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Abstract The tectonothermal evolution of the highest mountain range in the Carpathian arc—the Tatra
Mountains— is investigated by zircon and apatite fission track and zircon (U-Th)/He (ZHe) dating methods
in order to unravel the disputed exhumation and geodynamic processes in the Western Carpathians.

Our data in combination with geological evidences reveal a complex Cenozoic history, with four major
tectonothermal events: (i) a very low grade metamorphism of the crystalline basement at temperatures
>240°C due to tectonic burial during the Eo-Alpine collision in the Late Cretaceous (~80 Ma); (i) exhumation
and cooling of the basement to temperatures <130°C related to postorogenic collapse during Late
Cretaceous-Paleocene times; (iii) Middle Eocene-Early Miocene reheating to >150°C after burial to 5-9 km
depths by the Paleogene fore-arc basin; (iv) final exhumation of the segmented basement blocks during
Oligocene-Miocene (32-11 Ma) owing to lateral extrusion of the North Pannonian plate and its collision
with the European foreland. The spatial pattern of thermochronological data suggests asymmetric
exhumation of the Tatra Mountains, beginning in the northwest at ~30-20 Ma with low cooling rates
(~1-5°C/Ma) and propagating toward the major fault bounding the range in the south, where the youngest
cooling ages (16-9 Ma) and fastest cooling rates (~10-20°C/Ma) are found. Our data prove that the Tatra
Mountains shared Cenozoic evolution of other crystalline core mountains in the Western Carpathians.
However, the Miocene ZHe ages suggest that the Tatra Mountains were buried to the greatest depths in
the Paleogene-Early Miocene and experienced the greatest amount of Miocene exhumation.

1. Introduction

The Western Carpathians represent the northernmost branch of the Alpine orogenic belt in Europe (Figure 1).
They have experienced a complex Alpine tectonothermal evolution, comprising Jurassic rifting and basin
formation, Cretaceous collisional tectonics, extensional collapse, lateral tectonic extrusion of a fragment of
the Adriatic plate (so called ALCAPA or North Pannonian block), and intricate interaction of that fragment
with the European foreland in the Tertiary period, leading to the formation of an accretionary wedge with
thin-skinned thrusts in the foreland and coeval back-arc extension forming the Pannonian basin system
in the hinterland [e.g., Behrmann et al.,, 2000; Csontos, 1995; Frisch et al., 2000; Plasienka et al., 1997;
Ratschbacher et al, 1991a, 1991b; Royden et al., 1982, 1983; Sperner et al., 2002; Tari et al., 1992, 1999;
Wortel and Spakman, 2000]. Although the principal geodynamic processes of the Western Carpathian orogen
are, in general, qualitatively well described by conceptual models [e.g., Kovdc et al., 1994, 2007; Plasienka et al.,
1997; Ratschbacher et al., 1991a; Sperner et al.,, 2002], a number of fundamental questions regarding the
Alpine collisional and postcollisional evolution (e.g., timing and grade of metamorphism, timing, rate and
nature of burial, and exhumation processes) remain controversial. For instance, two contradictory models
of postcollisional exhumation evolution of Western Carpathian crystalline core complexes have been put
forward. A traditional view is that the Variscan crystalline basement complexes experienced a simple, steady
state cooling [Kovdc et al., 1994]. In contrast, a complex thermal history has been suggested with at least one
phase of reheating related to sedimentary burial in the Paleogene or Neogene, and/or Miocene mantle
upwelling associated with increased heat flow [e.g., Danisik et al., 2004, 2008a, 2008b, 2010, 2011, 2015].
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Figure 1. Simplified tectonic map of the Western Carpathians after Zytko et al. [1989]. Black rectangle: study area. Inset: the
location of map.

In this study we target the Tatra Mountains—a ~57 km long and ~19 km wide, prominent mountain range
in the Western Carpathians, which, with Gerlach Peak (2655 mabove sea level (asl)), represents the
topographically highest mountain range in the entire Carpathian Arc. While the well-known Late Cretaceous
(Eo-Alpine) collision in the Western Carpathians has been documented in the Tatra Mountains by numerous
independent pieces of evidence, including K-Ar geochronology, paleomagnetic, and stratigraphic data
[Lefeld, 1997; Maluski et al., 1993; Srodor et al., 2006; Wolska et al., 2002], the subsequent posttectonic
exhumation history has been a matter of discussion for more than 40 years. This is due to the very limited
Cenozoic geological record in the area, the low number of high-quality low-temperature thermochronological
data that would allow quantitative reconstruction of burial/exhumation history, and the lack of compelling
seismic data that would allow to understand the deep structure of the mountain range.

From a historical perspective it is noteworthy that the Tatra Mountains was one of the first areas investigated
by the fission track dating method. Already in 1970s of the last century, Burchart [1972] and Krdl [1977]
reported apatite fission track ages of 37-10 Ma from the Tatra Mountains and interpreted them as recording
a Late Eocene to Miocene exhumation of the basement rocks. It has to be acknowledged that these pioneer-
ing data were measured by the antiquated population dating method and without the use of high-power
microscopy and computer-automated stages for accurate (re)locating and counting of fission tracks. Thus,
the difference between some of their ages and modern data (collected by using modern technologies and
refined analytical procedures) has led to misleading interpretations in the past, but should in no way be seen
as a reason for criticism of these heroic achievements. A great deal of thermochronological data, including
zircon and apatite fission track and (U-Th)/He dating of zircon and apatite, has been reported by several
research teams in the last ~13years [Anczkiewicz et al., 2005; Baumgart-Kotarba and Krdl, 2002; Krdlikovd
et al, 2014; Struzik et al., 2002; Smigielski et al., 2010, 2011, 2012]. A compilation of reported ages shows a wide
scatter spanning from 45 Ma to 2 Ma, whereby individual data sets have been interpreted in different ways,
including differential exhumation of segmented basement blocks, varying burial depths in the Early Tertiary,
Quaternary erosion related to topographic growth or imprecision of the applied analytical techniques
[Anczkiewicz et al., 2005; Baumgart-Kotarba and Krdl, 2002; Struzik et al., 2002; Smigielski et al,, 2010, 2011,
2012]. Unfortunately, most of the data were published as conference abstracts, and none of these studies
provide critical information such as sample location, analytical procedures, or analytical results. Consequently,
it is not possible to evaluate the quality of the reported data, investigate spatial distributions and trends, and
ultimately reconstruct the tectonothermal history.
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In this study, we seek to clarify the diverse geodynamic models proposed for the Tatra Mountains, by
applying zircon and apatite fission track (ZFT and AFT, respectively) and zircon (U-Th)/He (ZHe) dating
methods, which cover the temperature range of 240-60°C [e.g., Brandon et al., 1998; Hurford, 1986; Reiners
et al., 2004]. We also report the first comprehensive thermochronological data set based on a large number
of samples (n=35), systematically collected across the Tatra Mountains which allows us to examine the
disparity in previously published ages. Our new data, in combination with available geological constraints,
allow us to identify and quantify the timing and rates of cooling/heating episodes and reconstruct the
metamorphic, exhumation and burial history of the Tatra Mountains throughout the Cenozoic era, which
have implications for elucidating the geodynamic evolution of the Western Carpathians and thus the
European Alpine chain in general.

2. Geological Setting

The Western Carpathians form the northernmost and the westernmost segment of the Carpathian orogenic
belt, which represents an eastern continuation of the Eastern Alps (Figure 1). They are traditionally subdi-
vided into two main tectonic domains—the Outer and the Inner Western Carpathians [Birkenmajer, 1986;
Ksigzkiewicz, 1977]. The Outer Western Carpathians (OWC) form a nappe stack of lower Cretaceous to lower
Miocene flysch sequences, which developed by northward thrusting of several basins at the northern
margin of the Tethys ocean during the collision of the North Pannonian (ALCAPA) block with the
European plate in the Early-Middle Miocene [e.g., Csontos et al., 1992; Nemcok et al., 1989; Rdgl, 1996;
Sperner et al., 2002]. The OWC are separated from the Inner Western Carpathians by the Pieniny Klippen
Belt—a narrow, E-W trending suture zone comprising strongly deformed carbonates of Jurassic to
Cretaceous age, interpreted as a plate boundary between the European plate to the north and the North
Pannonian block to the south [Biely, 1989; Birkenmajer, 1986; Nemcok and Nemcok, 1994; Nemcok et al.,
1989; Ratschbacher et al., 1993; Régl, 1996; Sperner et al., 2002]. The Inner Western Carpathians (IWC)
comprise Variscan crystalline basement core complexes with autochthonous Upper Paleozoic-Mesozoic
sedimentary cover overlain by Mesozoic nappes, posttectonic Paleogene flysch sediments of the so-called
Central Carpathian Paleogene Basin (CCPB), Neogene sediments of the Pannonian Basin, and Neogene
volcanic rocks [e.g., Lexa et al., 2000].

The Tatra Mountains mark the northernmost basement core complex of the IWC. The complex consists (from
the bottom to the top) of the following: (i) the crystalline basement core that formed during the Variscan
orogeny in the Carboniferous and constitutes a major portion of the mountain range [e.g., Jandk, 1994;
Jandk et al., 1996, 1999; Nemcok et al., 1993; Nemcok and Nemcok, 1994; Putis, 1992]. The basement core is
composed of magmatic rocks (granites, granodiorites, and tonalites) dated as 350-290 Ma (U-Pb and Rb-Sr
data) [Burchart, 1968; Burda et al., 2013; Gaweda, 1995; Gaweda et al., 2014; Poller et al., 1999, 2000; Poller
and Todt, 2000], and by medium- to high-grade metamorphic rocks (gneisses, migmatites, mica-schists,
and amphibolites) with metamorphic ages of 357-322 Ma (Ar/Ar data) [Dallmeyer et al., 1993, 1996; Kohit
and Sherlock, 2003; Maluski et al., 1993; Moussallam et al, 2012], exposed in the western part of the range
[Jandk, 1994; Jandk et al., 1996, 1999; Nemcok et al., 1993; Nemcok and Nemcok, 1994; Putis, 1992]; (i) autochtonous
Upper Paleozoic-Mesozoic sedimentary cover, contouring the crystalline core from the north [Plasienka et al.,, 1997;
Plasienka, 2003]; and (iii) two allochthonous nappes (the so-called Krizna Nappe (Fatricum) and Cho¢ Nappe
(Hronicum)) [Plasienka et al., 19971 that are composed of analogous Mesozoic rocks preserved mostly along the
northern margin of the range (Figure 2a).

The Mesozoic nappes were thrust onto the Variscan crystalline basement and its sedimentary cover during
the Eo-Alpine shortening in the Late Cretaceous (~93-89 Ma; Turonian) [e.g., Andrusov, 1965; Andrusov
et al., 1973; Plasienka, 2003]. The thickness of the individual Mesozoic nappes was probably quite variable
but never exceeded 2 km as estimated from the lithological columns [Nemcok et al., 1993]. The degree of
Alpine metamorphic overprint on the crystalline basement is still a matter of discussion. While some authors
argued for no or only a very weak metamorphic condition (i.e., anchizonal to lower greenschist facies)
restricted to shear zones [e.g., Krist et al., 1992; Plasienka et al., 1997; Plasienka, 2003], others argued for a
distinct Alpine overprint of the crystalline basement and cover units to low-grade metamorphic conditions
[e.g., Jurewicz and Koztowski, 2003; Kotarba, 2003; Wolska et al, 2002]. The arguments supporting the
Alpine metamorphic overprint include PT estimates of ~212-254°C/~145-170 MPa based on fluid inclusions
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Figure 2. (a) Sample locations from the Tatra Mountains depicted on a simplified geological map after Zytko et al. [1989]. (b) AFT and ZHe age-elevation diagram for
samples from the Rysy Peak with calculated exhumation rate. (c) Cross section along the Western Tatra Mountains.

thermobarometry data [Jurewicz and Koztowski, 2003], Cretaceous reset of Ar/Ar and K/Ar systems in
some micas from Triassic bentonite and “pietra verde” type tuffite (suggesting temperatures of >300-350°C)
[Kotarba, 2003; Maluski et al., 1993; Koszowska et al., 1998, 2001; Wolska et al., 2002], and remagnetization
of the carbonates in the Mesozoic nappe indicative of temperatures >150°C [Grabowski, 1997]. Finally,
conodont alteration index values (~1.5-2) and vitrinite reflectance data (0.9-1.8%) suggest maximum
burial temperatures of ~50-140°C and 105-150°C, respectively [Grabowski et al., 1999; Marynowski et al.,
2001, 2006; Poprawa et al., 2002].

The postthrusting evolution is less clear as there are no post-Late Cretaceous sediments preserved directly on
the mountain range but only in the surrounding basins. Nappe stacking was likely followed by postorogenic
collapse [e.g., Plasienka et al., 1997; Ratschbacher et al.,, 1991a, 1991b; Sperner et al., 2002] associated with
erosion of Mesozoic nappes and exhumation of the Variscan crystalline core and its cover sequences, lasting
until the Paleocene-Early Eocene. This is evidenced by components of Triassic and Liassic rocks found in the
basal conglomerates of the next (Eocene) sedimentation cycle [Lefeld, 1985, 1997; Roniewicz, 1969] and by
late Cretaceous-earliest Paleocene “°Ar/*°Ar ages on mica (75+1 to 63 +1Ma) [Maluski et al, 1993] and
ZFT ages (76.8 £ 11 t0 63.9 = 11 Ma) [Krdlikovd et al., 2014] pointing to a cooling of the basement at that time.
It has been argued that even some parts of the crystalline basement in the western part of the Tatra
Mountains could have been exhumed to the surface as the Eocene transgressive sedimentary sequence
(see below) was deposited directly on the exposed basement rocks (e.g., at locality Ko3ariskd) [Andrusov,
1959; Nemcok et al., 1994].

In the Middle Eocene, a fore-arc basin (Central Carpathian Paleogene Basin, CCPB) developed along the
northern margin of the ALCAPA microplate, close to the accretionary wedge of the OWC [Kdzmér et al., 2003].
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The new sedimentation cycle began in the Lutetian (49-42 Ma) with a marine transgression and deposition of
the Nummulitic Eocene and continued with carbonate platform development and flysch deposition lasting
until the earliest Miocene [Bieda, 1959, 1963; Garecka, 2005; Ged|, 1999; Gross et al., 1984, 1993; Olszewska
and Wieczorek, 1998; Sotdk et al., 2001; Sotdk, 2010; Starek et al., 2012; Tokarski et al., 2012]. The CCPB sedi-
ments envelope the Tatra Mountains in series of basins, including Podhale Basin in the north, Orava Basin
in the west, Spis Basin in the east, and Liptov Basin in the south. However, whether or not the Paleogene
sedimentation cycle influenced the cooling evolution of the basement is still unclear, as is the amount of
CCPB strata removed during Neogene erosion. Some authors [e.g., Kohdt and Sherlock, 2002] assumed no
Paleogene cover on the Tatra Mountains. In contrast, based on paleocurrent measurements in Eocene and
Oligocene sediments, Marschalko [1968] suggested that no positive morphological feature existed at the
location of the present-day Tatra Mountains, suggesting a complete burial of the range. A Late Eocene-
Oligocene AFT age of ~37-24 Ma reported by Burchart [1972] and Krdl' [1977] has been interpreted as mark-
ing the exhumation of the massif to surface at that time. In contrast, Miocene AFT ages [Anczkiewicz et al.,
2005; Baumgart-Kotarba and Krdl, 2002; Burchart, 1972; Krdl, 1977; Krdlikovd et al., 2014; Struzik et al., 2002;
Smigielski et al,, 2010, 2011, 2012], the significant thickness of Paleogene sediments in the surrounding basins
[Sotdk et al., 2001], fluid inclusion data [Hurai et al., 2000], and analogy with other core mountains in the IWC
[cf. Danisik et al., 2004, 2008a, 2008b, 2010, 2012] may suggest a significant burial in the Paleogene followed
by an exhumation in the Neogene.

Inversion and disintegration of the CCPB basin started in the Late Oligocene-Early Miocene times in the course
of the lateral extrusion and NEE-NE movement of the ALCAPA microplate [Ratschbacher et al., 1991a, 1991b;
Nemcok, 1993; Sperner et al, 2002]. This process was accompanied by extension in the Pannonian region.
Subsequently, another sedimentation cycle, represented by transgression of the Pannonian Sea, commenced
in the IWC, during the Early Miocene. None of these sediments are preserved directly in the study area; however,
>1km of Middle Miocene-Pliocene sediments are preserved in the small Orava-Nowy Targ Basin located
~10 km north of the Tatra Mountains (Figure 1) [Gross et al., 1993; Tokarski et al., 2012; Wagner, 2011;
Watycha, 1976].

Quaternary sediments are represented by alluvial fans and glacigenic sediments reaching a few hundred
meters in thickness and found in the southern foothills of the western Tatra Mountains [Birkenmajer, 2009;
Nemcok, 1993].

At present, the Tatra Mountains forms a prominent horst structure that must have existed in the Pleistocene
as evidenced by glacigenic sediments. The youngest sediments in the area of the Tatra Mountains are related
to Pleistocene glaciation and to Holocene erosion and accumulation processes. Pleistocene sediments are
dominated by glacial moraine and fluvial deposits while the Holocene rocks are represented by unconsoli-
dated sediments, mainly sands, silt, and gravels as well as alluvial soils, peat, and peat silts [Bac-Moszaszwili
and Jurewicz, 2010; Jurewicz, 2005]. Structural data and preservation of the Mesozoic cover units along
the northern margin of the range suggest that the Tatra Mountains was asymmetrically uplifted and
tilted by 40° toward the north along the Sub-Tatra fault—a major fault bounding the range from the south
[Bac-Moszaszwili et al., 1984; Jurewicz, 2000; Piotrowski, 1978; Sokofowski, 1959; Uhlig, 1899]. The Tatra
Mountains massif is cut by NE-SW trending tectonic zones, which developed during the Alpine orogenesis
in the Late Cretaceous [Sperner et al., 2002], and some of them were reactivated in the Neogene and
Quaternary [Vojtko et al., 2010].

3. Samples and Methods
3.1. Sampling Strategy

To fully examine the regional pattern of exhumation, we collected 32 samples from the crystalline basement
and three samples from Triassic sediments of the autochthonous sedimentary cover, all regularly distributed
across the Tatra Mountains (Figure 2a and Table 1). In addition, one sample of Lower Oligocene (Rupelian)
sandstone from the CCPB was collected from the Liptov Basin south of the Sub-Tatra fault, in order to
give an indication of the magnitude of postdepositional reheating and to investigate differential block
movements along the major fault. To better constrain exhumation rates, one steep elevation profile of six
samples was collected every ~200m over 1000 m elevation along the trail to the top of the Rysy peak
(2499 m asl) (Figure 2b).
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Figure 3. (a) Database of all published low-temperature thermochronology data (ages in Ma) from the Tatra Mountains displayed on a digital elevation model. The
strikethrough ages from older studies are considered erroneous. Color-coded presentation in the form of (b, d) circles and (c, e) interpolation clearly shows a
southward/(south easternward) younging trend. We acknowledge that interpolated areas without any data points should be interpreted with caution.

Pfeiffer Prisma QMS-200 mass spectrometer. Degassed zircon was dissolved following the procedure of
Evans et al. [2005] and analyzed by isotope dilution for U, Th. and by external calibration for Sm on a
Perkin Elmer SCIEX ELAN DRC Il ICP-MS. The total analytical uncertainty (TAU) was calculated as a square
root of the sum of squares of uncertainty on He and weighted uncertainties on U, Th, Sm, and He measure-
ments, and is typically <3% (1c). The raw ZHe ages were corrected for alpha ejection (Ft correction) after
Farley et al. [1996], whereby a homogenous distribution of U, Th, and Sm was assumed for the crystals.
Replicate analyses of Fish Canyon Tuff zircon (n=12) measured over the period of this study as internal
standards yielded mean ZHe age of 28.5 +£ 0.9 Ma, which is in excellent agreement with the reference age
of 28.3 + 1.3 Ma [Reiners, 2005].

The low-temperature thermal history based on thermochronological data was modeled by the HeFTy modeling
program [Ketcham, 2005] operated with the multikinetic fission track annealing model of Ketcham et al. [2007]
using Dpar as kinetic parameter. For the helium diffusion kinetics in zircon we adopted the model of Guenthner
et al.[2013] as it should better account for the radiation damage than the traditionally used diffusion model of
Reiners et al. [2004].

4. New Results and Comparison With Existing Data
4.1. ZFT and ZHe Data

Reconnaissance ZFT dating of a basement sample (41/01) from the SW margin of the Tatra Mountains
revealed an age of 55.2+4.3 Ma (Table 1 and Figure 3a), which is significantly older than the corresponding
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Table 2. Zircon (U-Th)/He Results®

Zircon (U-Th-Sm)/He Data From Tatra Mountains

232Th =+ 238U + 147Sm + He + TAU Raw Age 1o + Cor.Age =lo
Sample Code Nc (ng) (%) (ng) (%) (ng) (%) (ncc) (%) (%) el Th/U (Ma) (Ma) Ft (%) (Ma) (Ma)
11/01-1 1 0.110 1.7 0.240 22 0.008 509 0.789 1.2 23 3779 045 244 06 0.60 5 40.9 2.2
11/01-2 1 0.162 1.6 0343 2.1 0.002 234 1542 1.2 2.2 719.9 047 33.2 0.7 0.64 5 51.6 28
11/01-3 1 0180 16 0257 22 0002 251 1077 12 22 388 069 29.5 07 062 5 47.5 25
11/01-4 1 0056 19 0358 2.1 0.003 249 1.391 1.2 23 561.1 0.15 30.8 0.7 0.1 5 50.5 2.7
11/01-5 1 0197 16 0295 21 0.000 16.1 1.235 1.2 22 329.0 0.66 29.7 0.7 0.60 5 493 2.6
Weighted average + SD 473 42
13/01-1 1 0.168 1.6 0.830 22 0.000 203 4.406 1.2 24 5359 0.20 415 1.0 079 5 525 28
13/01-2 1 0194 16 1201 20 0.005 273 6.319 1.2 23 681.0 0.16 415 1.0 081 5 51.2 2.7
13/01-3 1 0314 16 1935 22 0008 439 10042 12 24 7745 0.16 41.0 10 080 5 51.0 2.7
13/01-4 1 0.139 1.6 0943 2.1 0.009 415 6.384 1.2 23 688.4 0.15 535 1.2 085 5 62.8 34
13/01-5 1 0197 16 1156 21 0004 258 503 12 23 6172 0.7 343 08 081 5 424 23
Weighted average + SD 50.4 7.3
27/01-1 1 0.157 16 1873 20 0.005 368 5.120 1.2 23 842.0 0.08 22.0 05 077 5 28.6 1.5
27/01-2 1 0177 16 2399 21 0005 326 8532 12 24 7206 007 287 07 078 5 36.7 20
27/01-3 1 0.170 1.6 0621 2.1 0.003 289 1448 1.2 23 355.7 0.27 18.0 04 073 5 245 13
27/01-4 1 0.113 1.7 2117 20 0.002 19.1 5.827 1.2 23 914.9 0.05 223 05 076 5 29.5 1.6
27/01-5 1 0317 16 1525 21 0007 257 4621 12 23 6883 021 237 05 077 5 30.7 1.6
Weighted average + SD 29.0 44
28/01-1 1 0.154 1.6 1.084 2.1 0.005 370 2822 1.2 24 11503 0.14 20.7 05 058 10 35.7 3.6
28/01-2 1 0130 16 0860 20 0004 364 1994 12 23 5434 0.5 184 04 056 10 326 33
28/01-3 1 0221 16 0684 21 0001 442 2250 12 23 9656 032 25.1 06 064 5 393 2.1
28/01-4 1 0.082 20 0728 27 0.004 580 1.119 1.2 29 9554 0.11 123 04 053 10 233 24
28/01-5 1 0134 16 0733 21 0003 470 1482 12 23 14986 0.18 15.9 04 058 10 275 28
Weighted average + SD 31.8 6.4
39/01-1 1 0.371 1.6 1418 2.1 0.009 375 2916 1.2 23 16742 0.26 159 04 071 5 224 1.2
39/01-2 1 0382 16 088 22 0005 435 2004 12 23 9203 043 16.8 04 073 5 23.0 1.2
39/01-3 1 0175 16 0857 21 0003 463 1812 12 23 10028 020 16.6 04 073 5 229 1.2
39/01-4 1 0385 16 1.065 20 0.004 287 2682 1.2 2.2 567.3 0.36 19.1 04 076 5 25.1 14
39/01-5 1 0.102 1.7 0395 2.1 0.009 36.2 0.675 1.2 23 2624 0.26 13.2 03 0.68 5 19.5 1.1
Weighted average + SD 223 20
41/01-1 1 0327 1.6 1524 2.1 0.006 454 3.368 14 24 11570 0.21 17.3 04 081 5 213 1.1
41/01-2 1 0.109 1.7 0951 20 0.005 327 1615 14 24 12642 0.11 13.6 03 074 5 18.3 1.0
41/01-3 1 0.081 1.7 0923 21 0002 332 1833 14 24 11949 0.09 16.0 04 083 5 19.3 1.0
41/01-4 1 0066 1.8 1.176 2.1 0.002 46.1 2.286 14 25 1707.6 0.06 15.8 04 077 5 204 1.1
41/01-5 1 0.079 1.7 0694 20 0.004 374 1.115 14 24 12611 0.11 12.8 03 0.80 5 16.1 0.9
Weighted average + SD 18.7 20
43/01-1 1 0230 1.6 2455 2.1 0.005 336 3.532 1.2 24 1643.1 0.09 11.6 03 073 5 15.8 0.8
43/01-2 1 0840 16 1.888 20 0.002 240 2619 1.2 2.2 14135 044 10.3 02 074 5 14.0 0.7
43/01-3 1 0207 16 0607 20 0004 407 1449 12 23 46483 034 18.2 04 083 5 21.9 1.2
43/01-4 1 0.119 1.7 0671 2.1 0.004 39.7 0.760 1.2 23 5554 0.18 8.9 02 073 5 12.3 0.7
43/01-5 1 0336 16 1280 20 0001 355 2617 12 23 12058 0.26 15.8 04 077 5 204 1.1
Weighted average + SD 154 4.1
T5-1 1 0243 16 0860 2.1 0.003 205 2141 1.2 23 625.1 0.28 19.2 04 0.62 5 311 1.7
T5-2 1 0835 16 0363 21 0024 55 1734 12 19 6375 229 255 05 067 5 38.0 2.1
T5-3 1 0124 1.7 1.079 23 0000 219 3407 12 25 9197 0.11 25.2 06 065 5 38.7 2.1
T5-4 1 0095 1.7 0681 2.1 0.005 580 2398 1.2 23 781.2 0.14 28.0 06 0.68 5 41.2 2.2
T5-5 1 0129 1.7 0823 21 0004 525 2332 12 24 8402 0.16 224 05 065 5 346 1.9
Weighted average + SD 36.0 39
T6-1 1 0.112 1.7 0439 2.1 0.003 315 1.809 1.2 23 405.2 0.25 319 0.7 0.70 5 455 24
T6-2 1 0052 19 0531 21 0009 391 2522 12 23 7019 0.10 38.1 09 072 5 529 28
T6-3 1 0116 1.7 0510 21 0002 426 2375 12 24 6332 023 36.2 09 071 5 51.0 2.7
T6-4 1 0218 1.6 0974 2.1 0.002 62.7 2651 1.2 23 1269.6 0.22 21.2 0.5 0.64 5 331 1.8
T6-5 1 0193 16 0620 20 0002 225 2455 12 22 9906 031 303 07 069 5 439 24
Weighted average + SD 43.0 7.8
ANCZKIEWICZ ET AL. MULTIPLE EVOLUTION OF THE TATRA MOUNTAINS 2304
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Table 2. (continued)

Zircon (U-Th-Sm)/He Data From Tatra Mountains

232Th £ 238U + 147Sm + He + TAU Raw Age +lc + Cor.Age =lo
Sample Code Nc (ng) (%) (ng) (%) (ng) (%) (ncc) (%) (%) el Th/U (Ma) (Ma) Ft (%) (Ma) (Ma)
27/02-1 1 0686 16 1352 20 0004 333 6859 12 22 6773 050 37.2 08 077 5 48.2 26
27/02-2 1 0418 16 0621 21 0013 103 2745 12 22 5153 067 313 07 074 5 425 23
27/02-3 1 0660 1.6 0.778 2.1 0.005 53.7 3.846 1.2 2.1 543.6 0.84 338 0.7 073 5 46.3 25
27/02-4 1 0.089 1.7 1225 22 0002 614 4893 12 24 8636 007 32.2 08 073 5 44.0 24
27/02-5 1 0591 16 1611 20 0010 400 6592 12 22 18002 036 30.9 07 072 5 43.2 23
Weighted Average + SD 446 23
28/02-1 1 0136 1.7 1984 22 0002 160 7753 14 25 6332 007 315 08 074 5 424 23
28/02-2 1 0162 16 1473 20 0009 319 5987 14 24 5235 0.11 325 08 076 5 427 23
28/02-3* 1 0.196 1.6 0.841 20 0.005 314 7.488 14 24 3920 0.23 69.0 16 077 5 89.6 4.8
28/02-4* 1 0192 16 1585 21 0005 327 10741 14 25 8007 0.12 50.9 13 074 5 69.2 3.7
28/02-5 1 0.097 17 0892 20 0.003 276 3.144 14 24 5525 0.11 28.2 0.7 074 5 38.0 20
Weighted average + SD (fliers omitted) 40.8 26
30/02-1 1 0300 16 0837 21 0002 164 3336 12 23 8058 036 30.1 07 082 5 36.6 20
30/02-2 1 0165 16 0876 21 0003 298 2453 12 23 5786 0.19 22.0 05 077 5 28.7 1.5
30/02-3 1 0217 1.6 0871 2.1 0.007 425 2421 1.2 23 619.9 0.25 215 05 078 5 27.5 1.5
30/02-4 1 0271 16 0909 21 0001 114 2719 12 23 4830 030 229 05 079 5 289 1.5
30/02-5 1 0.190 16 0572 2.1 0.004 440 1.503 1.2 23 603.6 0.33 20.0 0.5 079 5 255 1.4
Weighted average + SD 28.6 42
32/02-1 1 0382 16 0681 21 0003 167 2709 12 22 11517 056 2838 06 087 5 332 1.8
32/02-2 1 0324 16 2.09% 20 0.006 485 6.257 1.2 23 634.9 0.15 23.6 06 081 5 29.2 1.6
32/02-3 1 0498 1.6 2860 20 0.013 123 7.215 1.2 23 14582 0.17 19.9 0.5 0.80 5 25.0 1.4
32/02-4 1 0193 16 2992 20 0004 274 10370 12 24 9667 0.6 28.0 07 082 5 34.1 1.8
32/02-5 1 0417 16 1721 20 0.002 318 5976 1.2 23 12616 0.24 27.0 06 0.83 5 326 1.8
Weighted average + SD 30.0 38
38/02-1 1 0.114 1.7 1036 21 0004 377 2748 14 24 8205 0.11 212 05 073 5 289 1.5
38/02-2 1 0595 16 0978 20 0.004 236 3924 14 23 5373 0.60 28.8 06 074 5 38.9 2.1
38/02-3 1 0310 16 1191 20 0.007 289 4381 14 24 608.7 0.26 284 0.7 074 5 38.2 20
38/02-4 1 0529 16 1401 20 0003 139 3514 14 23 7995 038 18.9 04 072 5 26.4 1.4
Weighted average + SD 31.3 6.4
39/02-1 1 0256 16 1810 20 0.004 386 5.405 1.2 23 1066.1 0.14 23.7 0.5 0.68 5 347 1.9
39/02-2* 1 0260 16 0415 21 0004 190 7765 12 22 189.0 0.62 1324 29 062 5 212.6 114
39/02-3 1 0167 16 1796 21 0001 217 4610 12 24 8990 0.09 20.6 05 065 5 318 1.7
39/02-4 1 1.092 16 1672 20 0.021 176  4.898 1.2 2.1 885.6 0.65 20.8 04 0.66 5 314 1.7
39/02-5 1 0.140 16 0479 21 0007 248 1.022 12 23 3865 029 164 04 065 5 253 14
Weighted average + SD (fliers omitted) 29.9 39
47/02-1 1 0.507 1.6 2967 20 0.006 31.1 4939 14 24 932.2 0.17 13.1 03 067 5 19.5 1.1
47/02-2 1 0300 16 1284 20 0007 367 3325 14 24 7916 023 20.1 05 076 5 26.5 1.4
47/02-3 1 0858 16 1288 20 0017 305 2348 14 23 5409 066 129 03 070 5 18.6 1.0
47/02-4 1 0893 1.6 2946 2.1 0.012 136 4957 14 24 15108 030 129 03 0.69 5 18.7 1.0
47/02-5 1 0543 16 1866 21 0005 112 2432 14 24 11582 029 10.0 02 065 5 15.3 0.8
Weighted average + SD 18.6 4.1

2He: volume of “He in ncc at standard temperature and pressure; TAU: total analytical uncertainty; Unc. age: uncorrected (U-Th)/He age; Ft: alpha retention
factor after Farley et al. [1996]; Cor. age: (U-Th)/He age corrected for alpha ejection.

ZHe age (18.7 £ 2.0 Ma), documenting a long gap between the closure of the two thermochronometers. This
Early Eocene age is younger than the Paleocene ZFT ages of ~77-63 Ma reported by Krdlikovd et al. [2014]
from the SE margin of the Tatra Mountains (Figure 3a).

A summary of ZHe results is presented in Table 2 and Figures 3a-3c and 4. Seventy-six single grain ZHe ages
determined for 16 basement samples range from 50.4 + 7.3 Ma to 15.4 £ 4.1 Ma, with the majority clustering
between ~40 and ~20 Ma. These ages are similar to ZHe ages of ~44-21 Ma reported by Smigielski et al.[2010,
2011, 2012]. Reproducibility of replicates (typically five per sample) is very good in nearly all samples. Only
sample 39/02 revealed one anomalously old ZHe age of 212.6 + 11.4 Ma. While we acknowledge that such
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Figure 4. (left) ZHe and (right) AFT ages from this study plotted as a function of the distance from Sub-Tatra fault, where a
reasonably good trend of ages increasing away from the major fault is visible. The trend lines represent exponential

regression curves calculated using Excel. For regression analysis of AFT data we omitted three samples (T5, T6, and T7) from
the locally rejuvenated basement block in the central northern part of the Tatra Mountains, which are clearly “detrended.”

an anomalously old age may have represented a highly retentive crystal that was not reset by the Alpine
overprint, we consider it to be an analytical outlier and reject this age from further considerations, because
the remaining grains form a relatively tight cluster of much younger ZHe ages (25 to 35 Ma).

In a map view, ZHe ages show a discernible spatial pattern (Figures 3a and 4) where the older (Eocene-
Oligocene) ages (~50-29 Ma) are found in the central part of the range, whereas the younger (Miocene) ages
(22-15 Ma) are located exclusively along or close to the southern margin of the range in the vicinity of the
Sub-Tatra fault, suggesting its activity at that time. It is also evident that ZHe ages in the central western part
(50-40 Ma) are older than those in the central eastern part of the range (43-29 Ma), implying a segmentation
of the basement into smaller blocks that underwent differential cooling history in the Cenozoic (Figure 3b).
Four samples from the steep elevation profile on the Rysy Peak range from ~32 to 29 Ma, but only the two
topmost samples show a positive correlation with altitude (Figure 2b).

4.2. AFT Data

Results of AFT analysis are presented in Table 1 and Figures 2b, 2¢, 3a, 3d, 3e, and Figures S1 and S2 in the
supporting information. All but two samples consist of a single age population as shown by high P(y?) values
(Table 1). The two samples—a Triassic sandstone (9/01) in the NW part and a metamorphic schist (T3) in the
western central part revealed a large spread of single grain ages (from Eocene to Miocene and Early Miocene
to Late Miocene, respectively) that failed the P(x?) test and a suggested complex cooling history. Chlorine
content determined by electron microprobe (EMP) in these and other six samples (9/01, 14/01, T3, T5, T6,
and 30/02) was found to be <0.1 wt % in all analyzed crystals, and therefore, chemical variations do not
account for the age variations. Measured Dpar values (~1.5um in average; Table 1) are in the range of
Durango apatite [Ketcham et al., 2007], indicating fluorine-rich apatite composition, which agrees with the
composition determined by EMP.

AFT ages range from 30.6 +2.6 to 9.3+ 1.3 Ma and point to an Oligocene-Miocene cooling. All AFT ages
are younger or overlap within uncertainty with the corresponding ZHe ages, which is in agreement
with the closure temperature concept [Dodson, 1973]. AFT ages from the basement rocks in the western
and eastern parts of the Tatra Mountains do not show any significant difference. AFT ages from the Tatric
sedimentary cover (8/01, 9/01) are younger than their Triassic stratigraphic age, pointing to a post-
depositional resetting at temperatures of >110°C. Lower Oligocene sandstone (38/01) from the CCPB
located south of Sub-Tatra fault with an age of 22.2+3.1 Ma is also reset suggesting postdepositional
heating to >110°C.

Track lengths were measured in 30 samples (Figure S2); however, due to young AFT age and the relatively low
uranium content in apatite, typically only about 20 track lengths could be measured per sample and only in
three samples (14/01, 27/01, and 39/02) were we able to measure over 50 confined tracks. Given the low
number of confined tracks measured in majority of our samples, the observed patterns of track length
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distribution should be interpreted with caution. Track length distributions vary from broad bimodal patterns,
through broad unimodal to narrow unimodal patterns, suggesting a variety of cooling styles for different
samples. Mean track lengths for all but one sample range from 11.1 to 13.6 um, which is typical for a complex
or a moderate cooling through the apatite partial annealing zone (PAZ ~60-120°C) [e.g., Wagner and Van den
Haute, 1992].

In general, our new AFT results are in good agreement with majority of the published AFT and apatite (U-Th)/He
data that suggest an Oligocene-Miocene cooling [Anczkiewicz et al., 2005; Baumgart-Kotarba and Krdl, 2002;
Burchart, 1972; Krdl, 1977; Krdlikovd et al., 2014; Struzik et al., 2002; Smigielski et al., 2010, 2011, 2012]. The only
exceptions that are not considered for interpretation include the following: the 37 Ma age for an amphibolite
in the northern part of the Tatra Mountains reported by Burchart [1972] (i.e., Burchart’s sample 17), which we
dated at 20.1 £+ 1.4 Ma for a locality few meters away; and the 7-2 Ma AFT ages, reported by Baumgart-Kotarba
and Krdl [2002] from along the Sub-Tatra fault, which were dated by population method but could be
confirmed neither by our AFT data nor by apatite (U-Th)/He data [Smigielski et al., 2010, 2011, 2012]. In addi-
tion, it may also appear that four AFT ages of 13 +2 [Burchart, 1972, sample 1], 10£2, 15+ 2, and 15+2Ma
[Krdl, 1977] (samples ZK-2 to ZK-4) from the NW part of the range and obtained by population method, are
questionable because all our ages from this region are significantly older (>25 Ma). However, our samples
were collected at higher altitudes (>1800 m asl) and the four samples of Burchart [1972] and Krdl'[1977] were
collected in valleys at lower altitudes (1250-1370 m asl), so their ages may record the same exhumation event
recorded by deeper levels of the basement or a younger exhumation event related to valley incision. Hence,
these ages are included for the purposes of the interpretation.

Spatial distribution of the cleaned AFT data shows an ill-defined S/SE ward younging trend (Figures 3a-3e),
which is more visible in the western part of the range. The oldest ages of 30-23 Ma are found in the northern
and western parts of the crystalline basement; the intermediate ages of 23-16 Ma are located more to the
south and SE of the first zone. The youngest ages of 16-8 Ma are found in the southern margin of the massif
close to the Sub-Tatra fault (Figures 3 and 4), but locally also in other parts of the Tatra Mountains (e.g., NW
part of the eastern segment) where they occur in the vicinity of shear zones and minor faults (samples T5, T6,
and T7), or at valley bottoms (e.g., our sample 34/02 or the samples of Krdl'[1977] discussed in the previous
paragraph) (Figure 2a).

We found a positive correlation between our AFT ages and their distance from the major fault (Figure 4);
however, this trend became less clear when AFT data from older studies [Burchart, 1972; Krdl, 1977] were
included, but were confirmed by modern data of Krdlikovd et al. [2014]. AFT ages from the steep elevation
profile show an offset likely related to a fault (Figure 2b). The slope of linear regression for the topmost three
samples suggests an exhumation rate of ~200 m/Myr.

5. Thermal History Modeling

In order to achieve the best possible parameterization of the model, the thermal history was modeled only for
those samples for which ZHe, AFT age, and track length data were available. The objectives of the modeling
were as follows: (i) to estimate maximum posttectonic burial temperatures in the Paleogene that can be
approximated by ZHe data and (ii) to define the timing and rate of final cooling that is constrained by AFT
data. Based on the current geologic knowledge of the evolution of the Tatra Mountains and surrounding
areas, the model was constrained as follows:

The starting point of the time-temperature (tT) path for basement samples was set as T=350-250°C at
~100-80 Ma, which marks the thermal maximum during tectonic burial during the Eo-Alpine nappe
stacking in the Late Cretaceous (Turonian) as documented by the reset “°Ar/*°Ar system in mica [Dallmeyer
et al,, 1993, 1996; Maluski et al., 1993; Moussallam et al., 2012]; closure temperature of Ar/Ar system based on
McDougall and Harrison [1988]. For sediment sample (47/02) the starting point was set at T=200-150°C, at
~100-80 Ma, according to the Eo-Alpine thermal maximum estimated from paleomagnetic data [Grabowski
et al., 1999; Kotarba, 2003; Lefeld, 1997; Srodori et al., 2006; Wolska et al., 2002].

During postorogenic collapse in the early Paleogene, the basement complex with the Mesozoic nappe
stack was exhumed and the Mesozoic nappes across the entire range as well as some parts of the crystalline
basement in the western Tatra Mountains were exposed to erosion as late as ~50 Ma (prior to the CCPB
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Figure 5. (top) Time-temperature diagram showing superimposed good fit thermal trajectories of the samples modeled by HeFTy [Ketcham, 2005]. Colored thick
lines (color coded according to the samples in the inset) represent weighted mean cooling path based on good fit trajectories, where a “good” result corresponds
to the “Goodness-of-Fit” value of 0.5 or higher. Shaded polygons (color coded according to the samples in the inset) show the plausible values of peak temperatures
during CCPB burial; dashed rectangles represent constraints defined according to available geological record (see the text for details). Thick black dashed line,
representing the exhumation related to the Late Cretaceous-Early Eocene postorogenic collapse, is not constrained by thermochronological data and is assumed to
be identical for all samples based on geological arguments (see the text for details). ZHe PRZ: ZHe partial retention zone; APAZ: apatite partial annealing zone.
(middle) Available geological record in the Tatra Mountains and surrounding basins. ONT: Orava-Novy Targ Basin. (bottom) Major tectonothermal events in the
Central Western Carpathians. On Figure 5 (top) note (i) the increase in maximum temperature, (i) the “delay” in the onset of final exhumation, and (iii) the increase in
cooling rate of the last cooling phase with decreasing distance to the Sub-Tatra fault.

transgression), as evidenced by Triassic and Liassic clasts in the basal conglomerate of Nummulitic Eocene
succession [Andrusov, 1959; Lefeld, 1985, 1997; Lefeld et al., 1985; Nemcok and Nemcok, 1994; Roniewicz,
1969]. However, there is little information on minimum temperatures and depths for other parts of the
crystalline basement (especially the eastern Tatra Mountains) during the final stage of this exhumation stage,
other than (i) cooling below ~240°C and 180°C constrained by some Late Cretaceous-Paleocene ZFT and ZHe
ages, respectively [Krdlikovd et al., 2014; Smigielski et al., 2012], and (ii) the thickness of the cover nappes did
not likely exceed 4 km in total [Nemcok et al., 1993] corresponding to 90-130°C (unless stated otherwise, here
and below we assume a paleogeothermal gradient of 20-30°C/km and surface temperature of 10°C).
Therefore, we set a wide temperature constraint of T=130-10°C at 60-50 Ma.

In the Eocene at 49-42 Ma (Lutetian), sea transgraded the area and the Tatra Mountains may have been
subsequently buried under the Eocene-lowermost Miocene sediments, the thickness of which could have
exceeded 4km as estimated from the CCPB record in surrounding basins [Garecka, 2005; Gedl, 2000;
Marschalko, 1968; Olszewska and Wieczorek, 1998; Sotdk et al., 2001; Starek, 2001] and from the reset AFT
and ZHe ages. The maximum temperatures, however, did not exceed ~240°C (closure temperatures of ZFT
system) [Brandon et al., 1998] as the ZFT ages were not fully reset (this study) [Krdlikovd et al., 2014]. CCPB
sedimentary succession in the basins surrounding the Tatra Mountains terminated in the early Miocene, so
the burial could have lasted until then. However, it is possible that the younger Miocene sediments may have
been eroded away later. Therefore, we set a constraint of T=240-110°C at 49-15 Ma. The onset of final
exhumation likely varied across the range as given by the broad range of AFT ages and, accordingly, could
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have started as soon as in the Oligocene in the north and as late as in the Miocene in the south. We did not
impose any constraint on this period. The end of the tT path was set to T=10°C at 0 Ma according to the
present-day annual mean surface temperature.

The modeling results for individual samples can be found in the supporting information (Figure S3) with a
summary shown in Figure 5. The common feature for all the modeled tT paths is the peak temperatures
of >150°C (approximately the lower temperature limit of the zircon He partial retention zone (ZrHePRZ),
ca. 140-220°C) [Guenthner et al., 2013] that followed the Paleocene-early Eocene cooling. However, the
magnitude of the thermal peak and the timing of the onset of the cooling following this thermal peak vary
for different parts of the Tatra Mountains The modeled thermal peaks (Figure 5) form a distinct spatial trend,
which intrinsically correlates with the spatial pattern of ZHe and AFT ages and suggest a migration of the
exhumation locus or burial depth from the north toward the south, or toward the major fault in the south.
Samples from the central western and central eastern parts of the range (with Eocene and Oligocene ZHe
ages, respectively, and Oligocene and Miocene AFT ages, respectively) could have cooled from the
ZrHePRZ as early as in the latest Eocene but possibly only in the Early Miocene, before cooling through the
partial annealing zone of the apatite fission track thermochronometer (APAZ; 120-60°C) at relatively slow rate
(~1-5°C/Ma) in the Miocene. In contrast, samples with Miocene ZHe and AFT ages located in the south along
the major fault left the ZrPRZ in the Miocene and cooled through the APAZ at high rate (~20°C/Ma).

6. Interpretation and Discussion

6.1. Tectonothermal History Reconstruction

6.1.1. Eo-Alpine Postorogenic Exhumation and Paleogene Burial

As expected from the resetting of higher-temperature thermochronometers such as the K-Ar and Ar-Ar
systems (see section 2), the ZFT and ZHe thermochronometers were also reset during the Eo-Alpine nappe
stacking [Plasienka et al., 1997]. This conclusively proves that the crystalline basement reached temperatures
above ~240°C (closure temperatures of the ZFT system) [Brandon et al., 1998] and therefore experienced at
least a very low-grade Eo-Alpine metamorphic overprint.

The early Eocene ages of 55.2 + 4.3 Ma (ZFT; sample 41/01) and 50.4 + 7.3 Ma (ZHe; sample 13/01) found in the
western Tatra Mountains postdate the Alpine nappe stacking and predate the Paleogene burial. Together
with latest Cretaceous ZFT ages from 76.8+ 11 to 62.6 + 6.0 Ma [Krdlikovd et al, 2014] and “°Ar/>*°Ar ages
(~75-50 Ma) on biotite and muscovite from the granitoids, mylonites, and pseudotachylytes [Kohut and
Sherlock, 2003; Maluski et al, 1993], these ages might be interpreted as recording a cooling related to
exhumation of the Tatra Mountains basement during the extensional collapse of the Carpathian orogenic
wedge. Sample 13/01 remained at <180°C temperatures since exhumation, suggesting that the amount of
the subsequent Paleogene overburden (see next paragraph) at this locality was smaller than that in other
parts of the range. Alternatively, we speculate that our early Eocene ages could reflect partial resetting during
the CCPB burial as explained in the next paragraph.

The majority of ZHe ages are clearly younger than ~50 Ma. The simplest interpretation would suggest that these
ages record a protracted cooling of the basement through the ZHe partial retention zone (ca. 140-220°C)
[Guenthner et al,, 2013] related to exhumation, in the course of continuing extensional collapse of the
orogenic wedge. This interpretation, favored by Kovdc et al. [1994], may find support in good reproducibility
of single grain ZHe ages (see Table 2) typical for quickly cooled samples [e.g., Fitzgerald et al., 2006]. However,
given the strong geological evidence, such as (i) material derived from the Variscan basement and Mesozoic
cover sequences found in the basal conglomerates of the CCPB, pointing to the near-surface position of the
basement in the Paleocene (see sections 2 and 5) and (ii) the great thickness of existing and eroded CCPB
sediments documented by a fully reset AFT age (22.2 + 3.1 Ma) from the Lower Oligocene sandstone (sample
38/01; depositional age: 49-42 Ma), we believe that the Eocene-early Oligocene ZHe ages reflect partial or
full resetting of the ZHe system caused by reheating of the basement by Paleogene sediment (Figures 3a-3c
and 5). Given this explanation, we would like to emphasize that the Eocene-early Oligocene ZHe ages are
“apparent” ages without any direct connection to a distinct cooling event and, as opposed to the traditionally
adopted view, should not be seen as “cooling” ages.

The burial depth of the crystalline basement during the Eocene-Oligocene varied across the region: ZHe ages
in the NW, easternmost, and southern parts of the Tatra Mountains vary from >40 Ma to 43-29 Ma and 15 Ma,

ANCZKIEWICZ ET AL.

MULTIPLE EVOLUTION OF THE TATRA MOUNTAINS 2309



@AG U Tectonics 10.1002/2015TC003952

respectively. This spatial pattern suggest that the NW part of the Tatra Mountains was buried to shallower
(or “colder”) depths during the Paleogene burial and exhumed through the ZrPRZ earlier (possibly in the Early
Oligocene) than in the eastern and southern parts, which cooled through the ZrPRZ in the Oligocene-middle
Miocene (Figures 3a-3c and 5).

Burial depth can be calculated by conversion of the measured maximum temperatures provided the paleo-
geothermal gradient can be reasonably estimated. The fully reset AFT system (22.2+3.1 Ma) in the Lower
Oligocene sandstone (38/01) in the Liptov Basin south of Sub-Tatra fault suggests a postdepositional heating
to >110°C, which corresponds to an overburden of at least 4-5 km (assuming a paleogeothermal gradient of
20-25°C/km assumed for relatively cold conditions typical for fore-arc basin environment) [Dumitru, 1991].
This estimate is in good agreement with the burial depths of 3-6 km based on fluid inclusion data [Hurai
et al, 2002] and suggests that the original thickness of CCPB sediments was two times greater than the
current thickness of ~3.5-5km approximated from stratigraphic cross sections [Sotdk et al., 2001; Starek,
2001]. Full resetting of the AFT system in Paleogene sediments supports the significant depth and extent
of the CCPB as has been reported from other parts of the Western Carpathians (e.g., in Podhale Basin or near
Ziar Mountains.) [Anczkiewicz et al., 2013; Danisik et al., 2004, 2008a, 2008b, 2010, 2012] and is in agreement
with burial depth estimates from vitrinite reflectance, fluid inclusion, and illite crystallinity data [Hurai et al.,
2002; Srodor et al., 2006].

According to the ZHe data and the modeling results (Figure 5), the burial temperatures for the crystalline
basement and its Triassic sedimentary cover must have exceeded ~150°C. We speculate that the basement
likely experienced another phase of very low-grade metamorphism related to sedimentary burial, which
is the first report of its kind (i.e., burial-related metamorphism of Paleogene age) from the Western
Carpathians and should have implications for a redefinition of regional geological units which is based on
age and grade of metamorphism [Plasienka et al., 1997; http://www.met-map.uni-goettingen.del. Since the
modeled minimum values of peak temperatures vary from 150 to 180°C range (depending on crystal size,
cooling rate, and radiation damage) [Guenthner et al., 2013; Reiners et al., 2004; Shuster et al., 2006], our
conservative estimate for the corresponding minimum burial depths based on the 20-25°C/km paleogeothermal
gradient is ~5-7 km. Maximum burial temperatures clearly did not exceed ~300°C as no Paleogene Ar-Ar ages
have been reported for the basement rocks. The existing gap of ~180-300°C is yet to be explored by more zircon
fission track data sensitive to this temperature range [Brandon et al., 1998] and remains open for future studies.
6.1.2. Oligocene-Miocene Exhumation

While the exhumation of the Tatra basement through the apatite partial annealing zone has been long
believed to have taken place at 20-10 Ma as inferred from youngest AFT data [e.g., Kovdc et al., 1994], the
actual onset of the exhumation has not been adequately addressed. Only Kohut and Sherlock [2002] correctly
pointed out that the Oligocene AFT ages of Burchart [1972] reported from the northern parts of the range are
generally ignored in published exhumation models. These authors suggested that the exhumation started
already in the Eocene-Oligocene as inferred from the Eocene-Oligocene Ar-Ar ages on pseudotachylytes from
the faults genetically related to the Sub-Tatra fault, pointing to its activity at that time [Kohut and Sherlock,
2002, 2003].

Our thermal modeling results alone cannot conclusively constrain the exact timing of the cooling onset,
because the modeled thermal trajectories allow inflection points of “heating-to-cooling” transition to be
anywhere between the Middle Eocene and the Middle Miocene. However, based on the averages of good
thermal trajectories modeled in the majority of samples (thick lines in Figures 5 and S3) and the fact that
the inversion of the CCPB basin started in the Oligocene as inferred from structural and sedimentological
data [e.g., Nemcok, 1993; Sperner et al., 2002], we favor the exhumation starting in the Oligocene.

The modeling results and spatial distribution of ZHe and AFT ages collectively suggest that the locus of
exhumation migrated toward the south and that the rate and style of the final cooling also varied across
the range in the same direction. This is in accord with the northward tilting and asymmetric exhumation
of the Tatra Mountains expected from the geological record [Bac-Moszaszwili et al., 1984; Jurewicz, 2000;
Piotrowski, 1978; Sokotowski, 1959; Uhlig, 1899]. In general, our results show that the northern and NW parts
of the Tatra Mountains (with Oligocene and Early Miocene AFT ages of >20 Ma) that were buried to shallower
depths during the Paleogene (see previous section) entered the apatite PAZ in the Oligocene and cooled at
slow rates of ~1-5°C/Ma. In contrast, southern segments of the range (in some cases with almost identical
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Miocene ZHe and AFT ages) along the major fault were exhumed from greater depths, entered the apatite
PAZ later (i.e., in the Middle to Late Miocene), and cooled rapidly through it at rates of ~10-20°C/Ma. At a
smaller scale, the observed variations in thermochronological data over short distances can be attributed
to the segmentation of the basement by faults [Bac-Moszaszwilli, 1993; Kohtt and Sherlock, 2002, 2003], which
controlled their differential exhumation.

The cooling rates in the Miocene period cannot be straightforwardly converted into exhumation rates as the
calculation depends on the selection of the paleogeothermal gradient. As shown in several works by Danisik
et al. [2008a, 2008b, 2012, 2015], a “mid-Miocene thermal event” likely related to lithospheric thinning,
asthenospheric diapir formation, magmatism, and/or sedimentary burial [Dévényi and Horvdth, 1988; Horvdth
and Royden, 1981; Stegena et al., 1975; Tari et al., 1999] and characterized by elevated heat flow was responsible
for partial and full resetting of AFT and AHe thermochronometers in several other crystalline cores of the IWC and
in the neighboring Pannonian Basin. Given its widespread regional character, we believe that the ““mid-Miocene
thermal event” not only increased the geothermal gradient in the study area during the Miocene but also could
be responsible for partial resetting of the AFT thermochronometer documented by bimodal track length data
observed in several samples. Therefore, conversion of modeled cooling trajectories into exhumation rates by
adopting a value of 30°C/km, representing the increased geothermal gradient advocated here for the Miocene
period, results in average exhumation rates in the order of 10-150 m/Myr and 300-600 m/Myr for the slowly
cooled and rapidly cooled parts of the basement, respectively. However, since the real value of the Miocene
paleogeothermal gradient has been determined in some parts of the Pannonian Basin [Sachsenhofer et al.,
1997; Sachsenhofer, 2001] but nowhere near the study area, we emphasize that these numbers are likely biased
by the chosen paleogeothermal gradient and should not be considered conclusive.

6.1.3. On Quaternary Exhumation

A few hundred meters of thick, gravel-dominated fluvial and glacial sediments of Quaternary age, deposited
mostly at the southern foothills of the range and in the Orava-Nowy Targ Basin in the north [Nemcok et al.,
1993; Tokarski et al, 2012], has been interpreted as indicating erosion related to accelerated uplift of
the Tatra Mountains [Tokarski et al, 2012]. It was also argued that Pleistocene exhumation of the Tatra
Mountains is recorded by some AFT ages [Baumgart-Kotarba and Krdl, 2002]. Our AFT ages do not record any
accelerated cooling in the Quaternary, proving that Quaternary erosion, despite being important in the formation
of present-day topography, did not exceed 3 km. Apatite (U-Th)/He, apatite “He/He thermochronology [Shuster
and Farley, 2005], or optically stimulated luminescence thermochronology [Herman et al., 2010] with lower
closure temperatures than AFT system should better resolve this part of the cooling history and remains open
for future studies.

6.2. Implications for the Activity of the Sub-Tatra Fault

It has been recognized more than 100years ago that uplift and exhumation of the Tatra Mountains
was accommodated by the W-E trending Sub-Tatra fault, which separates the Tatra horst from the CCPB
sediments of the Liptov Basin in the south [Uhlig, 1899]. However, despite its crucial importance, not only
for the genetic models of the Tatra Mountains exhumation but also for the tectonic regime in the northern
CWC, the geometry, kinetics, amount of displacement, and timing of the fault’s activity remain controversial
[e.g., Andrusov et al., 1973; Bielik et al., 2004; Castelluccio et al., 2015; Hrusecky et al., 2002; Kohut and
Sherlock, 2003; Lefeld, 2009; Mahel, 1986; Petrik et al, 2003; Sperner, 1996; Sperner et al., 2002]. The
Sub-Tatra fault is a polygenetic fault system, consisting of several segments that experienced complex
tectonic evolution dominated by strike- and oblique-slip movements [Bac-Moszaszwilli, 1993; Sperner,
1996; Sperner et al., 2002]. Two opposite theories on the fault geometry have been put forward:
According to some authors [e.g., Biely and Fusdn, 1967; Kotariski, 1961; Lefeld, 2009; Nemcok et al., 1993;
Sperner, 1996; Sperner et al., 2002], the Sub-Tatra fault is a north dipping reverse fault and the Tatra
Mountains were exhumed as a hanging wall along the back thrust in the compressional regime as inferred
from structural data and field observations. In contrast, inferring from structural data, field observations,
shallow seismic and drilling survey in Liptov Basin, some authors argued for a vertical or steep (65-90°),
south dipping normal fault and exhumation of the Tatra Mountains as a footwall in an extensional regime
[Gross et al., 1980; Hrusecky et al., 2002; Jurewicz, 2005, 2007; Jurewicz and Bagiriski, 2005; Kohut and
Sherlock, 2003; Mahel, 1986; Petrik et al., 2003]. Our data do not provide any direct evidence on the
geometry of the fault; however, they do provide important constraints on the timing and amount of
displacement along the Sub-Tatra fault.
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Figure 6. Simplified map of the Variscan crystalline outcrops (modified after Lexa et al. [2000]) and existing AFT, ZFT, and ZHe data, where AFT ages show a clear
younging trend toward the former plate boundary (Pieniny Klippen Belt). Note that in several places with pre-Miocene AFT ages, the Miocene thermal event
[Danisik et al., 2011] has been reported. AFT data are compiled from the following studies: Anczkiewicz et al. [2005, 2013]; Baumgart-Kotarba and Krdl' [2002]; Burchart
[1972]; Danisik et al. [2004, 2008a, 2008b, 2009, 2010, 2011]; Krdl'[1977]; Kovdc et al. [1994]; Struzik et al. [2002]. ZFT data are from the following studies: Danisik et al.
[2008b, 2010, 2011]. ZHe data are from Danisik et al. [2011, 2012]. Abbreviations: BM: Branisko Mountains, CH: Cierna Hora Mountains, G: Gemeric superunit, MF:
Mala Fatra Mountains, MK: Malé Karpaty Mountains, NT: Nizke Tatry Mountains, Pl: Povazsky Inovec Mountains, T: Tribe¢ Mountains, V: Veporic superunit, VF: Velka
Fatra Mountains, VT: Vysoké Tatry Mountains, Z: Ziar Mountains.

Based on the AFT data from the 1970s, it has been generally accepted that the Sub-Tatra fault was active
in the Miocene (20-10 Ma), and accordingly, the amount of exhumation is typically estimated as ~5 km
based on a conservative paleogeothermal gradient value of 20-25°C/km (see the previous section)
[e.g., Andrusov et al., 1973; Burchart, 1972; Krdl, 1977; Sperner, 1996; Sperner et al., 2002]. Recently,
Krdlikovd et al. [2014] argued for a much tighter Middle/early Late Miocene (9.3 + 1.6 to 11.7 + 1.8 Ma) span
for the exhumation in the Slavkovsky Peak area. In contrast, Kohit and Sherlock [2003] argued for the
commencement of the Sub-Tatra fault activity already in the Oligocene (36-28 Ma) as based on Ar-Ar data
on pseudotachylytes.

Our Miocene ZHe and AFT ages in combination with thermal modeling results for the samples collected in the
vicinity of the Sub-Tatra fault zone (39/01, 40/01, 41/01, 33/02, 32/02, and 47/02) confirms that exhumation
was active in the Miocene (23-9 Ma); however, the amount of exhumation is ~6 km when assuming the
higher value of 30°C/km for paleogeothermal gradient (see above) or 9km when assuming the more
conventional value of 20-25°C/km for the paleogeothermal gradient. In either case, this amount of exhuma-
tion is significantly greater than previously thought. It is noteworthy that this high amount of Miocene
exhumation was also documented by sample 47/02 in the easternmost segment of the Sub-Tatra fault
(so-called Ruzbachy fault), suggesting an en bloc exhumation of the Tatra Mountains basement along the
whole distance of the Sub-Tatra fault.

Finally, as mentioned previously, our AFT data and thermal modeling results suggest that the final exhuma-
tion in some parts of the Tatra Mountains started in the Oligocene, which supports the Oligocene activity of
the Sub-Tatra fault during the CCPB sedimentation as proposed by Kohtt and Sherlock [2002, 2003].

6.3. Regional Correlation With Other Crystalline Cores and Surrounding Areas

It is noteworthy that similar AFT ages with both young (Miocene) and old (Oligocene) populations have
been reported from the Podhale-Spisskd Magura region [Anczkiewicz et al., 2013] located to the north from
our study area (Figure 6). The AFT ages in the eastern part of the Podhale-Spisska Magura Basin are in range
of ca. 13-7 Ma like most of the Tatra Mountains, whereas in the western part of the basin the AFT ages are
older (~30 Ma) similar to those in the western Tatra Mountains, suggesting a common thermal evolution
for both areas.
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From a broader regional perspective, our new data complement the existing pattern of low-temperature
thermochronological data in the Western Carpathians [cf. Danisik et al., 2011] but provide additional
complexities as explained below.

Based on current understanding, AFT ages from the crystalline core mountains show a clear younging
trend toward the former plate boundary (Pieniny Klippen Belt), whereby the internal massifs retain mostly
Palaeogene or Cretaceous AFT ages. All the external massifs (including the Tatra Mountains, Branisko
Mountains, Mald Fatra Mountains, and northern Povazsky Inovec Mountains) show almost exclusively
Miocene AFT ages, pointing to their residence in a relatively “hotter” environment (i.e., >~ 110°C) in the
Tertiary as compared to the internal massifs [cf. Danisik et al., 2011]. Given this seemingly clear spatial
pattern, it has been speculated that the Oligocene AFT ages reported from the Tatra Mountains by
Burchart [1972] were incorrect and should be ignored. However, our results confirmed that Oligocene
AFT ages are indeed present in the northern parts of the Tatra Mountains.

Our Eocene ZFT and ZHe ages are almost identical with ZFT and ZHe ages reported from other crystalline
complexes in the IWC (i.e, Tribe¢ Mountains, Mald Fatra Mountains, Nizke Tatry Mountains, Povazsky
Inovec Mountains, Malé Karpaty Mountains, and Rochovce, Branisko Mountains) [Danisik et al., 2008b,
2010, 2011], revealing the Eo-Alpine metamorphic overprint and similar postcollisional tectonothermal
evolution with the Paleogene burial (Figure 6). However, the Early to Middle Miocene ZHe ages found along
southern parts of the Tatra Mountains are the youngest ZHe ages ever reported from a crystalline basement
complex in the Western Carpathians. This supports the Tatra Mountains basement having experienced the
deepest burial by CCPB sediments and the greatest amount of Miocene exhumation relative to any other
crystalline core mountains in the Western Carpathians.

7. Conclusions

New ZFT, ZHe, and AFT data revealed a complex thermal evolution of the Tatra Mountains and provide
further constraints on the Cenozoic geodynamic evolution of the Western Carpathians. The most important
findings are the following:

1. As recorded by fully reset ZFT and ZHe ages, the crystalline basement was heated to temperatures
above 240°C and therefore experienced at least a very low grade metamorphic overprint during the
Eo-Alpine collision;

2. The vast majority of ZHe ages (~49-19 Ma) were reset at temperatures in excess of 150°C during the burial
of the previously exhumed basement by CCPB sediments in the Middle Eocene-early Miocene, suggesting
an overburden of at least 5-9 km for a large portion of the Tatra Mountains basement. The basement
therefore experienced another very low grade metamorphic overprint. To our knowledge, this is the first
report of burial-related metamorphism of Paleogene age in the Western Carpathians, which should have
implications for regional reclassification of metamorphic units;

3. Oligocene-Miocene ZHe and AFT ages of 32-11Ma record cooling during the final exhumation of
the Tatra Mountains, related to lateral extrusion and rotation of the Tatra Mountains. The differences in
the ZHe and AFT data over short distances are interpreted as the result of a variable burial depth and
differential exhumation associated with block faulting;

4. Regional distribution of thermochronological data suggests an asymmetric exhumation starting in
the NW at ~30-20Ma at generally lower rates (~1--5°C/Ma) and propagating to the SE toward
the Sub-Tatra fault and Ruzbachy fault, cooling through the apatite PAZ at 16-9 Ma at faster rates
(~10-20°C/Ma);

5. The Miocene ZHe ages are the youngest reported for a crystalline basement complex in the Western
Carpathians, suggesting that among all Western Carpathian core complexes, the Tatra Mountains were
buried to the greatest depths in the Paleogene-Early Miocene and experienced the greatest amount of
Miocene exhumation;

6. Miocene ZHe and AFT ages found in the vicinity of the Sub-Tatra major fault confirm its activity during
the Miocene (and likely earlier) but suggest twice as much accommodated exhumation (i.e, ~9 km) as
previously thought, which may have implications for structural models of Tatra Mountains exhumation;

7. The AFT data showed no evidence of accelerated cooling during the Quaternary indicating that Quaternary
erosion related to the formation of present-day topography did not exceed 3 km.
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