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Abstract: The Variscan high-pressure (HP) eclogite and medium pressure (MP) metapelitic gneisses from the Tatra Mts. 
crystalline basement (Western Carpathians, Slovakia) were dated by means of the Lu–Hf and Sm–Nd methods.  
The Lu–Hf and Sm–Nd garnet dating of mafic eclogite and metapelitic gneisses provides a new set of precise ages on 
Variscan syn-collisional metamorphism in the Western Carpathians. The published P–T conditions document peak  
eclogite facies metamorphism at 15–17 kbar and 650–695 °C, whereas garnet–sillimanite gneisses reached their climax 
at 5–6 kbar and 650–700 °C. Lu–Hf bulk garnet dating gave the precise ages of 354.5 ± 1.2 Ma for eclogite, while the ages 
of 346.7 ± 1.0 Ma and 345.9 ± 1.0 Ma were determined for metapelites. The Sm–Nd dating of the same garnet fractions 
from metapelites gave the ages 344.9 ± 2.6 and 345.4 ± 9.3 Ma. Both the Sm–Nd and Lu–Hf ages are indistinguishable 
within their uncertainties, and so, when considering the major and trace element zonation in garnet, we interpret them  
as dating the time of prograde garnet crystallization. The data therefore indicates high-pressure, eclogite facies meta-
morphism in the Tournaisian, and medium-pressure metamorphism in Visean times. We interpret the eclogite facies 
metamorphism as a record of initial Variscan continental collision in the Early Carboniferous. Early metamorphism in  
the eclogite facies is a deeper expression of the subducting slab, and thus, garnet started to grow in eclogite ca. 10 Myr 
earlier than that in the sillimanite-bearing gneiss in a shallower level. 
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Introduction

The collision of continents is one of the most spectacular 
 tectonic processes that leads to the formation of orogenic 
belts. Continental collision is characterized by deep subduc-
tion of continental crust, producing major crustal thickening, 
high-pressure/high-temperature (HP/HT) metamorphism, and 
anatexis of the subducted continental crust. The metamorphic 
rocks pressure–temperature–time (P–T–t) studies provide 
 important information about the tectono-thermal evolution of 
the orogenic belts during burial and exhumation (England & 
Thompson 1984; Brown & Johnson 2018; Chowdhury et al. 
2021 and references therein). Deciphering the evolution of 
continental collisional belts through time relies on the con-
straint of metamorphic rock histories in order to determine  
the temperature and pressure conditions at different times in 
different places within the orogen. Defining precise and relia-
ble P–T–t paths require the linking of isotopic ages with 
 mineral growth at specific metamorphic conditions. This is 
arguably achieved best by applying the dating of garnet, which 
participates in the vast majority of geothermobarometers used 
for determining the evolution of metamorphic conditions, 
 including ultra-high temperature (UHT) and ultra-high pres-
sure (UHP) episodes (Duchêne et al. 1997; Scherer et al. 2000; 
Anczkiewicz et al. 2004, 2007; Smit et al. 2013). Although  
the decoupling of major and trace elements at high tempera-

ture imposes some difficulties in interpreting the isotopic ages 
of garnet, trace element zonation trends in combination with 
experimental data on diffusion often allow for a precise link 
between ages and crystallization conditions (e.g., Anczkiewicz 
et al. 2007, 2012). In this study, we combined Sm–Nd and 
Lu–Hf garnet geochronology with in situ laser ablation  
ICP-MS trace element measurements in order to constrain 
evolution of the pre-Alpine basement of the Western Carpa-
thians. We deliver high precision dating results of eclogite and 
metapelitic gneisses from the Tatra Mts., thereby providing 
new constraints on the Variscan continental collision process.

Geological setting 

The European Variscan and Alpine Mountain chains are 
 typical collisional orogens. The Variscan orogeny was caused 
by the Himalaya type continental collision (e.g., Dewey & 
Burke 1973; Maierová et al. 2016) between Laurussia and 
Gondwana, forming the supercontinent of Pangaea. The Varis-
can belt resulted from the frontal north-directed amalgamation 
of a series of small microplates or ‘terranes’, which were 
 progressively docked to the Laurussian margin during the 
Devonian to Carboniferous periods. The Alpine–Himalayan 
orogeny was caused by the continents of Africa and India col-
liding with Eurasia in the north, from the Cretaceous (western 
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branch) through the Paleocene, and to the Miocene up to  
the present (eastern branch; c.f. Froitzheim et al. 2008; 
Plašienka 2018). The Carpathians form part of an extensive 
orogenic belt spreading from the Atlas Mountains in Morocco 
through the Alps, Dinarides, Pontides, Zagros, and Hindu 
Kush to the Himalayas and China. The Western Carpathians 
are the northernmost, E–W trending branch of this Alpine belt, 
linked to the Eastern Alps in the west, and to the Eastern 
Carpathians in the east (Fig. 1A). The pre-Alpine basement of 
the Western Carpathians represents the easternmost exposure 
of the Variscan orogen in Europe. The correlation of Variscan 
and pre-Variscan basement rocks of the Western Carpathians 
with the pre-Mesozoic basement areas of the European 
Variscides and Alpine orogenic belts is still questionable due 
to a lack of precise age and compositional data of the meta-
morphic units. The nature and style of mid-crustal assembly 
and exhumation during continental collision has been pre-
viously investigated in the Tatra Mountains (Fig. 1B, C) of  

the Western Carpathians (e.g., Janák 1994; Janák et al. 1996, 
1999; Poller et al. 2000; Moussallam et al. 2012; Burda et al. 
2021). Most of the available geochronological data record  
the metamorphism and magmatism during the Variscan oro-
geny in the Late Devonian and Carboniferous periods (e.g., 
Poller & Todt 2000; Poller et al. 2000, 2001; Moussallam et al. 
2012; Burda et al. 2013a, b, 2021; Gawęda et al. 2016, 2018; 
Kohút & Larionov 2021; Janák et al. 2022; Broska et al. 2022; 
Catlos et al. 2022; Maraszewska et al. 2022), when the major 
continents of Laurussia and Gondwana collided. Previous 
 dating of eclogite zircons (Burda et al. 2021) has suggested 
that high-pressure metamorphism in the Tatra Mountains took 
place at ≥367 Ma, which is interpreted as subduction of 
 oceanic crust, at least 20 Myr earlier than medium-pressure/
high-temperature metamorphism at ca. 350–340 Ma recorded 
by the dating of monazite in sillimanite-bearing gneisses and 
migmatites (Janák et al. 2022). This is interpreted as a conse-
quence of crustal thickening. 

Fig. 1. A — A Digital Elevation Model (DEM) with position of the Western Carpathians within Europe. B — Tectonic scheme of the Western 
Carpathians with situation of the Tatra Mountains. Abbreviations: CWC – the Central Western Carpathians, OWC – the Outer Western 
Carpathians. C — Simplified geological map of the Tatra Mts., according to Kohút & Janák (1994) with locations of investigated samples. 
Metamorphic zonation taken from Janák et al. (1999).
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The present-day structure of the Western Carpathians was 
derived from the Late Jurassic to Cenozoic (Alpine) orogenic 
processes connected with the evolution of the Neo-Tethys 
Ocean, in a long mobile belt sandwiched between the stable 
North European Plate and continental fragments of the African 
origin. One typical feature of the Alps–Carpathians mobile 
belt is the presence of the pre-Alpine crystalline basement 
within the Mesozoic and Cenozoic sedimentary successions, 
which had been deformed into large-scale nappe structures. 
The pre-Alpine crystalline basement crops out mainly in the 
Central Western Carpathians (CWC), which is the heart of  
the Western Carpathians. The CWC represents a pile of the 
Cretaceous thick- and thin-skinned thrust sheets, consisting  
of three principal crustal-scale superunits: the Tatric Unit, 
Veporic Unit, and Gemeric Unit (c.f. Andrusov 1968; 
Froitzheim et al. 2008; Plašienka 2018), see Fig. 1B. 

The Tatra Mountains are located in the northernmost sector 
of the Western Carpathians. They are a representative of  
the so-called core mountains within the Tatric Unit, which is  
a major tectonic unit of the CWC. The crystalline basement of 
the Tatra Mts. is composed of pre-Mesozoic metamorphic and 
granitic rocks, overlain by Mesozoic and Cenozoic sedimen-
tary cover sequences and nappes (Fig. 1C). Metamorphic 
rocks are abundant in the western part (the Western Tatra), 
whereas in the eastern part (the High Tatra), they occur as 
minor bodies in the granitic rocks (Fig. 1C). Two superim-
posed tectonic units – the Lower unit (LU) and Upper unit 
(UU), both differing in lithology and metamorphic grade, have 
been distinguished (Kahan 1969; Janák 1994; Janák et al. 
1999). These units are separated by a Variscan thrust fault –  
a major tectonic discontinuity in the crystalline basement of 
the Tatra Mts. (Fig. 1C). The LU is exposed in the Western 
Tatra as a tectonic window of up to 1000-m thickness. It is 
composed of metapelitic micaschists with garnet, kyanite, 
staurolite, and fibrolitic sillimanite alternate with quartz-rich 
metapsammites and resembling flysch sediments (Kahan 
1969). Metamorphic P–T conditions reached 5–6 kbar and 
550–620 °C in the staurolite–kyanite zone and 6–8 kbar and 
620–660 °C in the kyanite–sillimanite (fibrolite) zone (Janák 
1994). The UU is composed of para- and orthogneisses, 
amphibolites, migmatites, calc-silicates, and granitoids.  
The paragneisses contain kyanite that is partly transformed to 
sillimanite at the base of the UU in the kyanite zone. Relics of 
eclogites occur as lenses or boudins in amphibolites. The pre-
sence of the meta-basic rocks with studied eclogites within  
the common felsic crustal rocks (e.g., orthogneisses and mig-
matized metapelites) and a general lack of ultramafites, 
 serpentinites, and/or ophiolites in the studied area clearly indi-
cate that continental crust was affected by the subduction/col-
lision processes there. These amphibolites are often banded, 
with felsic layers of a trondhjemitic to tonalitic composition. 
Metamorphism in the kyanite zone reached eclogite facies at 
P>15 kbar and 700 °C followed by high-pressure granulite/ 
high-pressure amphibolite facies overprint at ca. 10–14 kbar 
and 700–750 °C (Janák et al. 1996). Paragneisses with pris-
matic sillimanite (sillimanite zone) and rare cordierite occurs 

at higher levels of the UU. They show migmatization and 
 partial melting due to dehydration reactions of muscovite and 
biotite at 6–10 kbar and 700–800 °C (Janák et al. 1999, 2022). 
Calc silicate rocks containing andradite–grossular garnet, 
diopside–hedenbergite clinopyroxene, epidote–clinozoisite, 
calcite and quartz occur only sporadically in the High Tatra, 
their metamorphic P–T conditions reached ca. 5 kbar and  
650 °C (Janák 1993). Sillimanite zone gneisses and migma-
tites are intruded by a sheet-like granitoid pluton (Gorek 
1959). Granitoids range from leucogranite to biotite tonalite 
and amphibolic diorite (Kohút & Janák 1994). 

Polyphase Variscan and Alpine deformation under distinct 
P–T conditions and kinematics has been recognised (Fritz et 
al. 1992; Janák et al. 1999). The Variscan deformation (D1) 
under ductile conditions is demonstrated by kinematic indi-
cators suggesting top-to-the-south, southeast thrusting and 
emplacement of the UU onto the LU. Variscan deformation 
(D2) is generally dextral, or top-to-the-east, related to oro-
gen-parallel extension. Uplift and cooling took place between 
ca. 340–312 Ma, as recorded by Ar–Ar dating of biotite in 
metapelitic gneiss (Janák 1994) or biotite in the granitic rocks 
(Kohút & Sherlock 2003) in the High Tatra, and/or U–Pb zir-
con, titanite, and apatite dating of metamorphic rocks in the 
Western Tatra (Gawęda et al. 2018). Alpine deformation (D3) 
under brittle conditions is manifested by top-to-the-northwest 
shearing, which is attributed to a Late Cretaceous contrac-
tional event (Fritz et al. 1992). 

Overall, metamorphic zonation in the Tatra Mts. displays  
an inverted sequence of high-grade metamorphic rocks and 
granitoids in the hanging wall, and lower-grade metamorphic 
rocks in the footwall. This is interpreted as a consequence of 
crustal thickening and mid-crustal thrusting in the course of 
Variscan orogeny (Janák et al. 1999, 2022).

Analytical procedures

Garnet geochronology and trace element measurements

Lu–Hf and Sm–Nd isotope dilution (ID) and trace element 
analyses were conducted at the Institute of Geological 
Sciences, PAS, Kraków Research Centre. The chemical proto-
cols of ID analyses are given in Anczkiewicz et al. (2004)  
and references therein. The mass spectrometric measurements 
were conducted using the Multicollector Inductively-Coupled 
Plasma Mass Spectrometer (MC ICP-MS) Neptune accor-
ding to the modified protocols of Thirlwall & Anczkiewicz 
(2004). Details on short- and long-term precision, as well as 
constants used for data reduction are reported in the footnote 
to Table 1. Ages were calculated using Isoplot v. 4 (Ludwig 
2008) and are reported with 2σ uncertainty. Rim-to-rim trace 
element measurements were performed in order to facilitate 
garnet age interpretation. The analyses were conducted using 
RESOlution ArF excimer laser (Applied Spectra), equipped 
with a large format sample cell (S155, Laurin Technic).  
The laser ablation system was coupled with an ICP-MS/MS 
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Agilent 8900. The data were collected in line scan mode  
with a 0.5 mm/min stage speed, spot diameter of 40 µm,  
10 Hz pulse repetition rate, and 6 J/cm2 energy. More details 
on  analytical parameters are provided in Supplementary  
Table S1. Sample runs were bracketed by measurements of 
NIST 612 glass using reference values of Jochum et al. (2011). 
The BCR-2 glass standard was measured for the quality con-
trol adapting recommended values of GeoReM (http://georem.
mpch-mainz.gwdg.de/). The silica concentration was used as 
an internal standard. Trace element concentrations were calcu-
lated using the Iolite 4 software (Paton et al. 2011). 

Sample locations

The investigated rocks are eclogite and sillimanite-bearing 
metapelitic gneiss. The eclogite comes from the kyanite  
zone in the Western Tatra, which is the lowest structural level 
within the UU where eclogites and gneisses containing kya nite 
are partly transformed to sillimanite, and record the highest 
pressure conditions in the Tatra Mts. (Janák et al. 1996,  
1999). The eclogite sample ZT-2/18 was collected as a loose 
block from the creek in the Bryšno Valley (49°08’03.4” N; 
19°45’46.9” E) at the southern slopes of Baranec (Fig. 1C). 
The metapelitic gneisses come from the sillimanite zone in  
the High Tatras, the highest structural level of the UU that 
does not host eclogites. The samples were collected from  
the two localities (Fig. 1C): Gerlach peak (sample Ger-1/17) 
and the Velická Valley (sample Vel-1/13). Sample Ger-1/17 

(49°09’40.8” N; 20°08’09.9” E) crops out near the peak of  
Mt. Gerlach (see Janák et al. 2022), which is the highest  
peak of the Tatra Mts. (altitude 2655 m). The metapelitic 
gneiss crops out together with calc-silicate rocks (altitude 
2500–2550 m), as layers of 2–15 meters thickness in grano-
diorite. Sample Vel-1/13 (49°09’35.0” N; 20°09’26.2” E) 
occurs as a band of several tens of meters thick in granodiorite, 
in the Velická Valley (see Janák et al. 2022). The outcrops 
show typical meta morphic foliation dipping 40–60° N, NW 
with lineation and b-axis of folds in a N–S and NW–SE 
direction. 

Results

Petrography and mineral chemistry

Eclogite

The investigated eclogite (sample ZT-2/18) shows a dark-
green, amphibole-rich texture with reddish garnet and a pale 
green clinopyroxene (Fig. 2A). A detailed description of this 
sample comes from the work of Janák et al. (1996). Garnet 
forms euhedral to subhedral grains (3–10 mm in diameter), 
which are surrounded and partly resorbed by an amphibole–
plagioclase kelyphitic rim (Fig. 2B). Garnet contains numer-
ous inclusions found mostly in the core. The most abundant 
inclusions are quartz, rutile, and ilmenite with subor dinate 

Table 1: Summary of Lu–Hf and Sm–Nd garnet dating results. Explanations: Uncertainties on Hf and Nd isotope ratio measurements are 2SE 
(standard error). 176Lu/177Hf errors are 0.5 %, JMC475 Hf standard yielded 176Hf/177Hf = 0.282156 ± 3 2SD (standard deviation, n = 10) over  
the course of analyses. Mass bias was corrected to 179Hf/177Hf = 0.7325; 147Sm/144Nd errors are 0.3 %, JNd-1 Nd standard yielded 0.512099 ± 9 
(2SD, n = 8) over the course of analyses. Mass bias was corrected to 146Nd/144Nd = 0.7219. Age calculations were conducted using Isoplot 
(Ludwig 2008) applying decay constants λ176Lu = 1.865 × 10−11 year−1 (Scherer et al. 2001) and λ147Sm = 6.02 × 10−12 year−1 (Lugmair & Marti 
1978). Age calculations used uncertainties propagated for long-term standard reproducibility. Age uncertainties are 2σ.

Fraction Weight 
(mg)

Lu 
 (ppm)

Hf 
(ppm)

176Lu/177Hf 176Hf/177Hf  2SE Age (Ma) Sm 
(ppm)

Nd 
(ppm)

147Sm/144Nd 143Nd/144Nd   2SE Age (Ma)

Eclogite ZT-2/18

WR 98.78 1.111 0.605 0.2600 0.284603 0.000003 7.469 22.04 0.2050 0.513079 0.000004

Grt 1 70.09 2.641 0.211 1.7730 0.294650 0.000008 2.767 6.856 0.2441 0.513153 0.000006

Grt 2 72.85 2.600 0.190 1.9370 0.295728 0.000009 2.653 6.494 0.2470 0.513163 0.000008

Grt 3 71.50 2.622 0.192 1.9340 0.295734 0.000008 354.5 ± 1.2 2.733 6.668 0.2478 0.513163 0.000006 298 ± 43

Metapelite Ger-1/17

WR 100.10 0.412 0.329 0.1770 0.283599 0.000005 7.297 34.94 0.1262 0.511953 0.000002

Grt 1 68.84 9.284 0.386 3.4160 0.304611 0.000006 0.545 0.899 0.3664 0.512487 0.000007

Grt 2 70.23 9.285 0.372 3.5410 0.305502 0.000006 0.455 0.239 1.1541 0.514269 0.000016

Grt 3 71.04 9.187 0.333 3.9200 0.307871 0.000008 346.7 ± 1.0 0.524 0.560 0.5659 0.512958 0.000013 344.9 ± 2.6

Metapelite Vel-1/13

WR 98.80 0.445 0.228 0.2760 0.284308 0.000011 7.911 42.97 0.1113 0.511915 0.000002

Grt 1 70.69 7.300 0.468 2.2140 0.296875 0.000005 0.553 1.159 0.2883 0.512318 0.000007

Grt 2 71.42 7.491 0.479 2.2160 0.296859 0.000003 0.514 0.994 0.3123 0.512368 0.000006

Grt 3 72.15 7.318 0.502 2.0650 0.295906 0.000005 345.9 ± 1.2 0.629 1.450 0.2620 0.512256 0.000005 345.4 ± 9.3

http://geologicacarpathica.com/data/files/supplements/GC-74-5-Kohut_TableS1.docx
http://geologicacarpathica.com/data/files/supplements/GC-74-5-Kohut_TableS1.docx
http://georem.mpch-mainz.gwdg.de/
http://georem.mpch-mainz.gwdg.de/
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plagioclase, amphibole, clinopyroxene, epidote/zoisite, apa-
tite, and zircon. The garnet is zoned, showing an increase in 
Mg and Fe and a decrease in Mn from the core to the rim, 
which corresponds to almandine with significant grossular and 
pyrope contents, and is also characteristic of prograde growth 
zoning. In the outermost part of the rim, Mn and Fe rise, 
whereas Mg drops as a result of resorption (see fig. 4 in  
Janák et al. 1996). Clinopyroxene occurs mostly as sym plectite 
with plagioclase, which is often recrystallised to granoblastic 
aggre gates where amphibole is also present. The composi-
tion of symplectitic clinopyroxene is diopside (XJd ≤ 0.05).  
On the basis of the modal proportions of clinopyroxene and 
plagio clase in symplectites, Janák et al. (1996) reconstructed 
the “primary” clinopyroxene composition as omphacite with  
a jadeite content of 36 mol. %, thus implying a peak-pressure 
of 15–17 kbar. Amphibole is the most abundant phase that 
occurs as inclusions in garnet, as well as in kelyphites with 
plagioclase and symplectites with clinopyroxene and plagio-
clase, including  por phyroblasts in the matrix. The composition 

of these amphibo les corresponds to pargasite, tschermakite, 
and Mg-hornblende; actinolite formed as a late phase in frac-
tures. Plagioclase occurs in symplectites with clinopyroxene 
and amphibole, as well as in kelyphitic rims around garnet  
and as minor inclusions in garnet. Rutile and ilmenite are 
abundant in the matrix and titanite in the most retrograded 
domains. For more details, see Janák et al. (1996).

Metapelitic gneisses

The rock texture is medium-grained, the foliation is defined 
by the preferred orientation of biotite and quartz–feldsphatic 
portions, which form felsic layers and segregations. A compre-
hensive description of the studied metapelitic gneisses comes 
from the works of Janák et al. (1999, 2022). The rocks contain 
garnet, sillimanite, biotite, muscovite, quartz, and plagioclase 
as major mineral phases (Fig. 2C, D). Minor and accessory 
minerals include tourmaline, apatite, zircon, and monazite. 
Rutile has been partially or totally replaced by ilmenite. 

1 cm 1 cm

2 mm

DC

B

1 cm

A

Sil

GrtGrtGrtGrt

Bt + Sil

GrtGrt

Fig. 2. A — Macrophotograph of eclogite sample ZT-2/18 documenting the quantity and size of analysed garnets. B — Microphotograph of 
eclogite sample ZT-2/18 showing texture of the euhedral garnets (black) with pale inclusions and kelyphitic rims. C — Macrophotograph of 
metapelitic gneiss (Ger-1/17) with garnet visible on the surface. D — Micro-CT image of identical metapelitic gneiss plate as in Fig. 2C  
with garnet (terracotta) and sillimanite (blue) visible in 3D.
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Prismatic sillimanite and biotite are mostly oriented parallel  
to foliation, whereas muscovite often crosscuts the foliation. 
Garnet encloses prismatic sillimanite, biotite, white mica, 
quartz, staurolite, zircon, apatite, monazite, and ilmenite (with 
remnants of rutile). Most inclusions are located in the core of 
the studied garnet. Some garnets are fractured, truncated, or 
partially resorbed by biotite (often chloritized) at their margins 
and in pressure shadows, while fractures are filled by chlorite. 
Felsic layers are composed of plagioclase and quartz. Neither 
K-feldspar nor partial melting has been observed in the inves-
tigated gneisses. Garnet porphyroblasts are zoned with respect 
to composition (see Janák et al. 1999, 2022). Microprobe ana-
lyses of selected grains show in the garnet core a decrease in 
spessartine and a slight increase in pyrope, whereas a reverse 
pattern is observed in the rim of garnet; there is a marked Mn 
enrichment in contact with biotite. These compositional pat-
terns indicate that prograde growth zonation of garnet was 
modified by diffusion and retrograde net-transfer reactions 
with biotite. Biotite occurs as inclusions in garnet and in the 
matrix; muscovite porphyroblasts in the matrix show a mode-
rate phengite component. Some inclusions in garnet show  
a higher phengite content, and paragonite was also detected 
(Janák et al. 2022). Plagioclase (An = 0.23–0.24) is present in 
the matrix; no feldspar was found as an inclusion in garnet. 
Staurolite enclosed in garnet is Fe-rich (XFe = 0.78) with a zinc 
content of 2.2 wt. %. For more details, see Janák et al. (1999, 
2022).

Lu–Hf and Sm–Nd garnet dating 

A summary of Lu–Hf and Sm–Nd garnet dating is presented 
in Table 1 and Fig. 3. All isochrons are defined by 3 garnet 
separates, as well as the representative whole rock (WR) 
 fraction. Lu–Hf dating of eclogite ZT-2/18 gave its age of 
354.5 ± 1.2 Ma. Dating of metapelites resulted in similar preci-
sion ages: 346.7 ± 1.0 Ma was obtained for sample Ger-1/17, 
while 345.9 ± 1.2 Ma was determined from Vel-1/13. The cor-
responding Sm–Nd ages are 298 ± 43 Ma, 344.9 ± 2.6, and 
345.4 ± 9.3 Ma respectively. All Lu–Hf ages are precise and 
accompanied by low MSWD, ranging from 0.2 to 0.7. Their 
Sm–Nd counterparts show either lower or very low precision 
(in the case of ZT-2/18 eclogite), with MSWD ranging from 
0.4 to 4.4. Details of the observed isotope systematics in the 
context of trace element distribution in garnet is discussed in 
chapter “Garnet geochronology”. 

Discussion and conclusions

Pressure and temperature conditions

P–T conditions of the investigated eclogite sample ZT-2/18 
were adopted from the published work of Janák et al. (1996) 
and determined by conventional geothermobarometry. Accor-
ding to Janák et al. (1996), the peak P–T conditions in eclo-
gites reached ca. 15–17 kbar and 675–695 °C. Major element 

zoning indicates that despite resorption in the rims, eclogite 
garnet grew during prograde metamorphism. 

The P–T conditions of the garnet-bearing sillimanite para-
gneisses samples Ger-1/17 and Vel-1/13 were implemented 
from the published works of Janák et al. (1999, 2022). 
Pressure–temperature results indicate the peak of prograde 
growth of garnet in both metapelite samples within the stabi-
lity field of garnet + sillimanite + plagioclase + biotite + musco-
vite + ilmenite + quartz with the P–T values to 5–6 kbar and 
650–700 °C (see Janák et al. 2022).

Garnet geochronology 

Our garnet dating results provide a rather coherent set of 
Lu–Hf ages Sm–Nd ages. In general, the lower precision of 
the Sm–Nd ages is a result of smaller spread among 147Sm/144Nd 
ratios in comparison to 176Lu/177Hf ratios. This is due to the  
fact that garnet generally fractionates Sm/Nd to a much lesser 
degree than Lu/Hf. Additionally, in situ trace element analyses 
revealed that garnet isotope dilution (ID) analyses of sample 
ZT-2/18 were overwhelmed by the presence of Nd-rich inclu-
sions, which did not allow us to obtain a high-quality age. 
While laser ablation ICP-MS analyses indicate sub-ppm 
 concentration in pure garnet (Fig. 4), ID analyses recorded  
a 6–7 ppm Nd concentration (Table 1). The Nd rich domains  
in garnet from the eclogite correlate with the U, Th, and light 
REE enrichment, which suggests a significant contribution of 
apatite, but possiblly epidote inclusions as well (Supplemen-
tary Fig. S1). The strong departure of the obtained Sm–Nd age 
from all other ages may suggest the presence of the inherited 
minerals, which shifted the “isochron age” towards younger 
values. However, within its low precision, this age is still  
the same as the ages of garnet from metapelites. Garnets from 
the two metapelitic gneisses were also affected by inclusions, 
although to a much lesser extent. While “pure garnet” records 
Nd concentration within a sub-ppm range (Fig. 4), ID analyses 
document 5 times higher level (Table 1). Laser ablation 
ICP- MS rim-to-rim zonation profiles show the rise in Nd con-
centration concomitant with the rise in Th, U, and light REE, 
pointing to apatite as the main reason for the disturbed Sm–Nd 
systematics in garnet. Although contribution from inclusions 
to Sm–Nd budget lowered age precision, the consistency of 
Sm–Nd and Lu–Hf ages in metapelites indicates that the accu-
racy was not jeopardized.

Although Lu–Hf isochrons are of high quality, they also 
 suffer from the inclusion problem. While bulk separate ID 
measurements reproduce the average Lu content in garnet 
 estimated by LA ICP-MS, Hf concentration is higher than 
expected for pure garnet (Table 1, Fig. 4). In situ analyses 
point to about 0.100–0.200 ppm Hf concentration, whereas  
ID data show values from 0.2 to 0.6 ppm. This is most likely 
due to the presence of titanite. Although zircon and rutile also 
carry a significant amount of Hf, they contribute less to the Hf 
budget due to their refractory nature and very limited solu-
bility during hot plate sample digestion. Most importantly, 
fairly high 176Lu/177Hf ratios and a very good fit of the isochrons 

http://geologicacarpathica.com/data/files/supplements/GC-74-5-Kohut_FigS1.jpg
http://geologicacarpathica.com/data/files/supplements/GC-74-5-Kohut_FigS1.jpg
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(MSWD ranging from 0.2 to 0.7) demonstrate that the inclu-
sions were in equilibrium with garnet, and the ages were 
affected only in terms of precision, but not accuracy.

All dated samples formed at similar temperatures (650– 
700 ºC) and, as described above, they preserved prograde 
major element zonation (see Janák et al. 1996, 1999, 2022). 
Since the diffusivities of REE and Hf are much slower than 
those of the major divalent cations, they also are interpreted as 
reflecting prograde garnet growth. The zonation style of  
elements involved in both geochronometers is known to  
affect ages (Lapen et al. 2003). Preferential partitioning of  
Lu towards garnet core tends to shift the Lu–Hf age towards  

the early phase of mineral growth, whereas Nd and Sm tend  
to be enriched in rims shifting the age towards a later crystalli-
zation phase. Rim-to-rim profiles in metapelite Vel-1/13 does 
show some zonation, yet rather atypical in the case of Sm, 
which shows enrichment in a broad core similarly to Lu.  
There is some clear Lu enrichment in the narrow rims, which 
is most likely due to resorption; however, they are volumetri-
cally minor and unlikely to significantly affect dating results. 
Both Lu–Hf and Sm–Nd ages are indistinguishable within 
their uncertainties, and thus, we interpret them as dating of  
the time of prograde garnet crystallization. In the case of  
Ger-1/17 gneiss, there are no zonation trends. Lu concentration 
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Fig.4. Rim-to-rim zonation of Sm, Nd, Lu and Hf concentration in representative garnets. A — Photomicrographs of the measured garnets with 
the marked line traverses; B — Eclogite ZT-2/18; C — Metapelite Vel-1/13; D — Metapelite Ger-1/17. Black arrows indicate the rise of con-
centration beyond the scale.



381THE TATRA MOUNTAINS Lu–Hf AND Sm–Nd GARNET DATING

GEOLOGICA CARPATHICA, 2023, 74, 5, 373–386

fluctuates across the crystal, whereas Sm is fairly uniform. 
Unfortunately, the quantity of inclusions in the garnet cores is 
too high to make any conclusions about the potential zonation 
trend in that region. The 346.7 ± 1.0 Ma Lu–Hf and 344.9  
± 2.6 Ma Sm–Nd ages are the same within their uncertainties, 
thus indicating that the observed trace element zonation did 
not cause the commonly observed decoupling of the two 
 isotopic clocks within the obtained precision (Fig. 4, Suppl. 
Fig. S1, Table 1). Both ages are interpreted as reflecting  
the average age of garnet crystallization on a prograde path. 
When taking into consideration that the Nd, Sm, Lu, and Hf 
zonation gradient is not very strong, the obtained ages are not 
very far from the temperature peak. 

Dating of the HP and MP rocks in the Tatra Mts. – compa
rison of available data

The U–Th–Pb dating of magmatic zircon cores indicates the 
crystallization age of a basaltic magmatic precursor of eclo-
gitic boudins at ca. 600–560 Ma (Gawęda et al. 2017) and  
ca. 503–480 Ma (Putiš et al. 2009; Burda et al. 2021) within 
the CWC. The Lu–Hf and Sm–Nd dating of eclogite and meta-
pelitic gneisses from the Tatra Mts. presented in this study 
provides a new set of accurate and precise ages on Variscan 
metamorphism in the Western Carpathians. Lu–Hf dating of 
eclogite resulted in 354.5 ± 1.2 Ma age of prograde eclogite 
facies metamorphism. We did not manage to obtain precise 
Sm–Nd age for eclogite (298 ± 43 Ma), however, Moussallam 
et al. (2012) dated eclogite collected near the Baranec summit 
to 337.2 ± 9.9 Ma using isotope dilution and Thermal ioni-
sation mass spectrometry (ID-TIMS). The authors interpreted 
the latter age as post-eclogite, retrograde garnet re-equili-
bration. 

All four ages obtained for metapelites define the time of 
prograde garnet growth at about 346 Ma. These data suggest 
that high-pressure, eclogite facies metamorphism occurred in 
the Tournaisian, while medium-pressure metamorphism took 
place in the Visean (both Early Carboniferous) times (Fig. 5). 
Due to differences in rheology and rock composition, the 
eclogite garnets Lu–Hf isotopic system was closed during its 
maximum burial at HP conditions, whereas the metapelites 
recorded their maxima growth at the mid-crustal conditions. 
Also worthy of consideration is the medium-pressure/high- 
temperature metamorphism between ca. 350–340 Ma, which 
was recorded similarly by dating of zircon and monazite in 
sillimanite-bearing gneisses and migmatites (Moussallam et 
al. 2012; Janák et al. 2022). Both metapelite samples from  
the present study were dated also by the monazite Th–U–Pb 
method with 350–345 Ma ages (Janák et al. 2022). Interes-
tingly, two groups of monazites were identified in the sample 
Ger-1/17. The low-Y monazite, which shows an age of  
356.5 ± 6 Ma (Mnz-1), may have reflected an older meta-
morphic event at higher-P (ca. 7.5 kbar), whereas the high-Y 
monazite, which gives an isochron age of 345.8 ± 6 Ma  
(Mnz-2), recorded younger MP/HT metamorphism M2 accor-
ding Janák et al. (2022). 

Previous LA-MC-ICP-MS amphibolite zircon U–Pb age 
data from the Polish part of the Western Tatras indicated  
the parent mantle-derived basaltic magma crystallization at  
ca. 560 Ma, with potential high-pressure metamorphic over-
growth at ca. 387–372 Ma and a younger (medium-pressure) 
event at ca. 342–338 Ma (Gawęda et al. 2017). Later, Gawęda 
et al. (2018) dated amphibolite U–Pb zircons from the nor-
thern Polish part of the Western Tatra with two age popula-
tions: (1) 385 Ma and (2) 346 Ma, while the apatites from 
identical amphibolite samples gave an age of 351.8 ± 4.4 Ma. 
Although the titanites from amphibolite from the southern 
Slovak part of the Western Tatras yielded a U–Pb age of 
345.3 ± 4.5 Ma, Gawęda et al. (2018) thus interpreted the age 
of ca. 345 Ma as the climax of metamorphism and the onset  
of immediate exhumation of the entire Tatra Mts. Recent 
Secondary Ion Mass spectrometry (SIMS) U–Pb zircon age 
data from the eclogite in the Western Tatras (Baranec) by 
Burda et al. (2021) recorded two zircon forming events:  
(1) ≥367 Ma, interpreted by Burda et al. (2021) as a minimum 
age for eclogite facies metamorphism, and (2) 349 Ma, inter-
preted as retrogression under amphibolite facies conditions. 
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Very little is known about the age of the Variscan meta-
pelite (MP) metamorphism in the Western Carpathians.  
The publi shed Rb–Sr WR isochrons and WR–biotite pairs  
(ca. 355–351 Ma) from the Malé Karpaty Mts. biotite gneisses 
(Tatric Unit) have shown ages that are coeval and/or slightly 
predate the intrusion of the Variscan granitic rocks (Bagda-
saryan et al. 1983). Considerable thermal overprint by the 
extensive Variscan migmatization/ granitization onto the CWC 
metamorphic rocks caused the available K–Ar and Ar–Ar 
muscovite and biotite cooling ages (ca. 335–312 Ma with 
 sporadic maxima at 345 Ma) to reflect ultimate exhumation of 
the entire CWC due to extension and unroofing of the base-
ment formed by the Variscan orogeny (Bagdasaryan et al. 1977; 
Maluski et al. 1993; Janák 1994; Dallmeyer et al. 1996). 
Recently, Gawęda et al. (2018) presented apatite U–Th–Pb 
dating of biotite paragneiss from the metamorphic basement 
of the Western Tatra Mts. with an age of 342.6 ± 7.1 Ma;  
the authors proposed a metamorphic climax at ca. 345 Ma and 
contemporaneous metapelites anatexis due to rapid exhuma-
tion. Interestingly, almost all of the recent results of geochro-
nometry, including our data, indicate the medium-pressure/
high-temperature metamorphism of metapelites and/or their 
migmatization between ca. 350–340 Ma in the Tatra Mts. 
When taking into consideration the aforementioned age data 
sets (Gawęda et al. 2017, 2018; Burda et al. 2021), there would 
be an age gap of at least 20 Myr between the HP metamor-
phism and the MP/HT metamorphism in the Tatra Mts. 
However, zircon commonly grows only during pre-HP pro-
grade or during retrograde amphibolite-facies conditions in 
similar tectonic environments and mechanisms; indeed the 
subduction–exhumation events appear to be discrete, discon-
tinuous, and last < ca. 10 Ma (Warren 2013). It is also worth 
mentioning that the Lu–Hf and Sm–Nd age data presented  
in this study indicate that the time span between the HP  
and MP metamorphism was ~10 Myr in the Tatra Mts. Earlier 
metamorphism in the eclogite (ca. 355 Ma) can be the expres-
sion of a deeper position within the subducting slab and thus, 
eclogite garnet started to grow ca. 10 Myr earlier than garnets 
in the sillimanite-bearing gneiss at a shallower level. 

Comparison with the surrounding areas

Eclogite facies metamorphism is known from all three prin-
cipal parts of the CWC – the Tatric, Veporic, and Gemeric 
units (e.g., Janák et al. 1996, 2007, 2009; Janák & Lupták 
1997; Faryad et al. 2005, 2020). Albeit, the presented Lu–Hf 
garnet dating of the eclogite facies metamorphism is the first 
from the Western Carpathians. 

The Western Carpathians geological structure is comparable 
to the Eastern Alps. However, a number of eclogite localities 
were recognised within the Alps; they show either a Variscan 
or Alpine age of HP (UHP) metamorphism. The Lu–Hf gar-
net dating study showed that the majority of eclogites from  
the Austroalpine high-pressure belt (Saualpe/Koralpe, Scho ber-
gruppe, Sieggraben, Texelgruppe, and Pohorje localities) yiel-
ded prograde garnet growth ages between 101.79 ± 0.92 Ma 

and 89.89 ± 0.37 Ma, suggesting a short period of (ultra)
high-pressure metamorphism (Miladinova et al. 2022). How-
ever, the recent Lu–Hf dating of eclogite garnets from  
the Schobergruppe revealed, in addition to the Alpine ages  
(ca. 97 Ma), a Variscan ca. 313–300 Ma age of eclogitization 
as well (Hauke et al. 2019). Similar scattered relics of Varis-
can eclogite facies metamorphism were identified in other 
parts of the Austroalpine basement, e.g., in the Ötztal Nappe 
(347 ± 9 Ma; Miller & Thöni 1995), Silvretta Nappe (351  
± 22 Ma; Ladenhauf et al. 2001), and Ulten Zone (336.1  
± 4.4 Ma; Tumiati et al. 2003). Eclogitized metagabbros 
yielded the Sm–Nd isochron protolithic ages between ca. 275 
and 247 Ma for the Saualpe/Koralpe samples (Thöni & Jagoutz 
1992; Miller & Thöni 1997). Similarly, combined zircon U–Pb 
dating, whole rock geochemistry, and Hf isotope analysis 
revealed that the eclogite samples for the Saualpe/Koralpe  
and Sieggraben samples predominantly show the Permian to 
Middle Triassic protolith ages of ca. 253–241 Ma (Chang et al. 
2022, 2023). 

The Bohemian Massif, as a part of the stable European 
Variscan belt, is characterised by the abundant presence of eclo-
gites and/or HP (UHP) products within the Saxothurin gian, 
Teplá–Barrandian, and Moldanubian units. Distinct phases of 
HP (UHP) metamorphism from the mid Devonian through to 
the Carboniferous were identified due to oceanic and con-
tinental subduction and subsequent exhumation. The mid- 
Devonian phase (ca. 400–380 Ma) mirrored the eclogite facies 
conditions before a pervasive granulite facies overprint (e.g., 
O’Brien 1997; Anczkiewicz et al. 2007; Collett et al. 2018).  
A second phase was characterised by blueschist- to eclogite- 
facies metamorphism in the Late Devonian and Early Carbo-
niferous (ca. 360–350 Ma; e.g., Schmädicke et al. 2018; 
Konopásek et al. 2019). However, the third phase was asso-
ciated with spectacular occurrences of Carboniferous (ca. 
355–335 Ma) UHP and ultra-high temperature (UHT) assem-
blages (e.g., Medaris et al. 2006; Ackerman et al. 2016). 

Unlike the HP eclogite facies metamorphism, there is a lack 
of real geochronological data for the mid-crustal metapelites 
(MP or MP/HT gneiss) metamorphism in Central Europe. 
Since recent Lu–Hf garnet data are lacking in the Alps,  
the Variscan metapelite metamorphosis was deduced often 
from the U–Th–Pb, Sm–Nd, or Rb–Sr isotopic determina-
tions. Geochronological data (Rb–Sr WR isochrons and white 
micas Ar–Ar data) support the existence of a two-stage deve-
lopment of the Variscan metamorphism of the acidic metavol-
canic rocks and quartz-phyllites from the Eastern Southalpine 
basement. The first stage at about 350 Ma has been related to  
the early regional heating, whereas the second stage at  
330–325 Ma likely dates the thermal climax (Del Moro et al. 
1980; Meli 2004). The Variscan metapelite metamorphism 
reached amphibolite facies, and its peak age was well con-
strained by Sm–Nd WR–garnet ages of 343–331 Ma (Hoinkes 
et al. 1997) and EMPA CHIME monazite ages of 335–320 Ma 
(Schulz 2021) from the Ötztal-Stubai Complex in the Western 
Austro alpine. The stromatic gneisses yielded WR–garnet  
Sm–Nd age, which indicates an isotopic homogenization 
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event at 330.4 ± 4.4 Ma in the Ulten Zone of the Eastern Alps 
(Tumiati et al. 2003). Although Hauzenberger et al. (1996) 
obtained a WR–garnet Sm–Nd isochron of 351 ± 1 Ma from 
the Ulten stromatic gneisses (garnet–kyanite paragneiss), it was 
interpreted as the age of Variscan high-grade metamorphism. 
Interestingly, Del Moro et al. (1999) presented Rb–Sr isotopic 
data from identical stromatic gneisses that scattered along  
a reference isochron of 330 Ma, which was interpreted as 
migmatization connected with intrusion of the Hercynotype 
plutons in the Alps. The two-stage evolution of the high- 
pressure paragneisses of the Variscan Ulten Zone, which 
 confirmed monazite in situ U–Th–Pb data by LA–ICP-MS 
(Langone et al. 2011) with the old ages of 351–343 Ma (Mnz-I 
– shielded by garnet), has been related to a prograde stage of 
the Variscan metamorphic evolution, while the younger ages 
of 330–326 Ma (Mnz-II – small matrix monazites and porphy-
roblasts) were related to the thermal metamorphic peak and 
migmatization of the entire Ulten Zone. However, the Variscan 
metamorphism in the Alps seems to be coeval or even younger 
than the widespread Variscan granitic magmatism, thus cau-
sing a regional contact-metamorphism and elevated heat flow 
(Schaltegger & Gebauer 1999). 

The MP metamorphism in the Bohemian Massif is well- 
documented by Lu–Hf WR–garnet dating with ages of 344.5 
± 1.3 and 342 ± 7 Ma, and SIMS monazite U–Pb results with  
an age of 341 ± 3 Ma of the garnet-bearing micaschists from 
the Krkonoše–Jizera Massif of the Saxothuringian Domain 
(Konopásek et al. 2019). However, Kröner et al. (2000) pro-
posed that U–Th–Pb SHRIMP zircon data from granulites  
of the Moldanubian Zone (southern Bohemian Massif) with  
an age of ca. 340 Ma, together with identical data from the 
cordierite-bearing melt, may indicate decompression and/or 
the medium to low pressure granulite facies stages. A similar 
scenario was confirmed as well by Friedl et al. (2011) for the 
Dunkelsteiner Wald granulites (Moldanubian Zone, Bohemian 
Massif), obtaining the coeval SHRIMP zircon concordia ages 
of 342–337 Ma. Monazite in situ U–Th–Pb geochronology in 
the Erzgebirge Crystalline Complex (Saxothuringian Zone)  
on phyllites and micaschists surrounding the UHP core of  
the Erzgebirge dome revealed that the hanging-wall phyllites 
experienced prograde metamorphism at ca. 350 Ma, followed 
by exhumation at ca. 345–340 Ma (Jouvent et al. 2023). 
Interestingly, the MP amphibolite-facies retrogression at ca. 
350–330 Ma occurred in various units (zones) of the Bohemian 
Massif (Lardeaux et al. 2014 and references therein), which 
was caused by extensive granitic magmatism within the 
European Variscides. 

When summarizing the above-presented work, it is obvious 
that the HP eclogite facies metamorphism from the Tatra Mts. 
at ca. 355 Ma has analogues in the Alps (the Ötztal Nappe and 
Silvretta Nappe) and the HP (UHP) second phase in the 
Bohemian Massif. Similarly, the MP (MP/HT) metamorphic 
event from the Tatra Mts. at about 346 Ma in the sillima nite-
bearing gneisses and migmatites correspondingly reflects  
the situation in the metapelitic middle crust in the Alps and  
the Bohemian Massif. 

The collision zone extending from the stable European 
Variscides to the Western Carpathians can be identified by  
the occurrence of eclogites in the Tatra Mts. and some other 
pre-Alpine basement complexes of the Western Carpathians 
(Janák et al. 2007; Faryad et al. 2020). However, the pre- 
Alpine basement of the Western Carpathians has been affected 
by Alpine tectonic events, and its original position and con-
nection to the Variscan orogenic belt in Europe is uncertain. 
Similarities to the Bohemian Massif have been proposed 
(Moussallam et al. 2012), suggesting an eastern extension of 
the Moldanubian zone. Alternatively, Neubauer et al. (2022) 
suggested that the Variscan collision zone spread from the 
Eastern Alps to the Western and Southern Carpathians, as Late 
Devonian–Carboniferous plate convergence led to subduction 
of the Paleo-Adria margin underneath the accreted Variscan 
convergence belt.

Generally, the high-pressure metamorphism was accompa-
nied by stacking of nappe sheets during continental subduction/ 
collision processes in the Variscan Europe. The continuous 
return of deep crustal material from the subduction channel 
after maximum of the crustal-stacking was associated conse-
quently with extension and crustal thinning. This led to a jux-
taposition of rock units that were metamorphosed at different 
depths and in different periods of the lifetime of the continen-
tal subduction/collision zone, thus suggesting at least a 10 Myr 
when the originally deeper eclogites reached the hot migma-
tized gneisses in the middle crustal level in the Tatra Mts. 
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