SI 0.780 0.807 0.752 0.654 0.799 0.904 0.695 0.551

OH- 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Sam ple lo ca tion: PI-21a (the same out crop as dated sam ple PI-22A SE of Èierny vrch Hill), PI-39-7 (1 km
NNE of Humienec Hill, see also Fig. 6), PI-136 (0.5 km NW of Humienec Hill), PI-88a, PI-88b (1.25 km SE of
Èierny vrch Hill)

Tab. 4 cont.

Rep re sen ta tive EPMA of white micas from the Lower and Up per Cre ta ceous rocks
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Sam ple P13/3 P13/12 PI-R11b PI-RD2b PI-14

Rock age Perm ian

Rock Ba salt Ba salt Rhy o lite Rhyodacite Sand stone

[wt.%]

SiO2 28.24 28.81 27.29 27.99 25.63

TiO2   0.02   0.00   0.13   0.06   0.15

Al2O3 18.55 17.81 20.68 18.51 21.25

FeO 23.63 22.53 27.59 22.70 28.88

MnO   0.36   0.50   0.44   0.08   0.16

MgO 17.80 19.00 11.63 17.41   9.33

CaO   0.02   0.02   0.05   0.03   0.10

Na2O   0.00   0.00   0.02   0.00   0.02

K2O   0.00   0.00   0.26   0.02   0.30

H2O* 11.64 11.56 11.34 11.47 10.93

To tal 100.26  99.03 99.43 98.27 96.74

Based on 14 an ions (apfu)

Si4+ 2.909 2.989 2.887 2.928 2.813
IVAl3+ 1.091 1.011 1.113 1.072 1.187

ST 4.000 4.000 4.000 4.000 4.000

Ti4+ 0.002 0.000 0.010 0.005 0.012
VIAl3+ 1.160 1.167 1.465 1.210 1.562

Fe2+ 2.035 1.955 2.440 1.986 2.651

Mn2+ 0.031 0.044 0.040 0.007 0.015

Mg2+ 2.733 2.753 1.833 2.714 1.527

Ca2+ 0.002 0.002 0.006 0.003 0.012

Na+ 0.000 0.000 0.005 0.000 0.004

K+ 0.000 0.000 0.035 0.003 0.042

SM 5.962 5.920 5.834 5.928 5.824

OH- 8.000 8.000 8.000 8.000 8.000

Clinochlore Clinochlore Chamosite Clinochlore Chamosite

Mg# 0.43 0.46 0.30 0.43 0.24

T1 [°C] – Cathelineau (1988) 289 263 296 283 321

T2 [°C] – Jowett (1991) 293 267 304 287 330

 Clas si fi ca tion of chlorite af ter Zane and Weiss (1998)

T a  b l e  5

Chlorite ther mom e try re sults

Fig. 9. Metamorphosed rocks of the Inovec Nappe (A, C–H) as olistoliths, lithoclasts and scarp-breccia clasts
 in Upper Cretaceous flysch (B)

A – Perm ian meta-ba salt with S1 meta mor phic schistosity (D1) Chl flakes and rel ict porphyroclasts of flat tened/stretched and sinistrally ro -
tated amygdaloids (sam ple PI-3A); B – scarp brec cia (D3-re lated) com posed of Perm ian meta-ba salt (s. PI-BS1) and mar ble clasts in the Up -
per Cre ta ceous red pe lagic clay pseudo-ma trix bot tom layer with slump ing de for ma tion struc tures; C – red dish schis tose folded Up per
Ju ras sic meta-radiolarite (D1) of the Humienec Suc ces sion (s. PI-21); D – dark grey Lower Cre ta ceous folded cherty slate (D1) of the
Humienec Suc ces sion (s. PI-22); E – meta-radiolarite (D1) tex ture from (C) with recrystallized radio lar ians in S1 schistosity with
illite-phengite ag gre gates (s. PI-21); F – cherty slate tex ture with newly formed Ill-Phg ag gre gates in S1 schistosity and S2 cleav age, and
recrystallized Qz lay ers (s. PI-22); G – Perm ian meta-sand stone with meta mor phic S1 schistosity (D1) phengite ag gre gates (s. PI-4); H –
Perm ian meta-ba salt with meta mor phic S1 schistosity (D1) Chl, Tr(Act), Ep, Ab, and rare Ce-Ms(Phg), Qz and Cal (s. PI-3a)
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Fig. 10. Metamorphozed lithoclasts from the Inovec Nappe (A, B, D) within flysch sandy-clay pseudomatrix, the latter
without a distinct metamorphic overprinting (C, D, E); Hrádok-Zlatníky thrust-fault phyllonite (F) and mylonite (G)

A – Perm ian meta-rhy o lite clast with meta mor phic S1 schistosity (D1) Cel-Ms(Phg) ag gre gates (sam ple PI-RS1) as a part of Perm -
ian olistolith in Up per Cre ta ceous Belice flysch; B – Perm ian meta-ba salt clast with meta mor phic S1 schistosity (D1) Chl ag gre -
gates (s. PI-BS1) as a part of Perm ian olistolith in Up per Cre ta ceous Belice flysch; C – Up per Cre ta ceous flysch sand stone
(s. PI-88b) well-pre serv ing clastogeneous tex ture of Ms, Bt, Qz and Cal (a de tail in the up per left cor ner); D – Up per Cre ta ceous
flysch sandy pseudomatrix of scarp brec cia with clasts of Lower Cre ta ceous cherty slates (top, with meta mor phic D1 Ill-Phg) and
micaschists; E – Up per Cre ta ceous flysch shale with diagenetic to low est anchi-meta mor phic Ill to Ill-Phg (s. PI-88a);
F – phyllonitized micaschist with newly formed al bite porphyroblasts and fine-flaked Cel-Ms(Phg) ag gre gates re plac ing Ms;
G – gran ite blastomylonite of the Tatric Panská Javorina Nappe hang ing wall with newly formed fine-flaked Ms ag gre gates al ter -
nat ing with dy nam i cally recrystallized Qz lay ers (s. PI-17HZ)
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Fig. 11. The pseudosection P–T cal cu la tion di a gram by Perple_X
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Fig. 12. Rep re sen ta tive 40Ar–39Ar age di a grams for D-stages: A–C – D1
stage (115–9 5Ma); D – D2 (95–85 Ma) to D3 (85–65 Ma) stages; E – D4

stage (65–45 Ma), taken from Putiš et al. (2009a)
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calcuated pla teau ages in clude an ad di tional ±0.4% er ror on the 
J value to com pen sate for sys tem atic vari a tions in stan dard
sam ple ex per i ments. Cor rec tion fac tors were de ter mined from
op ti cal-grade CaF2 and are: 36Ar/37Ar (Ca) = 0.00022, 39Ar/37Ar
(Ca) = 0.00039, 40Ar/39Ar (K) = 0.0254. The K/Ca ra tio in the di a -
grams is based on a con ver sion fac tor of 0.247. There is very
good cor re la tion in most spec tra, with older ages for lower K/Ca
ra tios (Ar de fi ciency rel a tive to K re lated to Ar loss).

All sam ples were tested for Cl be fore ir ra di a tion and each Ar 
gas re lease is plot ted as a bar. The length of the bar es tab lishes 
its vol ume as a frac tion of the to tal 39Ar re leased from the sam -
ple, and the value forms the cor rected 40Ar/39Ar iso to pic ra tio.

RESULTS AND INTERPRETATION

ZFT DATA

The ZFT anal y sis re sults are listed in Ta bles 1 and 2 and
dis played in Fig ure 8. Of the six sam ples, only PI-6 (Campanian 
sand stone from flysch) and PI-9 (Variscan gran ite) passed the
chi-square test at >95% con fi dence and there fore com prise one 
age pop u la tion with Early Cre ta ceous cen tral ages of
142.5 ±7.5 Ma (PI-6) and 133.2 ±6.9 Ma (PI-9). The in ter pre ta -
tion of our ZFT ages, how ever, is not un am big u ous be cause of
the lack of track length data which pro vides use ful in di ca tion of
the sam ples ther mal his tory. These Early Cre ta ceous ages are
tem po rally con sis tent with an ex ten sion event and can there fore 
be in ter preted as cool ing ages re lated to an ex hu ma tion. Al ter -
na tively, the Early Cre ta ceous ages may be an ap par ent re sult
of a par tial re set by Late Cre ta ceous ther mal over print ing.

The re main ing sam ples had com plex sin gle-grain age spec -
tra with high dis per sion, and they passed the chi-square test at
low <35% con fi dence level or failed it; thus, sug gest ing a com -
plex ther mal his tory and/or the pres ence of mul ti ple age pop u la -
tions that can not be iden ti fied within a cen tral age. All sam ples
dis play weak neg a tive lin ear cor re la tion be tween sin gle-grain
FT ages and U con tent (Fig. 8), sug gest ing that grains with
higher ac cu mu lated ra di a tion dam age may have re corded cool -
ing be low lower clo sure tem per a tures than grains with less
dam age. Com po nent anal y sis of these PI-2, 4, 5 and 12 sam -
ples re vealed sev eral pop u la tions of Ju ras sic (~176 and
~148 Ma), late Early Cre ta ceous (~109 Ma), Late Cre ta ceous
(~83 and ~75 Ma), late Paleocene (~57 Ma) and Eocene (~47
and ~37 Ma) ages (Ta ble 2 and Fig. 8). Again, in the ab sence of 
track length data we can only spec u late whether these age pop -
u la tions are re lated to a dis tinct ther mal event or are merely ap -
par ent cool ing ages from a dif fer ent de gree of par tial re ju ve na -
tion of the FT thermochronometer in zir cons with a dif fer ent
amount of ra di a tion dam age. How ever, since the iden ti fied age
pop u la tions tend to co in cide with some known geo log i cal
events and are in some cases sim i lar to the ages de ter mined by 
Ar–Ar and K–Ar meth ods, we ten ta tively in ter pret these ages as 
cool ing ages.

Re gard less of the pre cise mean ing of the ZFT ages, the
pres ence of the Cre ta ceous and Paleocene–Eocene pop u la -
tions in these four sam ples clearly doc u ments the Al pine over -
print in the Selec Block. This con clu sion agrees with the geo log -
i cal ob ser va tions, meta mor phic as sem blages and 40Ar–39Ar
data, and con tra dicts the lack of Al pine over print in the
Infratatric Selec Block, as pro posed by Králiková et al. (2016).

TECTONO-METAMORPHIC OVERPRINTING GRADE 
OF THE INFRATATRICUM

The EPMA re sults are re lated to newly formed (Al pine)
meta mor phic over print ing tex tures of the base ment mica -

schist- gneis s es changed to al bite schists, and infolded Up per
Pa leo zoic and Me so zoic cover rocks (Ta bles 3, 4 and Figs. 9,
10). Sim i lar meta mor phic tex tures were found from clasts to
olistoliths of the base ment and Up per Car bon if er ous to Lower
Cre ta ceous cover-rocks in Up per Cre ta ceous flysch. The dis -
tinct ness of mac ro scopic meta mor phic fea tures is vari able be -
cause sam ples are from an anchi-meta mor phic ter rain, and
they vary from slightly to strongly sheared or schis tose rocks;
with the lat ter con tain ing in creased meta mor phic min eral con -
tent. Con strain ing meta mor phic con di tions is most im por tant in
in ter pret ing the 40Ar–39Ar and ZFT ages of this area; the fol low -
ing three meta mor phic over print ing grades are dis tin guished:

(1) The high est anchi-meta mor phic (VLT–LT/MP) over print
was de ter mined from Perm ian bas alts of the Inovec Nappe,
which have schis tose struc tures de fined by Ep-Czo, Chl, low-Al
Tr (~Act; ap prox i mately 1 wt.% Al2O3), Ab, car bon ate (Cal), Ttn
(leu co xene), F-Ap, sagenite, Mag and rare Cel-rich Ms (“Phg”),
mi nor con tents of Pmp (Fig. 9 and Ta bles 3, 4) and rel ics of
mag matic Hbl and Cpx which are al most com pletely re placed
by Chl, Act, Ep-Czo and Cal ag gre gates. Fine-grained ag gre -
gates of the meta mor phic S1 schistosity are of ten cross cut by
coarser-grained meta mor phic veinlets com posed of the
above-men tioned phases. Fur ther in di ca tion of the very
low-tem per a ture greenschist fa cies is sup plied by the
cataclasis, clast res o lu tion and par tial recrystallization ob -
served in de tri tal Perm ian coarse-clastic sed i ments such as
sand stones to con glom er ates and rhy o lite pyroclastics with fi -
brous ag gre gates of Ser-Phg, Chl, Ab and Qz grown into meta -
mor phic schistosity. The Perm ian fine-grained quartzitic sand -
stones are rich in compositionally ho mo ge neous “phengitic”
mica ag gre gates in the D1 (anchi-)meta mor phic stage S1
schistosity (Fig. 9 and Ta ble 4). This white mica was suit able for 
40Ar–39Ar dat ing (s. PI-4; Putiš et al., 2009a and Dis cus sion
herein).

The es ti mated meta mor phic con di tions, based solely on a
typ i cal lower greenschist-fa cies min eral as sem blage, are ap -
prox i mately 250–300°C. The es ti mated burial depth would be
ap prox i mately 12–15 km if a 20°C/km gra di ent in the late Early
Cre ta ceous D1 stage is as sumed. The es ti mated pres sure
would be ~5–7 kbar for “phengitic” white mica with Si
3.3–3.5 p.f.u. from the Perm ian meta-rhy o lite (Fig. 10A and Ta -
ble 4) con tain ing relic albitized Kfs and chloritized Bt
porphyroclasts. The phengite ba rom e ter af ter Massonne and
Schreyer (1987) was em ployed in this tem per a ture in ter val,
with 293°C av er age tem per a ture ob tained from chlorite ther -
mom e try (Ta ble 5).

We ap plied Perple_X pseudo-sec tion mod el ling to de ter -
mine the pre cise D1 stage P–T con di tions and ob tained
308–315°C at 4.9–6.1 kbar at ap prox i mately 15–18 km burial
and 17–20°C/km gra di ent (Fig. 11). These es ti mates are from
the Perm ian meta-ba salt of the Inovec Nappe (s. PI-B3a;
Fig. 9A, H) and they are also valid for the meta-ba salt frag -
ments pres ent in olistoliths in the Up per Cre ta ceous flysch sed i -
ments (s. PI-BS1; Fig. 10B).

(2) The me dium anchi-meta mor phic con di tions (D1 stage)
of 200–250°C of the Inovec Nappe were es ti mated from Lower
Cre ta ceous slates (s. PI-21a; Fig. 9D, F and Ta ble 4) of the re -
con structed Humienec Suc ces sion. They oc cur as clast-to-
 km-size olistolith frag ments in the Up per Santonian to
Maastrichtian flysch of this suc ces sion. The Lower Cre ta ceous
slates are orig i nally deep-wa ter cherty sed i ments as so ci ated
with radiolarites (Fig. 9C, E). The newly formed Ill-Phg meta -
mor phic ag gre gate has mostly 3–25 µm sta ble grain-size
(fig. 3A BSE im age in Sulák et al., 2009) and ho mo ge neous
com po si tion. This was there fore used for 40Ar–39Ar dat ing of the 
D1 stage (Putiš et al., 2009a; see Dis cus sion). The Ill-Phg ag -
gre gates de fine pen e tra tive meta mor phic S1 schistosity and S2 



ax ial-plane slaty cleav age of syn-meta mor phic D1 stage iso cli -
nal intra-S1 folds. The pres ence of Ill–Phg (3.3–3.4 Si p.f.u.)
with 0.7–0.8 apfu K+Na val ues and 8–9 wt.% K2O is con sis tent
with me dium anchi-meta mor phic con di tions (Ta ble 4).

(3) The low est anchi-meta mor phic con di tions were
achieved in the fron tal part of the Infratatric Inovec Nappe (D4
stage). This is the Humienec tec tonic Slice which con tains Up -
per Cre ta ceous sed i ments (Fig. 2). These wedge-top sed i -
ments were rel a tively shal lowly infolded into the Inovec
Nappe-type base ment. Here, Couches Rouges-type shales
(s. PI-39-7; Ta ble 4) and flysch sed i ments (s. PI-136, PI-88a, b;
Fig. 10C–E and Ta ble 4) con tain the newly formed white micas
(3.1–3.2 Si p.f.u.) of Ill-Phg com po si tion with much lower al ka lis
(0.5–0.7 p.f.u.) and K2O (5–7 wt.%) con tents than in the Inovec
Nappe-type base ment rocks, in clud ing the Lower Cre ta ceous
slates. Ta ble 4 doc u ments these low val ues typ i cal of ad vanced 
diagenesis and/or low est-tem per a ture anchi-meta mor phism at
ap prox i mately 150–200°C (Hunziker et al., 1986; Korikovsky
and Putiš, 1999).

The sig na tures of very low-T tectono-ther mal over print ing
are also rec og nized in the Tatricum hang ing wall gran ite
blastomylonites by newly formed ag gre gates of dy nam i cally
recrystallized Qz, Ab, Chl and Ser-Ms (s. PI-17HZ; Fig. 10G).
Newly formed ho mo ge neous Ser-Ms (Putiš et al., 2008; Sulák et
al., 2009) was suit able for 40Ar–39Ar dat ing of blastomylonitization 
(Putiš et al., 2009a and Dis cus sion herein).

DISCUSSION – CONSTRAINING THE INFRATATRIC 
EVOLUTIONARY STAGES

D1 STAGE RELATIONSHIP OF THE INFRATATRIC INOVEC 
AND THE MANÍN–KLAPE NAPPES

The Mid dle Ju ras sic to Lower Cre ta ceous cover of the
Humienec Suc ces sion, and the un der ly ing Up per Car bon if er -
ous to Lower Ju ras sic cover-rocks of a micaschist-gneiss base -
ment were bur ied within an Albian–Early Cenomanian
accretionary wedge (D1 stage, ~115–95 Ma). This wedge may
have been ini ti ated by col li sion of the North-Veporic–Tatric Belt
with the south ern Neotethyan South-Veporic–Geme -
ric–Meliatic wedge fol low ing the clo sure of the intra-con ti nen tal
Fatric Ba sin which had sep a rated these do mains un til the
Albian–Early Cenomanian (Putiš et al., 2009a, 2017).

The D1 evo lu tion ary stage is con strained by the “phengitic“
white mica pla teau age of 101 ±3 Ma ob tained from the S1
meta mor phic schistosity planes of a Perm ian meta-sand stone
(s. PI-4; Figs. 9G and 12A), as so ci ated with meta-rhyolites
(Fig. 10A) and meta-bas alts (Figs. 9A, B, H and 10B) of the
Infratatric Inovec Nappe (Putiš et al., 2009a). The Lower Cre ta -
ceous slates (s. PI-22), as meta mor phosed olistolith frag ments
in the Up per Cre ta ceous Horné Belice flysch, yielded even
older Albian 40Ar–39Ar pla teau ages of ~114 and 106 Ma (Putiš
et al., 2009a). Both 5–10 and 20 µm sub frac tions con strain the
D1 age (115–95 Ma; Fig. 12B, C). The finer-grained frac tion
pro vides ap prox i mately 8 Ma in creased age; most likely due to
re coil ef fect (Sperner et al., 2010; Halama et al., 2014; Scharf et 
al., 2016). Al though this ef fect was mostly elim i nated dur ing ir -
ra di a tion, it is typ i cally ap par ent in very fine-grained mica ag gre -
gates. The ages are in ter preted as close to the peak D1 stage
tectono-meta mor phic event be cause the for ma tion tem per a -
ture of the white mica ag gre gates did not reach the in ferred
40Ar–39Ar clo sure tem per a ture (Tc) of ~400–450°C (Dallmeyer
et al., 1996; Villa, 2004; Halama et al., 2014; Villa et al., 2014).

The stud ied sheared anchi-meta mor phic rocks pro vide fur -
ther ev i dence that tem per a ture is not the sole pa ram e ter con -

trol ling the iso to pic-ra tio changes (Villa et al., 2014 and ref er -
ences therein). The com pet ing pro cesses of fluid-in duced
and/or de for ma tion-in duced recrystallization were more rapid
than the ther mally ac ti vated dif fu sion at much lower tem per a -
tures in the “phengite” and mus co vite. Apart from these of ten
dis crete re ac ti va tion (tectono-meta mor phic) zones, much older
ages pre vail; e.g. ~325 Ma 40Ar–39Ar Ms age from
a coarse-grained micaschist at the same lo cal ity as sam ple
PI-12 was re ported by Dallmeyer et al. (1996). Sim i larly, Krá¾ et
al. (2013) found pre-Al pine 40Ar–39Ar (cool ing?) ages of
340–305 Ma from a coarse-grained mus co vite. A sim i lar case
could be Perm ian ZFT ages (~256 and 255 Ma; Králiková et al.,
2016) or Mid dle Ju ras sic (~158 Ma from s. PI-12; Ta ble 1) and
Early Cre ta ceous (~143 and 133 Ma from s. PI-6 and 9, re spec -
tively; Ta ble 1) ZFT ages. In com plete re set ting of the pre-Al pine 
Ar–Ar ages, and even some from ZFT, is typ i cal here and this
also pro duced dif fer ent pseudo-pla teau Ar–Ar ages be tween
300 and 130 Ma (see Putiš et al., 2009a).

There are strati graphic and palaeontological con trols on the 
pre ci sion of 40Ar–39Ar ages ob tained by us. For ex am ple, the
Lower Cre ta ceous slates (s. PI-22) still con tain rec og niz able
rem nants of Hedbergella foraminifera typ i cal of the Cre ta ceous
Hauterivian to Maastrichtian, and there fore the old est age limit
from the in ferred re coil ef fect is ap prox i mately 130–120 Ma
(~a cherty shale for ma tion age). Mean while, the youn gest age
limit is pro vided by the post-D1 Couches Rouges-type marls
from the Turonian, at ~95–90 Ma. The D1 ages from sam ples
PI-22 (~114 and 106 Ma) and PI-4 (~101 Ma) ex actly fall within
this lim it ing age-in ter val of ~120/115–95/90 Ma, and there can
be only very lim ited in flu ence of in ferred Ar ex cess on the ob -
tained pla teau ages.

Our age data on the Albian–Early Cenomanian syn-meta -
mor phic wedge D1 stage for ma tion at ap prox i mately
115–95 Ma con tra dicts re con struc tion of the Belice Suc ces sion
in the north ern (Infratatric) part of the Považský Inovec Mts., be -
ing con tin u ous from the Lower to the Up per Cre ta ceous
(Plašienka et al., 1994; Plašienka, 2018). We re port this suc -
ces sion was in ter rupted due to the D1 stage tectono-meta mor -
phic event; and this was sug gested in Putiš et al. (2016) or Putiš 
and Tomek (2016). Sim i larly, the Váhic sig na tures of ba salt
olistoliths in flysch, in ferred by Plašienka et al. (1994) or
Plašienka (2018), have not been con firmed. Only the Perm ian
dom i nant calc-al ka line ba salt and andesito-ba salt olistoliths
from a destructured con ti nen tal mar gin as so ci ated with Perm -
ian siliciclastics oc cur in the Up per Cre ta ceous flysch (Putiš et
al., 2006, 2008, 2016).

The “pre-Gosauian” D1 event may have ini ti ated for ma tion
of the thrust of the base ment–cover Infratatric Inovec and the
Manín–Klape root less nappes onto a Pieninic–Váhic
(~Penninic) Ocean con ti nen tal mar gin (Figs. 13 and 14). The
subduction of in ferred Penninic oce anic crust started dur ing the
Turonian. This is in di cated by the oc cur rence of “ex otic“ pe lagic
Tri as sic lime stone peb bles in con glom er ates of up per most(?)
Turonian flysch sed i ments in the Pol ish Branisko Zone of the
PKB (~Kysuca to Czorsztyn units’ area) im me di ately north of
the clos ing Pieninic–Váhic Ocean (Birkenmajer et al., 1990).

The D1 event is likely reg is tered in the Manín Unit Ju ras -
sic–Cre ta ceous sed i men tary suc ces sion at ap prox i mately 5–10 
Ma hi a tus in the Albian, and a change of the Barremian–Aptian
Urgonian shal low-wa ter lime stones to Cenomanian–Lower
Turonian hemipelagic to pe lagic sandy cal car e ous claystones
and flysch with “ex otic“ con glom er ate peb bles (Mišík and
Sýkora, 1981; Marschalko and Rakús, 1997; Rakús and
Marschalko, 1997). In ad di tion, the Barremian–Aptian Urgonian 
shal low-wa ter lime stone peb bles in the Klape flysch, closely
struc tur ally bound to the Manín Nappe, con tain Cr-spinel and
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glaucophane clasts de ter mined by Mišík (1979) and Mišík and
Sýkora (1981). How ever, there is no ev i dence about the D1
stage in cor po ra tion of the com pos ite Manín–Klape Nappe into
the Infratatric accretionary wedge or the pres ence of the
Infratatric rock-ma te rial in the Klape flysch. There fore, we sup -
pose the Fatric or i gin of the Manín–Klape Nappe (e.g., Mahe¾,
1986; Plašienka, 1995, 2018) and south ern sources for the
Klape flysch (Plašienka, 1995, 2018; Kissová et al., 2005).
Such a model is con sis tent with the strati graphic ex tent of the
“ex otic” peb ble-bear ing con glom er ate ho ri zons in the Klape
(Late Albian to Early Cenomanian) and Manín (Cenomanian to
Early Turonian) flysch de pos its (Marschalko and Rakús, 1997;
Rakús and Marschalko, 1997) her ald ing the clo sure of the
Fatric Ba sin. The Fatric nappes over lie the Turonian cover sed i -
ments in the Tatricum of the High Tatra, Ve¾ká Fatra and the
Považský Inovec Mts. Bojná Block (Pelech et al., 2017a and
ref er ences therein). This re cord en ables the Manín–Klape
Nappe to reach the PPKB in the Late Turonian.

Strong compressional forces in the syn-collisional
Albian–Early Cenomanian accretionary wedge were mul ti plied
by pull forces due to underthrusting of the thermo-me chan i cally
weaken crustal sheets. They may have caused ex pul sion of the
Fatric wedge-top frag ments over the wedg ing North-Vepo -
ric– Tatric–Infratatric base ment to wards the South-Penninic
con ti nen tal mar gin from ~95 to 90 Ma at ap prox i mately

200–300 km dis tance (4–6 cm per year), fol low ing the al most
con tem po ra ne ous clo sure of the intra-con ti nen tal Fatric and
Tatric–Infratatric bas ins (Figs. 13 and 14). These pro cesses
must have oc curred be fore both the Late Turonian to
Maastrichtian/Paleocene ex ten sion from ~90 to 85 Ma and the
for ma tion of the new Horné Belice-type Infratatric fore land ba -
sin sys tem above the in ferred Pieninic–Váhic subduction zone
(Fig. 14; Putiš et al., 2008).

Mišík and Sýkora (1981), Marschalko and Rakús (1997)
and Rakús and Marschalko (1997) con sider the der i va tion of
Cr-spinel and glaucophane clasts pres ent in the Barrem -
ian–Aptian Urgonian lime stone peb bles of the Klape flysch from 
a Meliatic-type source which was lo cated in the Tatric fore land.
There are, how ever, palaeogeographic-fa cial (Gawlick and
Missoni, 2015) as well as fau nal and palaeotectonic (Csontos
and Vörös, 2004) con trary ar gu ments to a Tri as sic Ocean north 
of the IWC. Any how, sup pos ing a Neotethyan, Meliatic-type
source for Cr-spinel and glaucophane clasts at ap prox i mately
130–115 Ma, the ques tions have arisen: (1) which unit might
have con tained Urgonian lime stones as a source for the Late
Albian–Early Cenomanian Klape flysch con glom er ates?, and,
(2) which unit in the unlithified Barremian–Aptian lime stones
could re ceive the in ferred Meliatic HP (~160–150 Ma;
Dallmeyer et al., 1996) min eral de tri tus and then be come
a source of the Klape flysch con glom er ates?
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Fig. 13. Tec tonic sketch of the Infratatric units

Cz – Czorsztyn Unit, FA – Fatric, GE – Gemeric, HR – Hronic, IFTA – Infratatric, Inovec-N – Inovec Nappe, KB – Klippen Belt, Kp-Ma –
Klape–Manín Nappe, Ky – Kysuca Unit, LAA – Lower Austroalpine, ME – Meliatic Bôrka Nappe, N-PE – North-Penninic, N-VE –

North-Veporic, S-VE – South-Veporic, S-PE – South-Penninic, TA – Tatric, UAA – Up per Austroalpine
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Fig. 14. Evo lu tion ary model of the Infratatricum (mod i fied schemes of Putiš et al., 2006, 2008)

CCPB – Cen tral Carpathian Paleogene Ba sin; Cz – Czorsztyn Unit; Cz bas. – Czorsztyn Ridge base ment; EU – Eu ro pean Plate; FA –
Fatricum; FZ – Outer Fysch Zone; GE – Gemeric; HE – Helvetic Zone; HR – Hronicum; IFTA – Infratatricum; Kp – Klape Unit; Ky – Kysuca
Unit, Penninic mar gin – in ferred ad ja cent con ti nen tal zone to oce anic crust; M – Me so zoic Fatric and Hronic nappes; Ma – Manín Uint; ME –
Meliatic; MO – Neo gene molasse; NVE – North-Veporic; PKB – Pieniny Klippen Belt; SVE – South-Veporic; TA – Tatricum, TA+M – Tatricum
and Me so zoic Fatric and Hronic nappes



Urgonian lime stones of the in ferred Fatric Manín Nappe and 
its equiv a lent Vysoká Suc ces sion of the Krížna Nappe do not
con tain glaucophane and Cr-spinel clasts (Mišík and Sýkora,
1981; Rakús and Marschalko, 1997), and this could well im ply
that the Meliatic-type source was sep a rated from these most
likely north ern mar gin units of the Fatric Ba sin by the ax ial
deep-wa ter zone at ~130–115 Ma. How ever, the Fatric or i gin of
the Klape flysch is sup ported by the de ter mi na tion of the
blueschist peb bles in the Krížna Nappe Albian flysch con glom -
er ates near Jasenov vil lage in East ern Slovakia close to the
PKB (Ivan and Sýkora, 1993; Fig. 1).

The for ma tion and north ward thrust ing of the Meliatic
nappes at ~140–135 Ma (Putiš et al., 2014, 2015, 2017) was ini -
ti ated by underthrusting to subduction of the de coup led
South-Veporic and Gemeric crustal sheets be neath the Meliatic 
Late Ju ras sic–Early Cre ta ceous accretionary wedge; and this is 
con strained by perovskite, zir con and monazite dat ing (Putiš et
al., 2014, 2015, 2017; Vozárová et al., 2014; Hurai et al., 2015).
The ex humed fron tal parts of the Meliatic nappes were al most
at the same struc tural level as the Hronic nappes form ing above 
the South-Veporic–Gemeric base ment sheets which were be -
ing su tured at that time. Urgonian lime stones are un known from 
the Meliatic units and the Gosau-type Senonian sed i ments; al -
though these lat ter sed i ments are rich in the Meliatic-type
carbonatic and ophiolitic ma te ri als near Dobšiná (Hovorka et
al., 1990). How ever, rich fine-grained chromian spinel de tri tus
oc curs in the Hauterivian siliciclastic turbidites of the Hronicum
at ~133–129 Ma (Jablonský et al., 2001). These trace the
Meliatic nappes over ly ing the Gemeric base ment, and they are
con sis tent with the South-Gemeric monazite ages of
~140–135 Ma (Vozárová et al., 2014; Hurai et al., 2015). Con -
tin u ing con ti nen tal subduction of the de coup led South-Veporic
crustal sheets be low the Gemeric–Meliatic nappes is con sis tent 
with the old est South-Veporic monazite ages at ~130 Ma (Putiš
et al., 2017) and the old est white mica 40Ar–39Ar ages of
~125 Ma (Dallmeyer et al., 1996). These age data speak for a
rapid ap proach of the wedge-top Gemeric, Meliatic and Hronic
nappes to the Fatric Ba sin south ern mar gin un til the Barremian.
The Meliatic (and sec ond arily Hronic?) nappes may have ini -
tially yielded fine-grained Cr-spinel and glaucophane de tri tus to
unlithified Urgonian lime stones of the in ferred Fatric Ba sin
south ern mar gin from a rel a tively great dis tance or a rel a tively
smooth re lief. This sit u a tion was then dra mat i cally changed by
the Late Albian to Early Cenomanian at ~110/105 to 98 Ma
when the Gemeric, Meliatic (e.g., Kissová et al., 2005; Ivan et
al., 2006) and most likely the Hronic (our re cent study) nappe
frag ments closely ap proached this ba sin and added the peb -
ble-to-boul der ma te rial to the Klape flysch sed i ments of this
clos ing ba sin. There fore, the Urgonian lime stone peb ble source 
at that time could also be the south ern mar gin of the Fatric Ba -
sin be cause of its fault ero sion dur ing the ba sin trans for ma tion
to a transpression-transtension-re lated flysch trough. More -
over, Jablonský et al. (2001) re ported the pres ence of spinel de -
tri tus in the Valangian–Hauterivian strata of the Fatric Zliechov
Suc ces sion. Plašienka et al. (2018) sug gested the Urgonian
lime stone source from a Meliatic ephem eral ba sin. This model
may con tra dict with the Meliatic nappe struc ture for ma tion at
that time (Putiš et al., 2014), and also miss ing such kind of fa -
cies in the Gosau-type sed i ments over ly ing the Gemeric and
Silicic units (e.g., Hovorka et al., 1990).

D2 AND D3 STAGES

The D2 stage tec tonic style of NW-vergent re cum bent folds
and the overthrust struc tures of the crys tal line com plexes in -
clud ing Up per Pa leo zoic and Me so zoic cover rocks pre dom i -
nates in the Selec Block (Putiš, 1983, 1986, 1991a). The D2
stage (~95–85 Ma) ex hu ma tion, nappe struc ture for ma tion, and 
north ward thrust ing of the Infratatric Inovec Nappe to ward the
Pieninic–Váhic (~South-Penninic) zone was fol lowed by
~85–65 Ma D3 su pra-subductional ex ten sion. Thus, the
near-sur face Inovec Nappe pos te rior part could have sup plied
ma te rial to the Horné Belice wedge-top flysch ba sin lo cated on
the at ten u ated fron tal Inovec Nappe-type base ment. The
Perm ian meta-sand stone illite-phengite to nor mal phengite
(celadonite-rich mus co vite) age of the Inovec Nappe at
~86 ±2 Ma (s. PI-14; Figs. 2 and 12D) then in di cates re-open ing 
of the 40Ar–39Ar sys tem due to D2–D3 ex hu ma tion and thrust ing 
(e.g., Villa, 2004; Villa et al., 2014).

The D3 stage Inovec Nappe sup ply of the Horné Belice
flysch tem po rally over laps with the com mence ment of the
South-Penninic (~Pieninic–Váhic) subduction be neath the
Klape–Manín–Inovec nappe sys tem (Figs. 13 and 14). The
sed i men tary cy cle of hemipelagic Up per Turonian–Lower
Santonian Couches Rouges-type marls changed to Santonian
to Maastrichtian Horné Belice syn-orogenic flysch sed i men ta -
tion in a fore land wedge-top ba sin (e.g., DeCelles and Giles,
1996; Carrapa et al., 2016). This formed on a thinned Inovec
Nappe-type base ment in the in ferred ac tive con ti nen tal mar gin
(~the Humienec tec tonic Slice in Fig. 13 herein and Putiš et al.,
2006, 2008).

This time pe riod over laps with a sea-level rise in the
Tethyan area (e.g., Lemoine, 2003; Cetean et al., 2011 and ref -
er ences therein) that is re flected in the de po si tion of
hemipelagic red marls. The Schistes lustrés (SL) or Couches
Rouges (CR)-type marls are char ac ter is tic on the dis tal mar -
gins and oce anic crust (Lemoine, 2003). These are usu ally
Cenomanian to Maastrichtian, but up to the Paleocene–Eoce -
ne in some places. The SL and CR oc cur in all Penninic tec tonic 
win dows from Enga dine to Rechnitz, and al though they can not
pre cisely spec ify any stage in the Al pine geodynamic evo lu tion,
they are rel a tive tem po ral mark ers in al most all the Alps and
Corsican pe lagic-hemipelagic do mains (Lemoine, 2003). The
find ing of foraminifera Marginotruncana coronata Bolli spec i fies 
the age of the Infratatric C4 SL (af ter Lemoine, 2003) at
Turonian to Santonian (Putiš et al., 2008).

A rem nant of the Late Cre ta ceous dis tal Infratatric con ti nen -
tal mar gin is in ferred from the Humienec tec tonic Slice of the
Inovec Nappe which in cludes the infolded Up per Cre ta ceous
sed i men tary cover ex posed in the footwall of the pos te rior part
of the Inovec Nappe in the Považský Inovec Mts. (Figs. 2, 4, 6,
13 and 14). Most im por tantly, the Humienec tec tonic Slice, con -
tain ing the micaschist base ment and Perm ian to Up per Cre ta -
ceous cover rocks, in di cates a par tial D4 stage lower Infratatric
nappe struc ture ex posed in a tec tonic win dow in the north ern
part of the Považský Inovec Mts. Selec Block (Figs. 2 and 14).

The 40Ar–39Ar ages from the Tatric Malé Karpaty, Tribeè,
and the low-tem per a ture blastomylonite zones of the west ern
part of the Lúèanská Malá Fatra Mts. be tween ~80 and 70 Ma
(Hók et al., 2000; Krá¾ et al., 2002; Putiš et al., 2009a) may con -
strain the post poned in ter ac tion of the North-Veporic– Ta -
tric–Infratatric–PPKB units in a dextral transpressional sys tem.
The west ern “wedg ing-out” ter mi na tion of the Tatric rib bon
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could then have en hanced lat eral jux ta po si tion of these tec tonic 
units (Figs. 1 and 13). Gosau-type re stricted pig gy back type of
Late Cre ta ceous bas ins (e.g., Plašienka and Soták, 2015;
Pelech et al., 2017a) could also in di cate this transpres -
sion-transtensional event.

The pre-Eocene deformational ef fects at the low est
tectono-ther mal con di tions were also found at the Tatricum
Nízke Tatry (Danišík et al., 2011), Žiar (Danišík et al., 2008) and 
Malá Fatra (Danišík et al., 2010) moun tains, as doc u mented by
ZFT and/or zir con (U–Th)/He ages. These were resetted in the
Vysoké Tatry Mts. dur ing the Eocene (Anczkiewicz et al.,
2015).

D4 STAGE

The com mon subvertical tec tonic struc tures of the Inovec
Nappe-type base ment and infolded Up per Cre ta ceous sed i -
ments (Fig. 2), form ing the fron tal Infratatric Inovec Nappe
Humienec tec tonic Slice (Figs. 13 and  14), were traced by elec -
tric re sis tiv ity to mog ra phy to ap prox i mately 100 m depth
(Pelech et al., 2017b).

The Inovec Nappe meta mor phosed frag ments, in clud ing
the olistoliths of the Humienec Suc ces sion Up per Ju ras sic and
Lower Cre ta ceous slates, oc cur in very low-anchi-meta mor -
phosed (at ~150–200°C; Putiš et al., 2006, 2008) Up per Cre ta -
ceous flysch sed i ments (Kullmanová and Gašpariková, 1982).
These are infolded to the partly re-built un der ground
Albian–Early Cenomanian accretionary wedge with Inovec
Nappe-type base ment. The Late Maastrichtian?–Eocene late
Meso-Al pine D4 de for ma tion stage with NE–SW-strik ing thrust
to the imbricated “klippen” tec tonic struc tures pre dom i nates in
the Považský Inovec Mts. Infratatric Selec Block (Figs. 1–7, 13
and 14).

The NW–SE-ori ented re flec tion seis mic pro file 6HR (Fig. 3)
re veals a de tach ment shear zone of the Infratatric Inovec
Nappe at ~6–7 km depth with underthrust PPKB units and
deeper in ferred frag ments of the Pieninic–Váhic oce anic and/or 
con ti nen tal crust and the PKB pre-Ju ras sic base ment. The
MOHO re flec tions at ap prox i mately 30 km depth gen er ally in di -
cate an at ten u ated crust. The con cave shape of the MOHO and 
the higher crustal lay ers sug gests the Neo gene updoming, up -
lift and fi nal ex hu ma tion of the Infratatric and un der ly ing tec tonic 
units.

The Eocene tectono-ther mal over print ing in the D4 stage at
~65–40 Ma was dated on the newly formed celadonite-poor
mus co vite at the 40Ar–39Ar pla teau age of 48 ±2 Ma (Putiš et al.,
2009a; s. PI-17HZ; Figs. 2 and 12E). This was es tab lished from 
hang ing-wall gran ite blastomylonite of the Tatric Unit, and it is
con sis tent with the ZFT 57–37 Ma ages (Fig. 8) de ter mined
from the in ferred re-bur ied part of the Infratatric Inovec Nappe
be neath the fron tal Tatric Panská Javorina Nappe and the
Paleogene sed i ments (Fig. 2). A sim i lar whole-rock K–Ar age of 
46 ±3 Ma was also de ter mined in a Perm ian ba salt olistolith
from the Up per Cre ta ceous flysch (Putiš et al., 2008). The
Eocene Hrádok–Zlatníky thrust-fault is there fore the re-ac ti -
vated in ferred Cre ta ceous thrust-fault of the Tatricum over the
Infratatricum with the dextral strike-slip sig na tures concording
with al most E–W-stretch ing blastomylonite lineations.

The Infratatric wedge for ma tion in the Paleocene–Eocene
was con tem po ra ne ous with the com menced clo sure of the
Magura Ba sin in the OWC and the North-Penninic Ocean in the 
Alps, and with the on set of Cen tral Carpathian Paleogene Ba sin 
(CCPB) sed i men ta tion. A higher low-tem per a ture his tory of the
Inovec Nappe was de ter mined by the rel a tively broad ZFT
range of 57–37 Ma de rived from the west ern, and likely deeper,
NNE–SSW-strik ing steeply-dip ping tec tonic slices. This doc u -

ments sam ple res i dence, or pas sage through the ZFT par tial
an neal ing zone, dur ing the Paleogene. It fur ther in di cates re -
heat ing of the Inovec Nappe to at least 180°C in the Eocene
accretionary wedge caused by over load ing of the Tatric Unit
with the Me so zoic Fatric and Hronic nappes, and tem po rary
burial be neath the CCPB sed i ments (Danišík et al., 2004, 2008, 
2010; Anczkiewicz et al., 2015). The Eocene ex hu ma tion was
fol lowed by fi nal cool ing just be low 100°C dur ing the Mio cene
orogen par al lel ex ten sion de rived from the 21–13 Ma AFT ages
(Kováè et al., 1994; Danišík et al., 2004; Králiková et al., 2016).

The pres ence of the Cre ta ceous and Paleocene–Eocene
ZFT pop u la tions in our four sam ples (Ta bles 1 and 2) clearly
doc u ments the Al pine over print in the Selec Block ex pected
from geo log i cal ob ser va tions, meta mor phic as sem blages and
40Ar–39Ar data; and it there fore con tra dicts the Al pine
tectogenesis ab sence in the Infratatric Selec Block, re ported by
Králiková et al. (2016).

The ex hu ma tion of the Infratatricum and the north ern bor der 
of the Tatricum from ~10–5 km depth oc curred in the footwall of
the higher Fatric and Hronic nappes. This pro cess is sup ported
by the ap prox i mately 48 Ma tem po rally con strained ex hu ma tion 
char ac ter of the Eocene Hrádok–Zlatníky thrust fault which is
partly cov ered by the frag ments of the Fatric (Krížna) and
Hronic (Choè) nappes (Figs. 2 and 13).

CONCLUSIONS – EVOLUTIONARY MODEL 
OF THE INFRATATRICUM

In con clu sion, the fol low ing up dated Infratatricum evo lu tion -
ary model is pre sented (Fig. 14):

1. In the pre-Late Cre ta ceous, a dis tal “pre-Infratatric”
north ern pas sive con ti nen tal mar gin with the Mid dle Ju -
ras sic to Lower Cre ta ceous Humienec Suc ces sion was
fac ing the Pieninic–Váhic (~South-Penninic) Ba sin
Realm. The base ment of the Humienec Suc ces sion
was formed by the syn-rift Lower Ju ras sic and the
pre-rift Tri as sic, Perm ian and Up per Car bon if er ous sed -
i men tary and vol ca nic rocks on the at ten u ated Variscan
crys tal line base ment. The clo sure of the Ju ras sic–Early
Cre ta ceous ba sin was fol lowed by the D1 stage late
Early Cre ta ceous tectono-meta mor phic event in an
Albian–Early Cenomanian accretionary wedge
(~115–95 Ma; Figs. 8, 12A–C and 14). A much more ef -
fec tive tectono-ther mal D1 stage im pact was reg is tered
in the Infratatric Selec Block (pro nounced higher- to
mid dle anchi-meta mor phism) in com par i son with the
Tatric Bojná Block hang ing-wall blastomylonitization.

2. The Inovec Nappe de vel oped from the Albian–Early
Cenomanian orogenic wedge in front of the Tatricum.
This nappe was thrust onto an in ferred tran si tional con ti -
nen tal/oce anic crust ad join ing the South-Penninic
(Pieninic–Váhic) Ocean and, in turn, overthrust by the
Fatric Manín–Klape and Hronic nappes dur ing the D2
stage at ~95–90/85 Ma. The Ar–Ar age of 86 ±2 Ma
from a Perm ian meta-sand stone of the Inovec Nappe
can be re lated to this event (Fig. 12D) fol lowed by the
de po si tion of red marls in the Late Turonian to Early
Santonian (Fig. 14).

3. The Late Cre ta ceous south ward subduction of the in -
ferred Pieninic–Váhic crust caused fur ther dif fer en ti a -
tion into: (1) a dis tal “Infratatric” ac tive con ti nen tal mar -
gin in the D3 stage at ~85–65 Ma de fined by the up per
Santonian–Maastrichtian Horné Belice flysch suc ces -
sion of a fore land ba sin lo cated on the thinned Infratatric 
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Inovec Nappe-type base ment. In sup port, Kullmanová
and Gašpariková (1982) re port a sim i lar Up per Cre ta -
ceous sed i men tary cover in the Manín Unit Soblahov
bore hole, and (2) a hin ter land Tatric do main with the
piggy-back ba sin Hubina For ma tion (Pelech et al.,
2017a) lo cated on a thicker base ment. The in put of
meta mor phosed ma te rial from the pos te rior part of the
Infratatric Inovec Nappe to the fore land Horné Belice
Ba sin dur ing the D3 stage is tem po rally con sis tent with
the ZFT ages of 69 ±8 Ma and 74 ±6 Ma re ported from
the Považský Inovec Mts. Tatric Bojná Block (Kováè et
al., 1994; Králiková et al., 2016).

4. Clo sure of the Late Cre ta ceous Horné Belice Ba sin led to 
the Infratatricum be com ing part of a fold-thrust to
steeply-dip ping transpressional klippen-type struc ture
with in cor po rated Up per Cre ta ceous sed i ments in the
Humienec tec tonic Slice overriden by the pos te rior part of 
the Inovec Nappe (Figs. 2 and 14). The Eocene re ac ti va -
tion age of ~48 ±2 Ma ap prox i mates the D4 stage of
~65–40 Ma (Figs. 12E, 13 and 14). This age for the in -
ferred Late Cre ta ceous tec tonic con tact of the Tatricum
and Infratatricum Hrádok–Zlatníky transpressional
thrust- fault sug gests new Paleo cene– Eo cene accretio -
nary wedge for ma tion in the Tatric fore land. Thus, the
Hrádok–Zlatníky thrust-fault formed an Eocene mi -
cro-plate bound ary be cause the Infratatricum be came
part of the lower plate PPKB and PKB units overriden by
the Tatricum and higher tec tonic units (see also the 6HR
seis mic pro file in Fig. 3). The Infratatricum is fi nally a Ce -
no zoic tec tonic unit lo cated north of the com pos ite Late
Ju ras sic–Early Cre ta ceous Neotethyan accretio nary
wedge (Meliatic–Ge meric– South-Veporic; ~150–100
Ma) and part of the South ern At lan tic Tethys orogenic
wedge (N-Vepo ric– Ta tric–Infratatric; ~100–50 Ma).

5. The re heat ing and ex hu ma tion cool ing of the
Infratatricum in the footwall of the Tatricum north ern
edge and ac com pa ny ing Paleogene sed i ments is doc u -
mented by ZFT ages of 57–37 Ma. Fi nal ex hu ma tion
and cool ing oc curred in the Mio cene due to orogen-par -
al lel ex ten sion (21–13 Ma AFT ages; Danišík et al.,
2004; Králiková et al., 2016).

6) The 6HR re flec tion seis mic pro file shows that the ap -
prox i mately 40° dip ping thrust-fault of the Infratatricum
over the fore land PPKB units trans forms to sub-hor i zon -
tal and then con cave at 6–7 km depth (Fig. 3). The
sub-hor i zon tal re flec tion zones may in di cate rather shal -
low underthrusting of the fore land crustal sheets. Fi -
nally, ZFT data con firms that the ob served con cav ity is
re lated to the ex hu ma tion of the Infratatric and un der ly -
ing de coup led PPKB–PKB frag ments in the footwall of
the Tatricum and Paleogene sed i ments in the late
Eocene, and AFT data ver i fies the Mio cene ex hu ma tion 
and cool ing.
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