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Abstract: The Western and High Tatra Mountains (northern Slovakia, southern Poland) contain the best-exposed rocks 
record within the Carpathian orogenic belt. Petrological, geochemical, and geochronological data from granitic 
assemblages across the Western (n = 1) and High Tatra Mountains (n = 19) were used to understand how they responded  
to an extended tectonic and magmatic history. Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry  
(LA-ICP-MS) zircon dating shows a dominant Early Carboniferous (Tournaisian, TuffZirc age = 349.3 + 2.9 / −1.5 Ma  
at 95 % confidence, n = 119 spots), but Paleoproterozoic/Neoarchean (2544 ± 33 Ma, ±1σ) to Late Carboniferous 
(Kasimovian, 305.8 ± 6.2 Ma) dates were also found. The age pattern is consistent with granitic assemblages within  
the European Variscan belt and suggests an affinity with Armorican terranes derived from a northern Gondwanan 
Cadomian arc. The final stages of Variscan orogenic collapse are timed at ca. 315 Ma based on the youngest zircon age 
population. Monazite dated in thin section are also Tournaisian, but the youngest age is Permian (Th–Pb, 270.0 ± 9.1 Ma, 
±1σ), consistent with timing of large-scale Pangean Permian extension. High Tatra granite K-feldspar 40Ar/39Ar ages 
indicate slow post-magmatic cooling after granite crystallization. The oldest 40Ar/39Ar ages from two samples near 
Lomnický štít (LS) suggest a thermal event in the Late Triassic (~220 Ma), but others from the sub-Tatra fault and near 
Gerlachovský štít (GS) are younger (Early Cretaceous, ~120 Ma). The thermal history from K-feldspar at the base of LS 
shows pulsed exhumation at faster rates between 70–55 Ma (300–200 °C) and 45–35 Ma (200–100 °C). The results 
document the Paleo-Alpine tectonic imprint of the Western and High Tatra Mountains until the onset of more Neo-Alpine 
exhumation. The data point to uplift earlier than suggested by models of extrusion tectonics applied to the region. Early 
uplift is connected with Eocene ALCAPA (ALps–CArpathians–PAnnonia) escape leading later to the development of  
the Carpathian arc. 
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Introduction

The Carpathians are one of many orocline (curved) mountain 
belts prominent throughout Europe and are associated with  
the closure of several ancient oceans and/or relative motion of 
continental crust fragments which lay between the European 
and African plate (Fig. 1; Ratschbacher et al. 1991; Royden et 
al. 1983; Royden & Báldi 1988; Seghedi & Downes 2011). 
Arcuate orogenic belts are present throughout the globe, and 
understanding their origin has been a fundamental problem in 
tectonics, critical for deciphering the nature of plate tectonics 
and the mechanics of forming plate boundaries (e.g., Carey 
1955; van der Voo 2004; Weil et al. 2010). The Carpathians  
are considered a best example of a curved orogenic belt crea-
ted by Alpine tectonics. The Western Carpathian Mountains, 

in particular, have been a focus of fundamental models for the 
development of the lithosphere that advanced our understan-
ding of the crustal response to collision. These include extru-
sion tectonics, orogenic collapse, and subduction rollback 
(Royden et al. 1983; Ratschbacher et al. 1991; Plašienka et al. 
1997; Poller et al. 2001a; Sperner et al. 2002; Kováč et al. 
2007; Froitzheim et al. 2008; Plašienka 2018a, and citations 
therein). Although the evolution of these mountains has been 
stated to be “critical” to understanding the Cenozoic develop-
ment of the central parts of the Western Carpathians, little 
 consensus exists regarding underlying controls on its develop-
ment (e.g., Anczkiewicz et al. 2015; Śmigielski et al. 2016). 

The Carpathian Mountains is an amalgamation of crustal 
 fragments juxtaposed due to the closure of ocean basins from  
the Precambrian to the Miocene (Royden & Báldi 1988; Kováč et 
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Fig. 1. A — Geological Surveys of Europe (EuroGeoSurvey) map of the Mediterranean area with main curved orogenic systems identified 
(after Cifelli et al. 2016). Approximate location of the Western and High Tatra Mountains (Fig. 2) is indicated. Faults are from the Europa faults 
(IMGE 5000) and Europe Offshore Faults (IGME 5000) geological map. Data source: IGME5000, © BGR Hannover 2007. Locations of some 
major massifs and the Mid-German Crystalline Rise after Zeh et al. (2001). B — The Alpine–Carpathian–Pannonian–Dinaride domain after 
Kováč et al. (2007). The approximate location of the Western and High Tatra Mountains are indicated. Ages of volcanic rocks (Ma) indicted as 
compiled by Hippolyte et al. (1999). 
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al. 2007; Froitzheim et al. 2008; Kováč et al. 2018, Plašienka 
2018a). Consequently, paleogeographic reconstructions of the 
area have been of interest to those seeking to decipher how the 
arcuate mountain range formed (Csontos & Vörös 2004; Schmid 
et al. 2008). The Western and High Tatra Mountains (Fig. 2), 
located in northern Slovakia and southern Poland, contain the 
best-exposed rock record in the Western Carpathians and is  
a logical target for deciphering its tectonic history (e.g., Anczkie-
wicz et al. 2015). The basement consists of preMesozoic  
metamorphic and granitic rocks overlain by sedimentary cover 
sequences and nappes contouring the crystalline core in the north 
(Nemčok et al. 1993; Plašienka et al. 1997; Plašienka 2003; Bezák 
et al. 2011; Anczkiewicz et al. 2015). Metamorphic rocks are 
more abundant in the Western Tatra Mountains and are only found 
as xenoliths or lenses in the High Tatra Mountains. 

Although Precambrian and Cambrian/Ordovician restitic zir-
con ages have been reported (Poller & Todt 2000; Kohút et al. 

2008; Burda & Klötzli 2011; Gawęda et al. 2016b), the majority 
of granitic magmatism in the Western and High Tatra Mountains 
occurred from the Late Devonian to Upper Carboniferous  
(370–315 Ma) (Burchart 1968; Kohút & Janák 1994; Gawęda 
1995; Poller et al. 1999, 2000; Poller & Todt 2000; Burda & 
Klötzli 2011; Burda et al. 2011, 2013a,b; Broska et al. 2013; 
Gawęda et al. 2016b, 2019; Broska & Svojtka 2020; Kohút & 
Larionov 2021; Broska et al. 2022). Here, we report whole-rock 
geochemical and geochronological data (U–Pb zircon, Th–Pb 
monazite, and 40Ar/39Ar K-feldspar) from twenty granitoid sam-
ples collected from the Western (n = 1) and High Tatra Mountains 
(n = 19). Some of the zircon, monazite, and K-feldspar ages we 
obtained have rarely been reported from the region. The pattern of 
the 40Ar/39Ar K-feldspar ages suggests the range experienced slow 
cooling after crystallization at a time earlier than anticipated 
based on previous models. Overall, the results are used to outline 
the earliest tectonic history of the Western and High Tatra 

Fig. 2. A — Geologic map of the Western and High Tatra Mountains (Kohút & Janák 1994). Inferred locations and senses of motion for linea-
ments (CDF = Czarny Dunajec Fault, BDF = Biały Dunajec Fault, RF = Rieka Fault) after Sperner et al. (2002) and Jurewicz (2005). BDF also 
termed Białka Deep Fault Zone, and RDF is also known as the Rijeka Deep Fault Zone (Wołosiewicz 2018). The Prosečné Fault (after 
Králiková et al. 2014; Szczygieł 2015) has also been named the Krowłarki Fault (Anczkiewicz et al. 2013) or the Orava Fault (Baumgart-
Kotarba et al. 2004). Insets show the sample location maps in panels B and C. See Table 1 for specific locations, assemblages, and rock types.
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Mountains until the onset of more recent exhumation and the 
results are discussed in the context of some other Variscan 
European granitoids. 

Geological background 

Variscan and older tectonics 

The Western and High Tatra Mountains are located in the 
Western Carpathians, which extends from the Danube Valley in 
Austria through Moravia and Slovakia to Poland to the Ukrainian 
border (Uh River Valley) (Figs. 1 and 2) (Uhlig 1903; Andrusov 
1968; Pícha et al. 2006; Froitzheim et al. 2008; Plašienka 2018a). 
This portion is bounded to the north by the Western European 
Platform, which differs from the Eastern Carpathians, which  
has the Eastern European Platform as its northern boundary.  
The NW–SE to N–S Eastern Carpathians comprise a part of eas-
tern Slovakia and Poland to Ukraine and eastern Romania (Roca 
et al. 1995). The Moesian Platform binds the Southern Carpa-
thians. This segment trends E–W, and is primarily located in 
Romania (e.g., Roca et al. 1995). 

The Western Carpathians is divided into inner and outer 
domains, effectively by the narrow  0.4 to 19 km thick and  
~600 km long Pieniny Klippen belt or zone (Andrusov 1968; 
Ratschbacher et al. 1993; Nemčok & Nemčok 1994; Şengör  
2003; Jurewicz 2005; Froitzheim et al. 2008; Chorowicz 2016; 
Plašienka 2018a, b; Hók et al. 2019). These domains differ in both 
lithology and timing of deformation (Andrusov 1968; Csontos & 
Vörös 2004; Schmid et al. 2008; Plašienka 2018a, b). The Inner 
Western Carpathians are thought to record an older deformation 

history in the Late Jurassic to Late Cretaceous (Paleo-Alpine), 
whereas the Outer Western Carpathians experienced Paleogene  
to Neogene (Neo-Alpine) thrusting and deformation (Andrusov 
1968; Pícha et al. 2006; Froitzheim et al. 2008; Plašienka 2018a, b, 
2019). The Outer Western Carpathians has been modelled as  
a progradational thin-skinned thrust belt (e.g., Pícha et al. 2006; 
Gągała et al. 2012), whereas the Inner Western Carpathians are 
formed by northward propagating thick-skinned thrust sheets of 
Variscan basement and Mesozoic cover (e.g., Castelluccio et al. 
2015). 

The focus of this paper is on the Inner Western Carpathian 
 portion of the Western and High Tatra Mountains. The Western 
Tatra Mountains is considered a metamorphic envelope complex 
of the Tara granitic assemblages (Gawęda et al. 2000). The base-
ment of the Western Tatra Mountains is divided by an un-named 
large-scale Variscan thrust fault that separates Lower Unit mica 
schists from Upper Unit migmatites and granitoid bodies, creating  
an inverted metamorphic sequence (Fig. 2) (Kahan 1969; Janák 
1994; Janák et al. 1999, 2022; Moussallam et al. 2012). The Lower 
Unit is composed of ~1000 m thick complex of staurolite, kyanite, 
and sillimanite-bearing mica schists with local intercalations of 
quartz-rich metapsammites with a flyschoid character. This unit 
shows a metamorphic zonation where mineral assemblages in 
metapelites and P–T conditions record increasing metamorphic 
grade from 570–640 °C at a pressure (P) of 600–700 MPa. 
Metamorphic zonation in the Lower Unit is inferred to be a con-
sequence of Variscan overthrusting and emplacement of the 
Upper Unit, and is locally disturbed by Alpine tectonics. 

 The Upper Unit is composed of granitic lensoidal intrusions 
within migmatites and banded amphibolites (mafic and felsic 
 layers alternating on mm to dm scale) with relics of high-P 

Sample Latitude Longitude Mineral assemblage
High Tatra samples
HT01A 49.1889 20.2330 Ser + Pl + Qz + Bt + Ms + Chl + Ep + Zrn + Mnz + Aln + Ap + Kfs +Py + Ilm + FeO + Ttn 
HT01B 49.1889 20.2330 Ser + Pl + Qz + Bt + Ms + Chl + FeO + Zrn +Mnz + Aln + Ap
HT02 49.1952 20.2133 Ser + Pl + Qz + Bt + Ms + Amp + FeO + Chl +Zrn + Mnz + Ap + Py + Ttn
HT03 49.1654 20.2210 Ser + Pl + Qz + Bt + Ms + Amp + Chl + Mnz + Py + Ksp + Ttn + Ilm + Aln
HT04 49.1630 20.2203 Ser + Pl + Qz + Bt + Ms + Chl + Amp + Zrn + Mnz + Kfs + FeO + Ilm + Xtm
IR27 49.1705 20.2193 Ser + Pl + Qz + Bt + Ms + Chl
IR28 49.1709 20.2217 Ser + Pl + Qz + Bt + Ms + Amp + Chl
IR29A 49.1712 20.2252 Ser + Pl + Qz + Ms + Chl
IR29B 49.1712 20.2252 Ser + Pl + Qz + Ms + Chl + Ap + opaque
IR30 49.1839 20.2310 Ser + Qz + Pl + Ms + Bt + opaque
IR32C 49.1595 20.1570 Ser + Qz + Amp + Ms + Ep + Fsp
IR34A 49.1701 20.2178 Pl + Qz + Bt + Ms + Chl + opaque
IR34B 49.1645 20.1508 Ser + Pl + Qz + Chl + Amp
IR35 49.1669 20.1414 Ser + Pl + Qz + Ms +Chl +Ap
IR36 49.1607 20.1571 Pl + Qz + Bt + Ms
IR38 49.1538 20.1998 Ser + Pl + Qz + Bt + Ms +Chl + opaque
IR39 49.1535 20.2034 Ser + Pl + Qz + Chl + Bt + Ms +Ap
IR41 49.1464 20.0404 Pl + Fsp + Qz + Bt + Ms + Chl + Amp 
TT22 49.1733 20.1408 Ser + Pl + Qz + Fe-rich Chl + Amp + Ap + opaque
Western Tatra sample
TT38 49.1740 19.7410 Qz + Bt + Pl + Ser + Ms

Table 1: Sample GPS locations and mineral assemblages of granites analyzed in this study.
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metamorphism (eclogites with garnet and clinopyroxene, several 
dm to m scale) occurring at the base of the Upper Unit (Janák 
1994; Janák et al. 1996, 2022). Overall this unit is composed of 
mig matized ortho- and paragneisses, amphibolites, calc-silicates 
and granitoids, and records two distinct stages of metamorphism, 
 differing in P conditions. An earlier, high-P event M1 reached  
a temperature (T) of 700–800 °C at 1.0–1.4 GPa, in the kyanite 
stability field, attaining conditions near the transition between 
amphibolite–granulite and eclogite facies. It is attributed to sub-
duction (underthrusting) prior to Variscan exhumation. Subsequent 
low to intermediate P metamorphism М2 in the upper unit reached 
equilibria in the sillimanite stability field, at 650–750 °C and 
400–600 MPa and may be the consequence of recrystallization 
during decompression and exhumation, closely associated with 
the emplacement of granitoid pluton penetrating the Upper Unit 
(Janák 1994; Janák et al. 1999, 2022; Moussallam et al. 2012). 

The Upper Unit was intruded by Variscan tongue-shaped gra-
nitoids, which are volumetrically dominant in the High Tatra 
Mountains (Fig. 2). The granitoid rocks are classified into several 
petrographical types (Kohút & Janák 1994; Burda et al. 2013a, b; 
Gawęda et al. 2019), attributed to “petrological cannibalism” or 
mingling and mixing which incremental growth of the pluton 
occurred over ~30 Myr at 750–850 °C, complicated with different 
depths of crustal melting (Gawęda et al. 2016b). The types of 
granitoids include (1) quartz-diorites, (2) biotite granodiorite to 
tonalites, transitional to muscovite–biotite granodiorites with 
mafic enclaves and xenoliths of country rocks (High Tatra-type), 
(3) biotite and muscovite–biotite granodiorites to granites, slightly 
porphyric (common Tatra-type), (4) granites with K-feldspar and 
an oriented fabric (Goryczkowa-type) (Kohút & Janák 1994; 
Kohút & Siman 2011). Quartz diorites present in the High Tatra-
type are sparsely found within the common Tatra-type in the 
Western Tatra Mountains. The High Tatra-type is dominant in the 
central part of the High Tatra Mountains, surrounded (underlying) 
by the common Tatra-type which is building also a substantial 
part of the Western Tatra Mountains (Fig. 2). Goryczkowa-type 
granites are found locally at the northern and north-eastern mar-
gin of the High Tatra Mountains, with textures that suggest shea-
ring and coarse-grained pegmatitic alteration (Kohút et al. 2009; 
Kohút & Siman 2011; Burda et al. 2013b). An altered granite 
sample from the top of Baranec peak in the Western Tatra 
Mountains (Baranec granite) yields 347±14 Ma zircon age  
(Poller 2000). Fluorapatite from a coarse-grained felsic dike 
within a sub-vertical fault zone on Baranec peak are 328.6±2.4 Ma 
(LA-ICP-MS) (Gawęda et al. 2016a). Zircons from retrogressed 
eclogite from Baranec Mountain yield 367 Ma and 349 Ma ages, 
interpreted as growth under eclogite and amphibolite facies meta-
morphism, respectively (Burda et al. 2021). 

The Tatra granitoid pluton is described as a composite polyge-
netic intrusion (Kohút &  Janák 1994) with older (370–360 Ma) 
apical High Tatra-type granite and local exposures of the Gorycz-
kowa type overlying younger Variscan (350–330 Ma) common 
Tatra-type granites (see discussions in Burchart 1968; Kohút & 
Janák 1994; Poller & Todt 2000; Poller et al. 2000, 2001a, b; 
Kohút & Siman 2011; Burda et al. 2013a, b; Gawęda et al. 2016b, 
2019; Kohút & Larionov 2021). Interestingly, the quartz diorite 

was reported as a younger episode at ~340 Ma (Poller & Todt 
2000; Gawęda et al. 2014). Broska et al. (2022) reports zircon 
ages from a High Tatra diorite xenolith of 359.2 ± 3.0 Ma, and its 
host granodiorite is slightly younger at 350.1 ± 2.6 Ma. 

The evolution of the Tatra Mountains is divided into time 
frames associated with developing its granitic and metamorphic 
assemblages and the period associated with exhumation (Fig. 3) 
(Poller et al. 2000; Janák et al. 2001; Kohút & Sherlock 2003; 
Jurewicz & Baginski 2005; Králiková et al. 2014; Anczkiewicz  
et al. 2015; Śmigielski et al. 2016; Burda et al. 2021). Various 
litho logies have been dated using high- and low-T radiometric 
approaches to decipher the number and timing of events recorded 
in the range. The oldest reported zircon ages are Precambrian 
(3.5–1.8 Ga) and are suggested to be related to precursor migma-
tites (Janák 1994; Poller & Todt 2000; Kohút & Larionov 2021). 
Zircons with ~534 Ma cores and ~387 Ma rims are linked to high-
grade metamorphism of Eo-Variscan igneous rocks (Burda & 
Klötzli 2011; Burda et al. 2021). The Cambrian age likely times 
the consolidation of Cadomian age crust that is linked to the 
Proto- Carpathian Terrane (530 Ma, 512 Ma; Gawęda et al. 2016b). 
Ordovician & Silurian zircon ages found from granitic assem-
blages are linked to melted metasedimentary rocks of Avalonian 
affinity in a volcanic arc (462 Ma & 426 Ma; Gawęda et al. 
2016b). 

Early Devonian zircons are suggested to record the onset of 
granitoid intrusion in the Western Carpathians and partial mel-
ting of reworked crustal materials (405 Ma, Poller et al. 2000; 
380–370 Ma, Moussallam et al. 2012) or subduction-related  
magmatism and the formation of the earliest granitoids, precur-
sors of the orthogneisses (406 Ma, Poller et al. 2001a; 385 ± 8 Ma, 
368 Ma, Gawęda et al. 2018; 370–368 Ma, Gawęda et al. 2016b; 
391± 4.6 Ma, Gawęda 2008). The onset of collision is suggested 
to be 365 Ma with zircon generated in magmatism assemblages 
from 360–350 Ma (Poller et al. 2000). A biotite tonalite (I-type 
granite) from the High Tatra Mountains yields a TuffZirc age of 
371.5 +8.3/−14.0 Ma (n = 7, 98.4 % confidence), similar to this 
time frame (Kohút & Larionov 2021). However, the onset of col-
lision is also timed at 350.1± 2.6 Ma based on zircon ages from  
a High Tatra granodiorite (Broska et al. 2022). 

The main magmatic event in the range that produced the volu-
minous granites occurred during the Lower Carboniferous as 
recorded by multiple chronometers (Fig. 3) (Poller et al. 2000; 
Poller & Todt 2000; Poller et al. 2001a, b; Kohút & Sherlock 
2003; Burda et al. 2011; Kohút & Siman 2011; Moussallam et al. 
2012; Burda et al. 2013a, b; Gawęda et al. 2016b, 2018, 2019). 
Multiple researchers suggest that significant collisional thicke-
ning occurred between 360–340 Ma (Gawęda 1995; Poller et al. 
2001a, b; Burda et al. 2013a; Gawęda et al. 2016b, 2019; Kohút  
& Larionov 2021). The younger limit for Variscan metamorphism 
linked to granite formation is speculated at 350–340 Ma with 
emplacement and cooling between 335–305 Ma (Maluski et al. 
1993). Poller & Todt (2000) suggest the onset of collision between 
Laurasia and Gondwana is recorded by High Tatra Mountain 
 diorites at 341± 5 Ma, followed by migmatisation related to slab 
detachment of subducted oceanic crust at the active continental 
margin of Gondwana at 332 ± 5 Ma. 



522 CATLOS, BROSKA, KOHÚT, ETZEL, KYLE, STOCKLI, MIGGINS and CAMPOS

GEOLOGICA CARPATHICA, 2022, 73, 6, 517–544

Some magmatism extended into the Middle to Upper Carbo-
niferous (328 ± 22 Ma, U–Pb dating of apatite, Gawęda et al. 2018; 
300 ±16 Ma, U–Pb monazite). Burda et al. (2013a, b) suggest that 
337 ± 6 Ma records the last magmatic activity followed by younger 
hydrothermal activity and Pb loss at 314 Ma. Alternatively,  
the final stages of collision and granite intrusion has been ascribed 
to 314 ± 4 Ma (Poller & Todt 2000) and orogenic collapse at  
315 Ma, based on U–Pb zircon ages (Poller et al. 2001a). Uplift of 
the basement of the High Tatra Mountains is broadly constrained 
between 330–300 Ma, based on 40Ar/39Ar muscovite and biotite 
ages (Maluski et al. 1993; Janák 1994; Kohút & Sherlock 2003; 
Moussallam et al. 2012). 

Figure 3 highlights challenges in ascribing high and low clo-
sure temperature mineral ages to particular events. Zircon and 
monazite were most often targeted in granitic assemblages to  
time crystallization. Monazite is more susceptible to dissolution/
reprecipitation reactions due to metamorphism following granite 
emplacement (e.g., Catlos 2013). Although approaches like 
LA-ICP-MS generate large volumes of zircon age data, Chemical 
Abrasion-Isotope DilutionThermal Ionization Mass Spectrometry 
(CA-ID-TIMS) appears ideal to remove metamict zones and fur-
ther refine zircon age precision (Mattinson 2005; Bowring et al. 
2006; Gehrels 2012; Catlos et al. 2020). Herriott et al. (2019) 
compared zircon ages produced by LA-ICP-MS to CA-ID -TIMS 
and concluded that the LA-ICP-MS Youngest Mode Weighted 
Mean (YMWM) date best approximates the CA-ID-TIMS date 
within uncertainty. Tian et al. (2021) also suggest that the YMWM 
approach is the closest CA-ID-TIMS representation with the 
requirement of characterizing at least thirty zircon grains for  

the youngest mode distribution. Overall, understanding the ana-
lytical approach employed to date the Tatra granitoids and their 
limitations assists in interpreting the results reported here and  
in Fig. 3. 

Alpine-related tectonic history 

The Alpine events in geological time control the external mor-
phology of the Tatra Mountains. A dense and regular fault net-
work of mainly strike-slip and extensional structures within  
the Pannonian Basin system developed the ALCAPA (ALps- 
CArpathians-PAnnonia) and Tisza Dacia “mega-tectonic units” 
(e.g., Márton et al. 2007) that propagated into the free lateral 
boundary of the basin during Neogene (Fig. 4) (Ratschbacher et 
al. 1991; Hippolyte et al. 1999; Schmid et al. 2008; Lorinczi & 
Houseman 2010). Deformation was accompanied by a migrating 
subduction zone of oceanic or thinned continental crust, creating 
the back-arc nature of the basin (Royden & Horvath 1988, Wortel 
& Spakman 2000; Márton et al. 2007; Kováč et al. 2016, 2017). 
Escape of the ALCAPA unit may have begun as early as the Late 
Eocene (Fodor et al. 1992; Csontos et al. 1992), but “best deve-
loped” during the Oligocene (Csontos & Vörös 2004). In the Outer 
Carpathians, the timing of the last episode of thrusting migrated 
from west to east from the Late Miocene to Plio-Pleistocene. 

Micas from granites in the High Tatra Mountains have been 
dated using the 40Ar/39Ar approach, which yields partly disturbed 
age spectra (Maluski et al. 1991, 1993; Janák & Onstott 1993; 
Janák 1994; Kohút & Sherlock 2003). Some argon spectra show 
low-T steps that reveal the younger, Alpine tectonic-thermal over-

Fig. 3. Summary of reported ages associated with the Western and High Tatra Mountains. The ages are a summary of multiple data points and 
are considered the “best age” as indicated in the cited references. N = number. Panel (A) shows ages from the Neo-Proterozoic to the Jurassic, 
whereas panel (B) are Jurassic to present-day. Panel (A) includes majority higher-temperature chronometers, whereas panel (B) are those that 
time lower temperature events. Data after Burchart (1968); Maluski et al. (1993); Janák (1994); Kováč et al. (1994); Gawęda (1995, 2008); 
Poller & Todt (2000); Poller et al. (2000, 2001a); Kohút & Sherlock (2003); Kohút & Nabelek (2008); Burda & Klötzli (2011); Moussallam et 
al. (2012); Anczkiewicz et al. (2013, 2015); Burda et al. (2013a, b); Králiková et al. (2014); Castelluccio et al. (2015); Gawęda et al. (2016b, 
2018); Śmigielski et al. (2016); Vozárová et al. (2016, 2019).
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print. The youngest pseudotachylite 40Ar/39Ar ages (32–28 ±1 Ma, 
foothills of Gerlachovský štít) are related to the early stages of 
uplift of the recent High Tatra Mountains that continued in the 
Miocene and Quaternary (e.g., Kohút & Sherlock 2003; Jurewicz 
2005). Slightly older Eocene (U–Th)/He zircon ages suggest  
an earlier initiation of the basement unroofing and/or exhumation 
(Anczkiewicz et al. 2015; Śmigielski et al. 2016). Final uplift is 
proposed to range between 15 and10 Ma (Kováč et al. 1994), 
although fission-track ages have been attributed to accelerated 
tectonic activity since 10 Ma (Králiková et al. 2014). The last  
episode of thrusting is regionally speculated to be within the 
Middle Miocene based on the sedimentary rock record, as thrus-
ting across the Carpathian Arc shifted (Royden et al. 1983; Decker 
1996; Schmid et al. 2008). 

Methods 

We collected samples across the High Tatra Mountains (n =19) 
to generate petrological, geochemical, and geochronological data 
to understand how they record and responded to an extended tec-
tonic and magmatic history (Table 1; Fig. 2). For comparison, we 
also collected sample TT38 from the Western Tatra Mountains at 

the top of Baranec peak (Baranec granite, Fig. 2). All High Tatra 
HT#samples, IR27, IR28, IR29A, and IR29B, IR30, IR34A, 
IR38, and IR39, were taken along a transect towards and near 
Lomnický štít. Sample HT02 was collected at the peak (Fig. 2C). 
Samples IR32C, IR34A, IR34B, IR35, IR36, and TT22 are from  
a transect towards Gerlachovský štít (Fig. 2C). Sample IR41 was 
collected adjacent to the sub-Tatra Fault (Fig. 2C). 

Geochemistry 

All rocks were sent to Activation Laboratories in Canada to 
obtain whole-rock major and trace element compositions. Fusion 
Inductively Coupled Plasma (ICP) spectrometry was applied to 
samples using a Perkin–Elmer Sciex Elan 6100 ICP-Mass 
Spectrometer (MS) to generate all major elements and Sc, Be, V, 
Ba, Sr, Y, Zr. Fusion ICP-MS was used for all other elements. 

Three blanks and five controls (three before and two after) are 
analyzed per group of samples. Duplicates were fused and ana-
lyzed every 15 samples, and the instrument is recalibrated after 
every 40 analyses. The geochemical data details are provided as 
supplementary material (Suppl. S1), but Table 2 summarizes 
some primary geochemical data from the dated igneous 
assemblages. 

Fig. 4. A — General outline of the Carpathian Mountains with the trend in both age and time frames of the last episode of regional thrusting 
recorded by sediments in the Outer Carpathians (after Royden & Horvath 1988; Nemčok 1993; Golonka et al. 2006). Map of internal structures 
and ALCAPA (Alps–Carpathians–Pannonia), and Tisza–Dacia mega-tectonic units after Hippolyte et al. (1999). B — Inset shows the indenta-
tion experiment extrusion model of Ratschbacher et al. (1991) that appeared to best fit the geology of the Alpine-Carpathian region. A negli-
gible amount of deformation exists to the left of the indenter, as well as asymmetrical faulting and rotated extruded blocks (shaded grey).  
The Carpathians is illustrated by the rounded shape. 

http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S1.xlsx
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Geochronology 

Granitoid samples IR27, IR30, IR35, IR39, and IR41 were sub-
jected to common mineral separation techniques to extract zircon 
grains (150–200 μm in length). All were examined optically 
during the mounting process to select euhedral grains and elimi-
nate the analysis of cracked or metamict zircons. Zircons were 
mounted on double-sided tape, and whole grains were dated 
(n =154 spots) using the Thermo ScientificTM Element2TM High 
Resolution (HR)Inductively Coupled Plasma-Mass Spectrometry 
(ICP-MS) with an Excimer (192 nm) laser ablation system instru-
mentation in the Geo-Thermochronometry lab at the Uni versity of 
Texas at Austin (UT Austin). For Laser Ablation (LA)-ICP-MS 
analysis, elemental and isotopic fractionation of Pb/U and Pb iso-
topes, respectively, is corrected by interspersed analysis of pri-
mary and secondary zircon standards with a known age [GJ1, 
n = 92, Jackson et al. (2004) and Pak1, n = 9, internal age standard; 
Plešovice, n = 9, Sláma et al. (2008)]. All zircon LA-ICP- MS ages 
discussed in the text are <10 % discordant 238U–206Pb ages and are 
reported with ±2σ uncertainty. Zircon grains were also dated in 
situ (in thin section) using the LA-ICP-MS system in samples 
HT01A, HT01B, HT02, HT03, and HT04, but most yielded prob-
lematic results due to the laser spot size overlapping the matrix. In 
this case, only the GJ1 (n = 27) and Pak1 (n = 5) ages standards 
were used. The supplementary file presents details of the age data 
(Suppl. S1). Concordia plots and Tables 3 and 4 summarize  
the results. We also include the Kernel Density Estimation (KDE) 
plots (Vermeesch 2012) of the same data as a supplementary file 
(Suppl. S2). 

Monazite grains were also dated in the HT samples in situ using 
the CAMECA ims1270 ion microprobe at the University of 
California Los Angeles. A 10–15 nA 16O primary beam focused to 
a spot 10–15 µm diameter to generate +10 kV secondary ions 
during this analysis. The mass resolution was set to ~7000, and 
oxygen flooding was applied to increase Pb+ yields. A 30s  
presputtering time allowed the removal of potential surficial 
conta mination. Monazite standard 554 was run initially and  
after every five to six unknown spots. A calibration curve of 

ThO+/U+ = 0.123 (Pb+/U+, Relative SensitivityFactor) + 1.309 
±0.092 reproduced the 232Th–208Pb age of monazite standard 554 
(45±1 Ma, Th–Pb, Harrison et al. 1999) to 46.1±1.5 Ma (±1σ) 
(n =17, WMA = 46.1±0.1 Ma, MSWD = 0.4). We also used secon-
dary monazite standard Amelia (Catlos & Miller 2016; 275 ±1 Ma, 
238U–206Pb ages, CA-ID-TIMS, Peterman et al. 2012), which 
 produced a Th–Pb age of 272.9 ±11.0 Ma (n =12, WMA = 273.3  
± 9.2 Ma, MSWD = 0.4). The use of the Amelia monazite allowed 
the generation of U–Pb ages from the monazite grains, which are 
also reported. In this case, the Amelia monazite was used as  
a primary age standard as monazite 554 is low in U. Details of 
both approaches are provided in Supplement S1, and Table 5 sum-
marizes the ages. SIMS data reduction, Concordia diagrams, and 
age calculations were performed using the software package ZIPS 
(v3.1.1; Chris Coath, University of Bristol). Common Pb cor-
rections were applied using the evolution model of Stacey & 
Kramers (1975) and decay constants and ratios recommended by 
Steiger & Jäger (1977). Uncertainties of the decay constants are 
included in all U/Th–Pb ages. All SIMS ages are reported with 
±1σ uncertainty. KDE plots of the data are included as a supple-
mentary file (Suppl. S2). 

K-feldspar in samples IR39, IR27, IR41, and IR35 was also 
dated using 40Ar/39Ar laser geochronology at Oregon State 
University. K-feldspar separates of 180–250 μm grain size were 
step-heated using a continuous 25 W Synrad CO2 laser that incre-
mentally increased from ~0.2 % to 13.0 % total intensity over 
29–36 steps. Released gas fractions were analyzed using a Thermo 
ScientificTM ARGUS VITM multicollector mass spectrometer. 
Samples and the Fish Canyon sanidine standard (Kuiper et al. 
2008) were irradiated in the Oregon State University TRIGA 
reactor ICIT facility. Irradiation parameter J for the individual 
samples was calculated by parabolic interpolation between mea-
sure monitors. The estimated uncertainty of this value is between 
0.2 % and 0.3 %. K-feldspar from samples HT02 and HT04  
were also dated using the 40Ar/39Ar approach, but, in this case,  
the grains were step-heated in a vacuum furnace at Australia 
National University in 50° increments from 450–1450 °C. Each 
sample experienced 38 steps in isothermal increments that ranged 

Analyte symbola IR27 HT04 HT03 HT02 IR35 IR41 HT01B HT01A IR39 IR30
Na2O + K2O (wt %) 6.03 6.31 6.45 7.08 7.19 6.75 6.66 7.47 7.60 6.24
Rock typeb GD GD GD GD G G–GD GD QMGD GD GD
Zircon Tsat (ºC)c 780 763 800 773 782 766 782 773 756 776
Monazite Tsat (ºC)c 793 781 795 782 810 777 799 759 762 770
Fe/Fe+Mgd 0.79

M
0.80
M

0.75
M

0.78
M

0.757
M

0.802
M

0.81
F-M

0.82
F

0.819
F

0.811
F

MALIe 3.22
C

4.51
C

4.24
C–A

5.56
C–A

6.46
C–A

4.51
C–A

5.21
C–A

5.68
CA–AC

5.25
C–A

3.31
C

ASIf 1.10
SP

1.12
SP

1.16
SP

1.17
SP

1.32
SP

1.15
SP

1.28
SP

1.07
P

1.09
P

1.10 SP

a. See Fig. 2 for sample locations
b. Abbreviations: QMGD = quartz monzogranodiorite, GD = granodiorite, G = granite, G–GD on the boundary between a granite and granodiorite. Summary based on the 

Na2O + K2O (wt %) classification scheme.
c. Zircon saturation temperatures calculated using Watson & Harrison (1983) and monazite saturation temperatures after Rapp & Watson (1986)
d. (FeOtotal) / (FeOtotal + MgO). F = ferroan, M = magnesian granites, based on classification in Frost et al. (2001).
e. MALI = Modified Alkaline Lime Index, C = calcic granite, C–A = calc–alkalic granite, A–C = alkali–calcic granite. CA–AC = on the line between calc–alkalic and 

alkali–calcic granites.
f. ASI = Aluminosaturation index. SP = strongly peraluminous, P = peraluminous.

Table 2: Summary of geochemical information from dated granitic samples from the High Tatra Mountains.

http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S2.pdf
http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S2.pdf
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in duration from 15–70 minutes. All experiment data, including 
step size heating schedules, are included in the supplementary 
materials (Excel files S3, S4, S5, S6 and summary file S7). Age 
calculations for the lased data were handled using ArArCALC 
v.25.2 (Koppers 2002), whereas those from the step-heated ana-
lyses used the MacArgon program (Lister & Baldwin 1996). 
Table 6 summarizes the numerical results. 

Results 

Geochemistry 

Figure 5A displays the geochemical data for all samples on  
a Na2O + K2O vs. SiO2 plot (Middlemost 1994). Most of the 
 igneous rocks collected have granodiorite compositions consis-
tent with the common Tatra type, although some are also granite 
(IR32C, IR35, HT04, IR36), diorite (IR34B), or quartz monzo-
granodiorite (HT01A). Sample IR36 has the highest SiO2 con-
tents from all of the analyzed rocks (78.6 wt % SiO2) (Fig. 5A). 
The Baranec sample collected from the Western Tatra Mountains 
(TT38) is a quartz monzonite. 

Table 2 summarizes the geochemical data from the rocks dated 
in this study using the zircon saturation T according to Watson & 
Harrison (1983) and monazite saturation T after Rapp & Watson 
(1986), and the Frost et al. (2001) granite classification. In this 
scheme, most are granodiorites, except IR35 (granite) and HT01A 
(monzogranodiorite). All studied granitic samples are magnesian, 
except samples HT01A, IR39, and IR30, which are ferroan 
according to Frost et al. (2001). Sample HT01B is on the line 

between magnesian and ferroan. Most are calcalkalic, except 
IR27, HT04, and IR30, which are calcic. Sample HT01A is on  
the line between calc–alkalic and alkali–calcic. All are strongly 
peraluminous, except HT01A and IR39, which are peralu-
minous. 

Using the trace elements Y + Nb vs. Rb (ppm) (Fig. 5B; Pearce 
et al. 1984), most rocks fall within the volcanic arc field, except 
the Baranec quartz monzonite TT38 and High Tatra 

Mountains granite IR36. These samples have higher Y contents 
compared to the other samples (54 ppm, IR36 and 56 ppm TT38). 
Using a Fe2O3/MgO (wt %) vs. Zr + Ce + Y + Nb (ppm) plot 
(Whalen et al. 1987), all granitoids from the High Tatra Mountains 
appear to be fractionated felsic granites, except sample IR28, 
which falls within the A-type region along with Baranec quartz 
monzonite sample TT38 (Fig. 5C). Using the discrimination dia-
gram of Zhang et al. (2006) (Fig. 5D), most samples cluster in  
the field of high Sr and low Yb contents, suggesting derivation 
from high-P sources in equilibrium with eclogitic-facies residues. 
Exceptions are samples IR35 (field II, magmas derived from 
moderate-P sources in equilibrium with granulitefacies residues), 
IR34B (field III, magmas from low-P sources in equilibrium with 
amphibolitefacies residues), IR36 (field IV, magmas from very 
low-P sources in equilibrium with gabbroic residues). The Bara-
nec quartz monzonite sample TT38 lies along the line of fields III 
and IV. According to the Rb/Sr vs. Rb/Ba and CaO/Na2O vs. 
Al2O3/TiO2 plots (Sylvester 1998) (Fig. 5E and F), all magmas 
derive from a clay-poor source indicating a mixture of grey wacke 
with metabasalt. The samples are within the quadrilateral of 
strongly peraluminous granites, typical of Variscan (Hercynian) 
granite field (Sylvester 1998). 

Sample (n=)a Oldest age  
(±1σ, Ma) % disc. b Youngest age

(±1σ, Ma) % disc.c
Average age 

Carboniferous  
(±1σ, Ma)

WMA Carboniferous 
(±1σ, Ma) d MSWDe

IR27 (16) 480.0 (14.0) 4.8 333.7 (5.2) 9.5 354.4 (7.1) 344.2 (3.0) 1.0
IR30 (36) 681 (30) 0.9 335.2 (6.2) 0.5 349.8(10.6) 347.0 (2.2) 0.6
IR35 (47) 2544 (33) 3.2 305.8 (6.2) 4.1 345.0 (8.5) 345.4 (1.1) 2.9
IR39 (30) 491 (21) 9.2 312.0 (11.0) 7.1 344.0 (10.1) 343.1 (3.0) 2.4
IR41 (25) 377.4 (9.1) 5.7 327.3 (9.0) 7.3 345.3 (7.0) 343.9 (2.1) 1.9

a. Sample number and number of spots on zircon grains dated from the rock. See Fig. 2 for sample locations.
b. % disc. = percent discordance of the oldest zircon grain dated in the sample.
c. % disc. = percent discordance of the youngest zircon grain dated in the sample.
d. WMA = Weighted Mean Age.
e. MSWD = Mean Square Weighted Deviation of the Weighted Mean Age.

Sample name _Grain #a [U] ppm U/Th
207Pb/235U

(±2σ)
206Pb/238U 

(±2σ) RHOb
238U/206 Pb  
(Ma, ±2σ) % disc.c

HT03_1 472 18.6 0.517 (0.018) 0.066 (0.002) 0.451 410.0 (14.0) 3.1
HT01A_5 223 2.3 0.437 (0.012) 0.060 (0.001) 0.372 372.7 (7.6) 1.0
HT03_2 1281 11.2 0.421 (0.013) 0.057 (0.002) 0.549 358.0 (13.0) 0.5
HT01B_1 108 1.0 0.414 (0.016) 0.053 (0.002) 0.301 335.0 (9.2) 4.6
HT01B_4 567 2.4 0.437 (0.021) 0.053 (0.002) 0.596 335.0 (13.0) 8.7
HT03_6 438 2.3 0.423 (0.028) 0.053 (0.002) 0.677 334.0 (17.0) 6.7

a. Nomenclature is sample name_grain dated.
b. RHO = correlation coefficient.
c. % disc. = percent discordance of the zircon grain dated in the sample.

Table 3: Summary of LA-ICP-MS ages of zircons extracted from the sample.

Table 4: Summary of LA–ICP–MS ages of zircons dated in situ (in rock thin section).

http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S3.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S4.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S5.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S6.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S7.pdf
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Using the Heilimo et al. (2010) Ternary dis-
crimination diagram, (Ba + Sr) /1000 represents 
enriched mantle, Er is related to the non-garnet 
controlled source and 1/Er indicates a source 
controlled by garnet. Most High Tatra Mountains 
samples fall within the enriched mantle source 
field, except sample IR36 and Baranec quartz 
monzonite TT38 (Fig. 6A). These samples lie 
within the non-garnet-controlled source field. 
Using the Ca + Al − 3Al + 2 (Na + K) − Al + (Na + K) 
projection diagram that differentiates among the 
sources and the tectonic setting trends (Moyen 
et al. 2017; Moyen & Laurent 2018) (Fig. 6B), all samples appear 
to have a felsic source and lie within the collision-related trend.  
The data form a linear trend in this diagram from sample IR35 to 
IR34B. The trend is controlled by the stoichiometry of minerals in 
the granitoids that contain Ca, Al, Na, and K, but shows a clear 
mixing line between the mafic and felsic sources. 

All studied samples appear to be moderately evolved using 
their K/Rb vs. SiO2 contents, except sample IR39, which is 
 unevolved, and sample IR36, which is strongly evolved (Fig. 6C). 
The rocks appear to have been emplaced primarily at low P  
(<5 kbar) according to their calcium and aluminum contents using 
the criteria of Patiño Douce (1999) (Fig. 6D). High Tatra Moun-
tains samples HT04, IR36, and Baranec quartz monzonite TT38 
fall outside the low P trendline. Regarding gauging the extent of 

their fluid interactions, the rocks have relatively uniform chon-
drite-normalized Hf/Sm ratios, except sample IR34B and IR36, 
which suggest subduction fluid-related interaction (Fig. 6E). 
Samples IR39 and IR32C show more fluid com ponents in their 
petro genesis using the Ba/Rb vs. Th/Rb plot (Fig. 6F). 

All samples analyzed in this study are LREE enriched and have 
similar behavior with the elements in the commonly-used spider 
diagram, with some notable exceptions (Fig. 7). Baranec quartz 
monzonite sample TT38 and High Tatra Mountains sample IR36 
show more significant HREE contents than the other analyses 
(Fig. 7B and D). Most granitoids have no to slight Eu anomalies, 
except IR28, which has a positive Eu anomaly (Fig. 7B). This 
sample is also interesting because it has higher Sr and Sb contents 
than the other rocks, which is unusual compared to the other 

Table 5: Summary of U–Th/Pb monazite SIMS ages dated in situ.

Grain number, spota 232Th–208Pb age (Ma, ±1σ) %208Pb*b 238U–206Pb age (Ma, ±1σ) %206Pb*c

HT01A
m2 346.9 (12.9) 93.89 (0.22) 338.1 (21.9) 82.83 (0.47)
m3 303.8 (10.2) 79.08 (1.26) 220.6 (25.2) 24.19 (2.16)
HT01B
m1 370.2 (15.5) 98.95 (0.04) 390.2 (31.5) 96.05 (0.16)
m5 325.4 (10.3) 99.75 (0.03) 310.6 (19.5) 95.62 (0.43)
m2 330.0 (26.9) 88.28 (0.40) 267.9 (27.5) 95.17 (0.20)
m6 325.0 (10.6) 96.05 (0.08) 300.9 (16.9) 75.36 (0.52)
HT02
m1 374.5 (12.2) 99.01 (0.05) 428.6 (27.3) 95.83 (0.30)
m4 366.3 (19.4) 99.64 (0.06) 367.0 (38.5) 98.21 (0.29)
m5 296.8 (26.7) 90.60 (0.46) 191.0 (11.5) 66.41 (1.33)
m6 288.2 (26.5) 73.99 (1.15) 37.6 (20.7) 8.02 (4.36)
HT03
m3 381.5 (16.3) 98.22 (0.93) 490.9 (52.2) 95.42 (0.22)
m5s1 376.1 (30.0) 99.90 (0.02) 347.9 (44.8) 99.52 (0.09)
m1s1 358.5 (12.3) 99.73 (0.02) 416.5 (29.8) 99.20 (0.05)
m1s2 319.5 (8.0) 99.89 (0.01) 375.0 (23.4) 98.72 (0.12)
m7 310.3 (12.2) 99.68 (0.03) 342.0 (24.6) 97.28 (0.24)
m2 300.4 (9.5) 99.14 (0.04) 141.7 (8.4) 92.49 (0.31)
m8 270.0 (9.1) 99.31 (0.09) 291.3 (20.4) 95.15 (0.61)
HT04
m4 342.5 (9.9) 96.65 (0.10) 345.1 (13.3) 97.12 (0.12)
m5s1 337.1 (11.3) 99.15 (0.05) 225.9 (7.1) 95.36 (0.28)
m6 329.7 (9.6) 99.23 (0.05) 315.3 (20.8) 93.93 (0.36)
m5s2 318.9 (11.0) 95.02 (0.30) 303.8 (15.7) 85.18 (0.90)

a. Nomenclature is monazite (m) number_spot number.
b. % radiogenic 208Pb.
c. % radiogenic 206Pb.

Table 6: Summary of 40Ar/39Ar age data.

Sample 
Oldest step age (Ma)

(Ma, ±2σ) 
(<95 % 39ArK released)

Youngest step age 
(Ma, ±2σ) 

(>2 % 39ArK released)
Total Fusion Age 

(Ma, ±2σ)

IR39 228.81 (0.31) 47.54 (0.10) 184.57 (4.07)
IR27 234.52 (0.31) 38.48 (0.15) 177.38 (3.92)
IR41 143.36 (0.18) 44.10 (0.08) 111.44 (2.48)
IR35 136.47 (0.27) 35.75 (0.11) 135.52 (2.94) 
HT02 110.76 (0.79) 57.07 (0.78) 78.73 (0.99)
HT04 90.94 (0.69) 17.01 (2.92) 69.04 (0.92)



527GEOCHRONOLOGY, GEOCHEMISTRY, AND GEODYNAMIC EVOLUTION OF TATRIC GRANITES

GEOLOGICA CARPATHICA, 2022, 73, 6, 517–544

Fig. 5. A — Na2O + K2O versus SiO2 (wt %) diagram (Wilson 1989) for all samples analyzed in this study. Samples are identified. B — Y + Nb 
(ppm) vs. Rb (ppm) discrimination diagram (Pearce et al. 1984) for the igneous assemblages only. C — Plot of Zr + Ce + Y + Nb vs (Fe2O3 / MgO) 
(wt %) showing fields of A-type, fractionated felsic granites, and un fractionated M, I- and S-type granites (OGT, orogenic granite types) after 
Whalen et al. (1987). D — Yb vs. Sr diagram showing fields (I: magmas derived from high-pressure sources in equilibrium with eclogite-facies 
residues, II: magmas derived from moderate-pressure sources in equilibrium with granulite-facies residues, III: magmas from low-pressure 
sources in equilibrium with amphibolite-facies residues, and IV: magmas from very low-pressure sources in equilibrium with gabbroic resi-
dues) after Zhang et al. (2006). E — Rb/Sr vs. Rb/Ba diagram after Sylvester (1998). Dashed line divides clay-rich and clay-poor sources. Stars 
indicates the location of rock-derived melt as labeled. F — Al2O3/TiO2 vs. CaO/Na2O diagram after Sylvester (1998). Quadrilateral designates 
regions where strongly peraluminous melts from other regions have plotted. In panels (E) and (F), we include a mixing curve between average 
Phanerozoic basalt and pelite-derived melt (see Sylvester 1998). Percentages of basalt mixing are indicated. 
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Fig. 6. A — Ternary diagram of Ba + Sr /1000, 1/Er and Er that differentiates between enriched mantle, garnet-controlled and non-garnet- 
controlled sources (Heilimo et al. 2010). B — The Ca + Al − 3Al + 2 (Na + K) − Al + (Na + K) projection diagram that differentiates among the 
sources and the tectonic setting trends (Moyen et al. 2017; Moyen & Laurent 2018). Plot of Th/Yb vs. Ba/La that allows for the identification 
of the role of the sediment and fluid components  (Woodhead et al. 2001). C — Plot of K/Rb vs. SiO2 that evaluates the evolution of the granites  
(Blevin 2004). D — CaO + Al2O3 vs. CaO/Al2O3 diagram for the analyses after Patiño Douce (1999). Lines indicate trends were high-pressure, 
low-pressure, and magmas with no basalt input would be located. E — Plot of (Hf/Sm) vs. (Nb/La) chondrite-normalized plot (La Flèche et al. 
1998), which allows for the differentiation of the potential metasomatic agent involved in the petrogenesis of Western and High Tatra granites. 
F — Plot of Th/Rb vs. Ba/Rb that evaluates the degree of interaction of the magma with sediment and fluid components (after Woodhead et  
al. 2001). 
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samples (Fig. 7D and E). High Sb related to hydrothermal alte-
ration has been found in Western Tatra granites in the Polish por-
tion of the range (Sitarz et al. 2021). Sample IR35 also shows  
a Ho anomaly (Fig. 7B and D). The Ho anomaly may be related to 
aqueous interaction in the final stages of crystallization driving  
a tetrad effect, also observed in highly evolved Variscan (late 
Hercynian) granites of Germany (Hecht et al. 1999; Irber 1999). 
We include a supplementary figure showing the relationship of 
the tetrad effect to various trace element ratios (Y/Ho, Zr/Hf,  
Eu/Eu*, and Sr/Eu, Suppl. S8), although the relationship of the 
tetrad effect to magmatic differentiation and alteration processes 
is debated (McLennan 1994). 

For the dated granitoids (Table 2), the zircon and monazite 
 saturation T overlap and average 775 ±12 °C and 783 ±17 °C, 
respectively. Sample HT03 has the highest zircon saturation  
T (800 °C), and IR39 has the lowest (756 °C). Samples IR36 and 
TT38, which were not dated, but compositionally analyzed and 
show a within-plate granite signature (Fig. 5B) and higher HREE 
patterns (Fig. 7B), and have zircon saturation T that is on the 
higher end (787 °C and 768 °C, respectively). Dated sample IR35 
has a high monazite saturation T (810 °C), and HT01A has the 
lowest (759 °C). Samples TT38 and IR36 have higher monazite 
saturation T than the dated samples, at 840 °C and 818 °C, 
respectively. 

Geochronology 

Tables 3 and 4 summarize the concordant U–Pb LA-ICP-MS 
ages from samples IR27, IR30, IR35, IR39, IR41, and all HT# 
samples. We report the ages that are only <10 % discordant and 
show the Concordia diagrams for all samples in Fig. 8. Different 
statistical approaches can be applied to extract the most robust 
and accurate ages from LA-ICP-MS ages of a population of dated 
zircons (e.g., Vermeesch 2012; Coutts, et al. 2019; Herriott et al. 
2019; Tian et al. 2021), including TuffZirc (Ludwig & Mundil 
2002; Coutts et al. 2019). Table 3 reports the oldest and youngest 
zircon age, average and weighted mean Carboniferous ages and 
Mean Square Weighted Deviation of the weighted mean age  
for the zircons extracted from the samples and dated using 
LA-ICP-MS. Figure 9 shows the TuffZirc age for all samples and 
the probability density diagram (PDD) (Ludwig 2003) for the 
dated zircons and monazites, highlighting the age of each peak. 
We include the KDE plots (Vermeesch 2012) of the same data as  
a supplementary file (Suppl. S2). The KDE analyses have fewer 
peaks compared to the PDD and results from the KDE analysis 
are shown in Figs. 8 and 9. The age of the largest peak using the 
KDE approach overlaps, but is more certain than those estimated 
using the TuffZirc algorithm (Fig. 9). The following paragraph 
discusses individual zircon spot data organized by oldest to 
youngest age. 

The oldest grain dated in the study is Paleoproterozoic/
Neoarchean and is found in the core of a zircon in sample IR35 
(2544 ± 33 Ma, 3.2 % discordant). This zircon has a Tournaisian 
(Early Carboniferous rim, 343 ±11 Ma, 3.4 % discordant). We 
also found two Late Neoproterozoic zircons in sample IR30 
(681± 30 Ma, 8.8 % discordant) and sample IR35 (660 ±17 Ma, 

5.8 % discordant). These zircons have younger rims (Tournaisian, 
352 ± 9 Ma, 0.8 % discordant and Devonian, 364 ±10 Ma, 3.4 % 
discordant). Two Cambrian zircons were also found in samples 
IR30 and IR35 (523 ± 29 Ma, IR30; 532 ±13 Ma, IR35), and two 
Late Cambrian zircons were dated in sample IR39 (491± 21 Ma 
and 486 ±12 Ma). Both the oldest and youngest Late Cambrian 
zircons have Tournaisian rims (353 ± 8 Ma, 3.8 % discordant and 
356 ± 9 Ma rim age, 0 % discordant, respectively), as does the zir-
con with the 532 ±13 Ma core (352 ± 8 Ma, 0.3 % discordant). 

Six Ordovician zircons were found in samples IR30, IR27,  
and IR41 (from 486 ± 9 Ma to 457 ± 8 Ma), and one grain at  
the Ordovician–Silurian boundary was dated in sample IR41 
(443 ±17 Ma). Two of the Early Ordovician (486 ± 9 Ma,  
473 ±13 Ma) and one Middle Ordovician zircon (461± 26 Ma) 
have Tournaisian rims (356 ± 9 Ma, 351± 9 Ma, and 349 ±11 Ma, 
respectively). Thirty-two Devonian zircons were dated in the 
samples and range from 410 ±14 Ma (HT03) to 359 ± 6 Ma  
(IR41). These grains average 370.5 ±10.2 Ma [weighted mean 
age, WMA, 367.8 ± 2.2 Ma, Mean Square Weighted Deviation 
(MSWD) of 1.4]. 

The majority of zircons dated are Carboniferous (n =119 ages), 
with the majority of these being Tournaisian (n =112). Only seven 
zircons fell into the Late Carboniferous age category (from 
328 ±16 Ma, IR41 to 306 ± 6 Ma, IR35). The average of all  
Tour naisian ages is 337.6 ± 8.1 Ma (WMA 337.2±1.1 Ma, 
MSWD = 2.7). The TuffZirc age (Ludwig & Mundil 2002) is also 
Tour naisian at 349.3 +2.9/−1.5 Ma at 95 % confidence from  
a coherent group of 119 spots. Using the KDE approach 
(Vermeesch 2012), the tallest peak is older at 357.4 ± 0.3 Ma (see 
Supplement S2). The PDD for all zircons dated using LA-ICP-MS 
shows the highest peak at 348.4 Ma and a minor younger peak at 
315.9 Ma (Fig. 9A). We also identify five additional subtle older 
age peaks since the Cryogenian. 

The zircon grains dated in situ are similar to those we dated 
using the laser-based approach and are Late Devonian to 
Carboniferous (410 ±14 Ma to 334 ±17 Ma, both grains in sample 
HT03). Figures 10 and 11 show the BSE images of the dated 
grains. Zircons range in size from larger, sub to euhedral grains  
to tiny cubic grains at the edges of biotite. The relationship of 
zircon and biotite is a common texture in granitic assemblages 
and is potentially indicative of crystal settling (Ward et al. 1992; 
Bea 1996; Catlos et al. 2012). The oldest age is within the core of 
a zircon grain with a younger rim (358 ±13 Ma) (Fig. 10A). 

Monazite was also dated in situ in the same assemblages and 
range in age from 382 ±16 Ma to 270 ± 9 Ma (Th–Pb ages, found 
in sample HT03). The TuffZirc age approach was also applied  
to all monazite spots (Ludwig & Mundil 2002), which yields 
337.8 +13.6/−14.7 Ma at 95 % confidence from a coherent  
group of 17 spots. The PDD identifies the tallest peak at  
332.7 Ma, with a shoulder at 310.3 Ma (Fig. 9B). Most monazite 
grains in these samples appear in reaction textures. For example, 
the oldest monazite grain dated is in sample HT03 and is  
located on the edge of a titanite grain that shows FeO exsolution 
textures (Fig. 11A). Tiny cubic zircons appear on the edges  
of the titanite but could not be dated due to their small size.  
Larger monazite grains are in contact with titanite in this sample 

http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S8.pdf
http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S2.pdf
http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S2.pdf
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(Figs. 10A, 11D). Although most monazite grains dated are 
smaller, anhedral spherical grains, the youngest are in reaction 
textures with allanite or epidote (Fig. 11K, L, and M). The youn-
gest monazite is Permian (270 ± 9 Ma) and is found in sample 
HT03 within plagioclase. The PDD of the monazite ages has  
a distinct peak at 275.5 Ma with a shoulder at 254.5 Ma  
(Fig. 9B). 

We obtained K-feldspar ages from samples IR39, IR27, IR41, 
and IR35 using laser stepheating (Fig. 12A), whereas sample 
HT02 and HT04 were step-heated in a furnace (Fig. 12B and C). 
The lased feldspars and sample HT04 yield age spectra consistent 
with slow cooling, but the age spectrum from sample HT02 is 
consistent with the incorporation of excess argon (Fig. 12B). 
Samples IR39 and IR27 have similar ages from the later degassed 

Fig. 7. Chondrite-normalized REE diagrams of the granitoids from 
the High Tatra Mountains (A) and High Tatra and Baranec moun-
tains (B). Panel (A) shows and lists the samples that follow similar 
REE trends, whereas panel (B) are the REE plots of the assemblages 
that show unique patterns. Panels (C) and (D) are chondrite-norma-
lized spider diagrams of the same assemblages. Panel (C) groups  
the samples that show similar trends, whereas panel (D) plots 
assemblages with unique patterns. All normalizations using chon-
drite compositions in Sun & McDonough (1989). Panel (E) shows 
the pattern of specific elements normalized to the upper continental 
crust values of Taylor & McLennan (1985). All geochemical data is 
available in the supplementary Excel file (Suppl. S1). 

http://geologicacarpathica.com/data/files/supplements/GC-73-6-Catlos_Supp_S1.xlsx
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steps of ~220 Ma (Late Triassic), whereas samples IR35 and IR41 
have similar but younger ages of ~120 Ma (Early Cretaceous). 
The youngest 40Ar/39Ar K-feldspar ages from all lased samples 
obtained in the early steps average 40.8 ± 0.3 Ma. Sample HT04 
yielded an age spectrum similar in shape to those in samples IR35 

and IR41 (Fig. 12C). The sample yields only three steps that 
 create a plateau at 81±1 Ma (MSWD 15.6). We applied Multi-
Diffusion Domain (MDD) modeling (Lovera et al. 1989, 1991; 
Harrison & Lovera 2013) to this sample, yielding the thermal 
history seen in Fig. 12D. 

Fig. 8. U–Pb Concordia diagram of all zircons dated in this study for sample IR27 (A), IR30 (B), IR35 (C), IR39 (D), IR41 (E), and HT  
samples (F). We include the TuffZirc age, % confidence in the age, and the number of ages that define this confidence interval for the IR 
samples (Coutts et al. 2019). 
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Fig. 9. Probability density diagrams showing the LA-ICP-MS age distribution of zircon ages (A) and SIMS monazite ages from granites dated 
in this study (B). 

Fig. 10. BSE images of in situ dated monazite and zircon in situ in samples HT03 (A), HT01A (B), and HT01B (C and D). See Tables 4  
and 5 and supplementary data for details regarding the ages. Mineral abbreviations here and elsewhere after Whitney & Evans (2010). 
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Discussion 

Granitoid origin based on geochronology and geochemistry 

Geochemical data from the granitoids are consistent with  
their emplacement in volcanic arc setting at lower P (<5 kbar) 
(Fig. 6D). The studied samples are peraluminous to strongly per-
aluminous with geochemical signatures that they derived from 
enriched mantle, non-garnet bearing source with some clay com-
ponent (Figs. 5 and 6). This scenario is consistent with a vertically 
zoned, lower/middle crust consisting of older metaigneous, 
amphibolitic, and metasedimentary rocks. Most granitoids appear 
to have a volcanic arc signature, except the 

Baranec quartz monzonite sample (TT38) and High Tatra 
Mountains sample IR36 (Fig. 5B). These rocks also show similar 
HREE patterns, negative Eu anomalies, and a within plate granite 
(WPG) signature, suggesting the possible presence of melts from 
a collisional source are present in both regions (Figs. 6B, 7B  
and D). This observation is consistent with the trend observed in 
Fig. 6B and suggest the granitoids represent numerous magma 
injections and mixed felsic and mafic sources (Gawęda 2008; 
Burda et al. 2011; Gawęda & Szopa 2012; Szopa et al. 2013; 
Gawęda et al. 2016a). All samples are LREE enriched, and those 
with no or minor Eu anomalies are consistent with the moderately 
evolved nature of their melts with little or no fluid influence  
(Fig. 7). 

The geochronological data provide a framework for under-
standing their magmatic history. Although Carboniferous ages 
dominate the number of zircon dates, the distribution of inheri-
tance in Variscan intrusions is often employed to understand their 
tectonic and magmatic evolution (Tumiak et al. 2000; Chen et al. 
2003; Friedl et al. 2004; Neiva et al. 2012; Broska et al. 2013; 
Fiannacca et al. 2019; Kohút & Larionov 2021). Inheritance 
 patterns in igneous rocks are critical in relaying information 
regar ding magma sources and petrogenetic processes (see review 
in Fiannacca et al. 2019). 

The oldest zircon is in sample IR35 near Gerlachovský štít is 
2544 ± 33 Ma and has an Early Carboniferous rim (343 ±11 Ma). 
Although we have only one Paleoproterozoic/Neoarchean date 
from the High Tatra granites, its presence is significant in under-
standing the paleogeography of this region at older timeframes. 
The result appears similar to other Variscan-age magmatic assem-
blages that have an older Precambrian zircon signatures (Zeh et 
al. 2001; Friedl et al. 2004; Martin et al. 2018; Fiannacca et al. 
2019; Schnapperelle et al. 2020). For example, zircons with 
Paleoproterozoic cores and Early Carboniferous rims are found in 
granitoids from the Austrian portion of the Bohemian Massif 
(Friedl et al. 2004) and the mid-German Crystalline Rise (Zeh et 
al. 2001) (Fig. 1A). The observation is consistent the origin of 
granites from the High Tatra Mountains as Variscan-age melts that 
have a component of recycled Proterozoic crust (e.g., Burda et al. 
2013a, b). 

Smaller LA-ICP-MS age peaks exist for granitoids in the High 
Tatra Mountains in the Cryogenian (661.7 Ma) and Cambrian 
(531.7 Ma) (Fig. 9). The age pattern is consistent with the obser-
vations of several intrusions within the western, central European 

Variscan belt (Finger & Steyrer 1990; Franke 2000; Finger et al. 
2009; Tichomirowa et al. 2019a, b). These include granites from 
Iberia to Armorica (NW France), Erzgebirge (Saxoturingian  
zone, Germany), the Bohemian Massif, the Brunovistulia, and 
Małopolska massifs (Czech Republic and southern Poland), and 
the crystalline massifs within the Alps, Carpathians, and exten-
ding to the Transcaucasian region in easternmost Europe (Fig. 1). 
These granites were emplaced during the Cambrian to Early 
Ordovician (510–480 Ma, Crowley et al. 2002; Gawęda et al. 
2019) and subsequently re-melted or entrained xenocrystic zircon 
during the Variscan Orogeny (Matte 1998; Franke 2000; Seston  
et al. 2000; Dostal et al. 2019). The ages we report show little 
similarity in zircon ages extracted from sections of the Proto-
Carpathian basement, which has been reported to be a long-lived 
magmatic arc that was active in earlier times (615–610 Ma) 
during the Timmanian/Baikalian rather than the Pan-African/
Cadomian (Waśkowska et al. 2018; Gawęda et al. 2019). However, 
this terrane likely formed during distinct paleotectonic stages, and 
the Tatric and Veporic crystalline basements are thought to form  
a component of the Proto Tatric basement (Putiš et al. 2009; 
Broska et al. 2013; Gawęda et al. 2017; Burda et al. 2021). 

The time frame for Variscan Orogeny-related deformation and 
metamorphism is suggested to have spanned from 480 Ma to  
300–250 Ma (Gutiérrez-Alonso et al. 2008, 2011; Arenas et al. 
2014; Kroner & Romer 2013; see review in Matte 2001; Casas & 
Murphy 2018; Dostal et al. 2019). Each dated sample yield 
TuffZirc and KDE ages that center ~350 Ma (Fig. 8). The TuffZirc 
representative date for all of the granitoid zircon LA-ICP-MS 
results is 349.3 +2.9/−1.5 Ma. The most prominent peak on the 
PDD for the LA-ICP-MS zircon results is 348.8 Ma, which is 
younger than the more precise KDE peak of 357.40 ± 0.28 Ma. 
The most prominent peak on the PDD for the SIMS monazite ages 
is 332.7 Ma, which is similar to the KDE peak of 332.0 ± 3.6 Ma 
(Fig. 9). 

Granites linked to S- and I/S-type magmatism are documented 
throughout the Variscan belt at ~350 Ma, which has been linked  
to crustal thickening, prograde metamorphism, and melting in  
the lower crust (Petrík et al. 1994; Tichomirowa et al. 2019a, b). 
The Tournaisian age reported here is found in other exposures  
of the core mountains, of which the High and Western Tatra 
Mountains are part (e.g., Kohút & Larionov 2021). In particular, 
the Central Western Carpathians records the Carboniferous S-type 
and I-type granitic series, which may overlap in their synchronous 
crystallization at 355–347 Ma (Kohút et al. 2009; Kohút & 
Larionov 2021). For example, the Strážovské vrchy Mountains has 
348 Ma and 350 Ma ages (Kráľ et al. 1997) (Fig. 1). The zircon 
ages reported here are similar to zircon ages from the I/S-type 
granites from the Branisko Mountains (TuffZirc age 350.6  
+5.6/−1.4 Ma, n = 7, 98.4 % confidence), Tribeč (354.4 +12.3/ 
−6.8 Ma, n =10, 97.9 % confidence) and Žiar mountains (348.2 
+6.2/−8.9 Ma, n =11, 93.5 % confidence) (Fig. 1) (Kohút & 
Larionov 2021). 

Elsewhere, granitic assemblages in the Central Bohemian 
Plutonic Complex in the Czech Republic yield similar ages that 
were related to rapid and large-scale crustal extension in the 
Moldanubian zone (Holub et al. 1997). This time frame is also 
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consistent with large nappe stack thrusting at the northern margin 
of Gondwana in the Iberian margin (Catalán et al. 2009) and 
wrench faulting in the northern Massif Central in France (Leloix 
et al. 1999). The onset of extension in the central Europe and  
the Western Carpathians is broadly constrained to 340–260 Ma 
(Franke 2000; Hók et al. 2019). 

The smaller 315.9 Ma age peak seen in the LA-ICP-MS zircon 
age results and the youngest Permian monazite ages would thus 

correlate to extensional-related magmatism in the region (Fig. 9) 
(Lexa et al. 2003; Stampfli & Kozur 2006; Froitzheim et al. 2008; 
Tichomirowa et al. 2019a, b; Szemerédi et al. 2020; Villaseñor et 
al. 2021). Although the youngest zircon ages reported here are 
concordant, they could have experienced some degree of Pb loss 
that is not discernable based on their degree of concordance. Their 
smaller age peak in the probability diagram is similar, however, to 
estimates of the final collision, granite intrusion, and orogenic 

Fig. 11. BSE images of monazite grained dated in samples HT03 (A, D, J, and N), HT02 (B, C, L, and M), HT01A (E and K), HT04 (F, G, 
and H), and HT01B (I). Mineral abbreviations after Whitney & Evans (2010). Th–Pb monazite ages indicated. Images are arranged from oldest 
to youngest. See Table 5 and supplementary data for details regarding the ages. 
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collapse in the Western and High Tatra Mountains timed at  
ca. 315 Ma (Poller & Todt 2000; Poller et al. 2001a). The younger 
315.9 Ma LA-ICP-MS age peak is also consistent with when the 
Variscan hinterland of Western Europe was at a topographic high 
(Dusséaux et al. 2021). 

The textural relationships of monazite dated in the granitoid 
assemblages suggest that they were likely affected by alteration or 
subsequent reactions (Figs. 10 and 11). For example, the titanite 
(CaTiSiO5) seen in some BSE images of sample HT03 may be 
pseudomorph after allanite [Ca1−x (REEx)(Ti, Al, Fe)SiO4(O, OH, 
F)], which contributed REE to crystallize monazite during alte-
ration (Figs. 10A, 11A, D) (e.g., Broska et al. 2000; Catlos et al. 
2002). Remnants of allanite or epidote are seen in sample HT02 
(Fig. 11I, K, L). In these and other samples, allanite appears to fill 
cracks in plagioclase or feldspar (Figs. 10C, 11). The textures sug-
gest that monazite likely appeared after allanite in these rocks and 
after crystallization, and was described in granitoids from the 
Tribeč Mts. (Broska et al. 2000). 

Post-Variscan tectonics and implications for extrusion 
 dynamics 

K-feldspar 40Ar/39Ar ages suggest granitoids in the High Tatra 
Mountains track their exhumation history (Fig. 12). The oldest 
K-feldspar 40Ar/39Ar ages in samples IR27 and IR39 collected 
near Lomnický štít (Fig. 2C) are Late Triassic (~220 Ma).  
The time frame corresponds to the final stages of an episode of 
volcanism called the “pietra verde” found in the Southern Alps 
and the Transdanubian Range (Callegari & Monese 1964; Mundil 
et al. 1996; Harangi et al. 1996; Kohút et al. 2018; Dunkl et al. 
2019). The cause of the volcanism remains enigmatic (see discus-
sion in Kohút et al. 2018) is related to the either extensional-driven 
rifting or subduction related to the closure of an ocean unit south 
of the Inner Carpathian plate as the result of Early Cimmerian 
collision (e.g., Stampfli & Borel 2004; Schmid et al. 2020). 

Sample IR35 and IR41 collected to the west of these rocks 
along the sub-Tatra fault and near Gerlachovský štít (Fig. 2C  

Fig. 12. A — K-feldspar 40Ar/39Ar ages (successive laser heating steps) from four High Tatra granites (IR39, IR27, IR35, and IR41). K-feldspar 
40Ar/39Ar ages (generated using step-heating approach) from samples HT02 (B) and HT04 (C). Panel (D) shows the thermal history was 
extracted from sample HT04. 
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and D) yielded younger Early Cretaceous 40Ar/39Ar ages in  
their last heating steps (~120 Ma). The sub-Tatra fault governs  
the present-day morphology of the Western and High Tatra 
Mountains and is overall a normal fault with a sub-vertical, or 
steeply south-dipping fault plane (Gross 1973; Gross et al. 1980; 
Maheľ 1986; Nemčok et al. 1993; Jurewicz 2006; Králiková et al. 
2014). The structure may be one of a set of planar normal faults 
produced by tilt and spin rotations of domino-like prismatic upper 
crustal blocks that formed due to horizontal top-to the north 
 simple shear of the Central Western Carpathian crust triggered by 
underthrusting of the Northern European plate (Grecula & Roth 
1978; Marko 1995). Strike-slip motion is accommodated by the 
Ružbachy and Prosečné faults (Fig. 2A) that develop the Western 
and High Tatra Mountains into a compressional horst in a strike-
slip duplex (Sperner 1996; Sperner et al. 2002). The age may 
 represent the earliest timing of exhumation along the structure 
and correspond to events related to the re-arrangement of the 
Penninic-Austroalpine border zone from a passive to an active 
continental margin, which began at about 120 Ma (Wagreich 
2001; Schuster et al. 2004). 

Extrusion tectonics related to Alpine collision has long domi-
nated ideas regarding the development of the Carpathians and  
the Western and High Tatra Mountains (Ratschbacher et al.  
1991; Sperner et al. 2002; Schmid et al. 2008; Plašienka 2018a). 
The application of the idea is primarily the outcome of influential 
analog experiments by Ratschbacher et al. (1991) designed to 
simulate the conditions involved in the creation of the Eastern 
Alps that had a secondary impact on the creation of the Carpathian 
Mountains. Fundamental observations from the analog models 
suggest that weak lateral confinement, a broad and straight 
indenter, a narrow deformable area, and a rigid foreland best 
model structures within the Eastern Alps. An unconstrained and 
weak lateral boundary, a narrow deformable area, an area of high 
heat flow, and thin crust controls movement of wedges and 
favored lateral movement. The width of the indenter and size of 
the deformable area were responsible for determines the orienta-
tion of faults responsible for extrusion. Deformation is also 
thought to be accompanied by a migrating subduction zone of 
oceanic or thinned continental crust, creating the back-arc nature 
of the basin (e.g., Royden & Horvath 1988; Wortel & Spakman 
2000; Márton et al. 2007). These observations are largely linked 
to the similar morphology seen in the Carpathian Mountains and 
the likewise arcuate shape of the Hellenic arc in the Aegean region 
and western Turkey (Fig. 1). 

The external morphology of the Carpathians is thought to have 
developed due to the dense and regular fault network of mainly 
strike-slip and extensional structures within the Pannonian basin 
system as the ALCAPA and Tisza Dacia “mega-tectonic units” 
(Fig. 4) (e.g., Márton et al. 2007) that propagated into the free 
lateral boundary of the basin during Neogene (Ratschbacher et al. 
1991; Hippolyte et al. 1999; Schmid et al. 2008; Lorinczi & 
Houseman, 2010; Kováč et al. 2107). The extrusion was also 
enhanced by subduction roll back along the northeastern margin 
(Royden 1993; Sperner et al. 2002; Seghedi et al. 2004; Schmid  
et al. 2008) or east-directed flux of asthenosphere or relative 
 westward drift of the lithosphere (Doglioni et al. 1999). 

The kinematic evolution of the Alps suggests that the Adriatic 
plate moved at a rate of 1.33 cm/yr between 65 and 50 Ma and  
0.4 cm/yr during the Oligocene to the present (e.g., Schmid et al. 
1996, 1997). Although these rates are significantly slower than 
the indenter velocities chosen by Ratschbacher et al. (1991) ana-
log models, subsequent experiments have shown the importance 
of weak lateral confinement in developing the Carpathian 
Mountains (e.g., Royden 1993; van Gelder et al. 2017) and the 
rotation of specific blocks within the extruding portion (e.g., 
Rauch 2013). In the Outer Carpathians, the timing of the last 
 episode of thrusting is suggested to have migrated eastward from 
the Early Miocene to Plio–Pleistocene. 

Although the last significant exhumation pulse for the High 
Tatra Mountains is assumed to have occurred during the Middle 
Miocene (Fig. 4), K-feldspar 40Ar/39Ar ages from granitic rocks 
yield Eocene (40.8 ± 0.3 Ma) results from their initial degassing 
steps (Fig. 12A). We suggest these ages time when the mineral 
passed through a ~150 °C geotherm (depending on grain size and 
cooling rate). The ages are consistent with previously reported 
Eocene (U–Th)/He zircon ages from similar assemblages 
(Anczkiewicz et al. 2015; Śmigielski et al. 2016), but are much 
older than the sedimentary rock record of the accretionary wedge 
in the Outer Carpathians that would predict ~20 Myr younger 
results (Fig. 4) (Săndulescu 1988; Csontos et al. 1992; Plašienka 
2018a). However, the Eocene 40Ar/39Ar K-feldspar ages corre-
spond well with limited sedimentological data that proposed that 
the process of tectonic escape initiated in the Eocene (Fodor et al. 
1992). Eocene (Bartonian)–Late Oligocene deposits are also pre-
sent in sediments in the Liptov Basin, south of the range (Fig. 2) 
(e.g., Starek et al. 2019). 

The 40Ar/39Ar K-feldspar thermal history extracted from sample 
HT04 at the base of Lomnický štít was allows for the possibility 
that exhumation rates may have proceeded at faster rates between 
70–55 Ma and from 45–25 Ma (Fig. 12D). This time frame is 
attributed to a change from extensional tectonics to transpres-
sion and transtension during the Late Paleocene to Eocene  
(~80–45 Ma) (Králiková et al. 2014). Thermal modeling suggests 
that sample HT04 was at the ~100 ºC isotherm by 25 Ma.  
The plateau age 40Ar/39Ar K-feldspar ages from sample HT02 
from the top of Lomnický štít from the final steps is 62±1 Ma,  
but the age patterns show it is affected by excess argon. This type 
of thermal modeling from more samples is helpful for understan-
ding the exhumation history of the range and should be pursued in 
developing future models for its exhumation. 

Conclusions

The Western and High Tatra Mountains are a major uplifted 
component of the Western Carpathian basement. They are a logi-
cal location to study arcuate orogenesis, exhumation rates of  
the deep crust, and magnitudes and rates involved in the transfer 
of heat and mass during mountain-building events. Deciphering 
the tectonic events recorded in the Western Carpathian region is 
an essential component for global plate reconstructions and 
understanding how the range links to other locales that document 
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the closure of Tethyan oceans throughout Europe. We present 
geochemical and geochronological data from the High Tatra 
Mountains and Baranec massif in the Western Carpathians that 
have significant implications on our understanding of their deve-
lopment and models for extrusion tectonics for the region. 

Geochemical data from samples from the Western and High 
Tatra Mountains suggest they were emplaced in a volcanic arc 
setting at lower P (< 5 kbar), and most have been derived from  
a mafic source, enriched mantle, non-garnet bearing source with 
some clay component. Only two from the Western Tatra Mountains 
sample and High Tatra Mountains have HREE patterns and nega-
tive Eu anomalies that show a WPG signature, suggesting the 
presence of melts from a collisional source are present in both 
regions. 

Zircon ages suggest significant crystallization at ~350 Ma,  
but the presence of the older Neoproterozoic to Ordovician 
 inherited ages are common and match those reported for Variscan 
igneous assemblages throughout Europe. These ages link these 
rocks to I/S-type magmatism documented throughout the Variscan 
belt at this time, characterized by a source in vertically zoned 
lower crust consisting of old metaigneous, amphibolitic, and 
metasedimentary rocks. In addition, the presence of Permian 
monazite ages indicates the range was not immune from the wide-
scale extensional dynamics that affected the region during this 
time. 

Younger ages obtained using K-feldspar 40Ar/39 thermochrono-
logy are consistent with the granitoids experiencing slow cooling. 
The older ages indicate that the region experienced uplift much 
earlier (Late Cretaceous) than predicted by models of extrusion 
tectonics often applied to the region. Pulses of exhumation 
 characterize the thermal history from K-feldspar from a granitoid 
collected at the base of Lomnický štít, and themal modeling of 
this rock suggests it cooled from ~300 °C to ~100 °C from  
~78 Ma to 25 Ma, but at faster rates at intervals between  
70–55 Ma and 45–35 Ma. The youngest 40Ar/39Ar K-feldspar ages 
from all samples dated using laser step-heating average 40.8 
±0.3 Ma and are consistent with ALCAPA escape followed by 
Alpine uplift in stages. These ages and the thermal history are 
important constraints on timing the development of the Carpathian 
arc, and suggest additional complexity within specific segments 
in the range. 
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