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A combination of zircon (U-Th)/He (ZHe), apatite fission track (AFT) and apatite (U-Th-[Sm])/He (AHe)
thermochronology is used to constrain the long-term exhumation and erosional history of the Karkonosze Mts. in
north-eastern Bohemian Massif by analyzing samples from the highly elevated summit planation surface. ZHe
ages from the south-eastern part of the planation surface are 285 4- 19, 295 4+ 20 and 308 4+ 21 Ma, indicating that
the area remained at temperatures below ~ 190 °C since the Permian. In contrast, ZHe ages in the western part of
the planation surface are mid-Cretaceous, proving that this part was residing at temperatures above ~190 °C
prior to exhumation. The exhumation occurred in the Late Cretaceous, as evidenced by AFT and AHe ages, ranging
from 82 45 to 90+ 8 Ma and from 77 £ 5 to 91 4 6 Ma, respectively.

Modelled cooling trajectories are characterized by a two-stage cooling history: fast cooling through the apatite
partial annealing zone and helium partial retention zone to surface conditions between ~90 and ~75 Ma, and
slow cooling or even thermal stagnation from ~75 Ma to present. Although our data do not allow us to resolve the
age of the planation surface completely, we narrowed down the number of explanatory options and propose two
alternative solutions for the formation of the planation surface: (i) the planation surface represents the remnant
of a Permian peneplain, which was buried by Mesozoic sediments of the Central European Basin System and was
re-exposed in the Late Cretaceous; or, (ii) the planation surface formed after ~75 Ma, after termination of a period
of massive erosion documented by thermochronological data and by the sedimentary record in adjacent basins.
Cenozoic relief production and uplift of the planation surface, evident from regional landforms and the
sedimentary record, is not recorded by thermochronological data. This shows that erosion on the uplifted
planation surface since ~75 Ma was less than ~1.2 km.
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1. Introduction geomorphology, distinguishing different generations of landforms and

landscapes.

Mountain ranges and uplands in Central Europe, particularly those
within the Bohemian Massif, occupy a prominent position in the history
of geomorphology. Some of the earliest advances in the understanding
of continental geomorphology were born here: Penck (1925) developed
the concept of Rumpfflichen and Piedmonttreppen, once considered the
alternative to Davisian models of cyclic relief development; Jessen
(1938) and Biidel (1957) built the fundamentals for historic climatic
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Among the characteristic landforms in the Bohemian Massif are
extensive tracts of planar relief at high elevation — the so-called ‘summit
planation surfaces’. They dominate the skylines of many individuals
ranges and massifs at altitudes of up to 1200-1500 m a.s.l. and are
usually considered to represent the oldest geomorphic elements in the
present-day landscape. As prominent morphostratigraphic markers and
excellent reference levels, the summit planation surfaces have a great
potential for any attempts to decipher the long-term erosional history of
mountain ranges. However, an essential problem with these surfaces,
which undermines the credibility of any such attempts, is their
unconstrained age. They are clearly erosional surfaces, truncating
Variscan crystalline basement. This indicates that (i) a substantial, but
largely unknown thickness of rock must have been eroded away since
the late Palaeozoic and (ii) there is a vast window of time during which
these elevated planar surfaces may have formed. Unfortunately, given
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the patchy knowledge of the sedimentary history of nearby basins,
classic geomorphological methods are unable to constrain the erosional
history of these basement massifs and put solid limits on the age of the
summit planation surfaces (e.g., Désire-Marchand and Klein, 1987; Eitel,
2002).

Long used to reconstruct the thermal history of rocks at shallow
crustal levels, low-temperature thermochronology can provide
geomorphologists with a means to constrain long-term landform
evolution (e.g., Brown et al., 1994; Summerfield, 2000). Apatite and
zircon fission track data can provide temporal constraints in rapidly
eroded orogens as well as in intraplate settings with lower erosion
rates. Recently, fission track method has been complemented by the
revived (U-Th-[Sm])/He dating method, further enhancing the
potential of thermochronology in geomorphological studies (e.g.,
Belton et al., 2004; Foeken et al., 2007; Gunnell et al., 2009).

In this study we target the Karkonosze Mts. in north-eastern
Bohemian Massif (Fig. 1) because of the following reasons: (i) there is
a broad summit planation surface at 1300-1450 m a.s.l. (Fig. 2) forming
a prominent component of the present-day topography; (ii) the
Karkonosze Mts. is the highest mountain massif in the Bohemian Massif
(highest peak: 1603 m a.s.l.), and second highest in the peri-Alpine belt
of rejuvenated Variscan massifs, after the French Massif Central (Fig. 1);
and (iii) to the south it is bordered by the Bohemian Cretaceous Basin,
which records erosional and depositional history of the area.

Although a number of Bohemian Massif studies reported apatite
fission track (AFT) ages (e.g., Wagner et al., 1989; Coyle et al., 1997;
Hejl et al., 1997; Glasmacher et al., 2002; Ventura and Lisker, 2003;
Aramowicz et al., 2006; Lange et al., 2008), thermochronology tools
were seldom used to decipher geomorphic histories or validate
conceptual models (such as that of Bischoff, 1993). In particular,
combined AFT and (U-Th-[Sm])/He dating has not yet been applied in
the Bohemian Massif in a geomorphic context.

Here we present original AFT, apatite (U-Th-[Sm])/He and zircon
(U-Th)/He data (AHe and ZHe, respectively) measured on samples
from the major summit planation surface in Karkonosze Mts. We seek
to (i) reconstruct the low temperature thermal evolution of the
Variscan basement that underlies this surface, (ii) constrain its long-
term exhumation and erosion history; and (iii) derive constraints on
the age of the summit planation surface. We do so by modelling
thermal trajectories from measured data, trying to identify and
bracket episodes of fast and slow cooling, that may correspond to the
phases of exhumation and planation, respectively.

2. Study area

The Karkonosze Mts. are located in the West Sudetes, which
themselves are a mountain range, bordering the Bohemian Massif on
its north-eastern side (Fig. 1). They rise above the piedmont plain to
the north by more than 1000 m, and the elevation difference with
respect to the central part of the Bohemian Massif is of the same order.
Topographically, the Sudetes represent a mosaic of horst-like blocks
and depressions, often separated by distinct escarpments, resulting
from differential uplift and subsidence in the late Cenozoic (e.g.,
Klimaszewski, 1958; Demek, 1975; Dyjor and Dyjor, 1975).

2.1. Geological setting

The main mountain-building phase for the Sudetes occurred
during the Variscan orogeny in the Late Devonian/Early Carboniferous
(Aleksandrowski and Mazur, 2002; Mazur et al., 2006). The main
orogenic phase was accompanied by enhanced magmatic activity that
produced the Karkonosze-Jizera Pluton (Rb-Sr whole rock isochron
ages from 310+ 14 to 329+ 17 Ma; Duthou et al., 1991), the major
component of the Karkonosze Mts. (Fig. 3; Mazur et al., 2007). The
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Fig. 1. Location of the study area within the Sudetes and in relation to Alpine and Variscan structures in central and western Europe. Areas indicated in white show the current extent
of Upper Cretaceous sediments. Abbreviations in the inset: BM - Bohemian Massif, H - Harz Mts., MC - Massif Central, RM - Rhenish Massif.
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Fig. 2. Main topographic elements of the Karkonosze Mts. A, B — summit planation surface at ~1500 m a.s.l.; C — heavily dissected southern slopes, summit planation surface forms
the skyline.
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Fig. 3. Simplified geological map of the Karkonosze Mts. and adjacent area (modified after Mahel, 1973; Kozdréj et al., 2001).

depth of emplacement is estimated to be 7-8 km from thermobaro-
metric data (Dudek and Suk, 1965).

Successive unroofing and erosion of the Karkonosze granite took
place in the Early Permian (Saxonian), as evidenced by large volumes of
coarse clastic deposits preserved south, east, and north of the Karkonosze
(Fig. 3; Berg, 1938). It is likely that by the end of Permian the area was
largely planed off, as inferred from the nature of Upper Permian
sediments preserved in the above-mentioned areas of deposition.
These are siltstones, fine-grained sandstones, caliche and gypsum
horizons (Sliwifiski, 1980), as well as limestones, dolomites and marls
of marine origin. Sandy sedimentation typified the Early Triassic and
carbonate sedimentation the Middle Triassic (Chrzastek, 2002). No
sedimentary record for Late Triassic-Early Cretaceous period exists either
inside or around the Sudetes. Migon and Lidmar-Bergstrom (2001)
presumed that during this period the Bohemian Massif, including the
West Sudetes, underwent slow-going surface lowering, with a significant
role of deep weathering and formation of thick weathering mantles over
Palaeozoic basement rocks. However, since no weathering residuals from
this period are reported from the Karkonosze Mts., the geological history
of the massif between ~230 Ma and ~90 Ma remains unclear.

Sedimentation resumed in the early Late Cretaceous (Cenomanian),
when a Bohemian Cretaceous Basin System formed (Skocek and
Valecka, 1983). The basin system comprised several pull-apart sub-
basins filled with marine sediments, ranging from nearshore fine gravels
through thick, massive cross-bedded sandstones to mudstones and
marls. A major part of the sediments deposited around the Karkonosze
area is represented by Turonian sandstones (Skocek and Valecka, 1983;
Wojewoda, 1997; Uli¢ny, 2001). The youngest sediments in the Intra-
Sudetic Trough, North-Sudetic Trough and Bohemian Cretaceous Basin
(Fig. 3) are of Turonian (~90 Ma), Santonian (~80 Ma) and Coniacian
age (~86 Ma), respectively. It is not clear whether the entire West
Sudetes were ever buried beneath Cretaceous sediments.

At the Cretaceous/Paleogene boundary, the entire region was
affected by regional transpression leading to inversion of Cretaceous
basins, local upthrusting of basement blocks in the Bohemian Massif
and the inverse reactivation of numerous former extensional faults
(Coubal, 1990; Uli¢ny et al., 2003; Mazur et al., 2005; Ziegler and Dézes,
2007). The Lusatian Fault Thrust Zone, which separates the basement
block of the West Sudetes from the Cretaceous Bohemian Basin, was
clearly active during this period, accounting for brittle deformation of
Cretaceous (Cenomanian) rocks (Coubal, 1990; Uli¢cny et al., 2003).

In the Middle Eocene, a NE-striking Eger rift evolved as a part of the
European Cenozoic Rift System (Dézes et al, 2004), and related
volcanic activity lasted from Late Eocene to Early Miocene times (~35-
20 Ma) in the area (e.g., Adamovic¢ and Coubal, 1999; Ulrych et al.,
1999; Badura et al., 2005). Sedimentation in tectonic grabens north
and south of the Sudetes commenced in the Early Miocene (Prosova,
1974; Dyjor and Dyjor, 1975), but no comparable deposits were found
within the Sudetes. There is a coarse gravel deposition starting in the
latest Miocene (~7-5 Ma), which is preceded by the widespread
deposition of clay and silt around the Sudetes (Dyjor, 1970; Badura and
Przybylski, 2004). In the middle Pleistocene, the topography of the
Karkonosze Mts. was evidently similar to that of the present, dictating
the pattern of local mountain glaciation (Partsch, 1894; Migon, 1999).

2.2. Geomorphic features

Geomorphological analysis of the Karkonosze Mts. reveals several
major landscape elements, such as the extensive summit surface of low
relief, adjacent hills made up of more resistant granite, straight
escarpments outlining the boundaries of the massif, deeply incised
valleys, particularly near the southern margin, and long north-facing
slopes of the main watershed ridge (Figs. 2, 4). However, the ages of
these elements are virtually unknown and broad age assignments
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Fig. 4. DEM of the Karkonosze Mts. with position of the summit planation surface (grey dashed lines) and measured AHe, AFT and ZHe ages. Area between thick black dashed lines

consists of granite.

present in the literature are largely speculative. Currently the most
common view, traced back to Sekyra (1964), is that the summit plain is a
remnant of an early Cenozoic (Palaeogene) peneplain which was
dissected along faults, differentially uplifted and/or tilted in the
Neogene, and incised by rivers since then. But no thermochronological
or other evidence has ever been presented to justify these speculations.

3. Previous studies on long-term denudation of the
Karkonosze Mts.

Skocek and Valecka (1983) attempted to estimate the sediment
volume contained in Upper Cretaceous sandstones in the northern
part of the Bohemian Cretaceous Basin. These authors concluded that
~2000 km® of sediment is preserved and argued that 700 m of
denudation of the ‘West Sudetic Island’ (which includes the area of
Karkonosze) was required to account for this volume. This value,
however, should be considered as a minimum estimate for at least
two reasons. First, an unknown proportion of sediment was exported
to distal sinks, including a large part of the silt fraction, most of the
clay and virtually all of the dissolved load. If the Alps were used as an
analogue, this portion would make up at least half of the total budget
(Kuhlemann, 2000). Second, an unknown thickness of Cretaceous
sediment was lost during post-depositional erosion.

Another attempt to reconstruct the exhumation and erosion
history of the Karkonosze granite and to derive long-term denudation
rates was presented by Mierzejewski (1985). The interpretations
were based on the assumption that ~3.5km of granite has been
removed since unroofing and that ~2.2 km had been eroded since the
Turonian. The former figure arises from a tentative reconstruction of
the original shape of the pluton based on magmatic foliation and
geological cross-sections provided by Cloos (1925), whereas the latter
results from an interpretation of a single 94 Ma AFT age from the
marginal part of the pluton (Jarmotowicz-Szulc, 1984), assuming that
the mean geothermal gradient in the last 100 Myr was 40 °C/km.
Mierzejewski (1985) suggested a possible increase in denudation
rates towards the later Cenozoic, as a side-effect of faulting and uplift

in the Neogene, but did not consider any phases of accelerated
denudation earlier in the Cenozoic or in the Mesozoic. Overall, the
multiple assumptions inherent in the approach, the paucity of
thermochronological data and the reliance on primarily circumstan-
tial evidence do not provide a solid basis for the proposed scenario.

4. Samples and methods

Four samples of granite were taken from the major summit
planation surface for thermochronological investigation (Tables 1, 2;
Fig. 4). One additional sample (K-3) was taken from a slope ~500 m
below the planation surface.

Apatites and zircons were separated using conventional magnetic
and heavy liquid techniques. Fission track analysis was carried out in
the Thermochronological Laboratory of the University of Tiibingen
(Germany) using standard procedures described in Danisik et al.
(2007). The external detector method (Gleadow, 1981) was applied
with the etching protocols of Donelick et al. (1999) for apatite (5.5 M
HNOs for 20 s at 21 °C). The zeta calibration approach (Hurford and
Green, 1983) was adopted to determine the age. AFT ages were
calculated using TrackKey 4.2g (Dunkl, 2002). Where possible, up to
100 horizontal confined tracks were measured in prismatic grains of
each sample, while distinguishing between TINTSs (track in track) and
TINCLEs (track in cleavage). The annealing properties of apatite were
assessed by measurement of Dpar values (Dpar — the mean etch pit
diameter of fission tracks on prismatic surfaces of apatite; e.g., Burtner
et al., 1994).

For (U-Th-[Sm])/He analysis, apatite and zircon crystals were
hand-picked following strict selection criteria (Farley, 2002; Reiners,
2005), then photographed and measured. Apatite was loaded in Pt
tubes, degassed at ~960 °C under vacuum using laser-heating and
analysed for “He using a Pfeiffer Prisma QMS-200 mass spectrometer
in the Thermochronological Laboratory of the University of Tiibingen.
Following He measurements, the apatite was spiked with 2*3U and
230Th dissolved in nitric acid and analysed by isotope dilution
inductively coupled mass spectrometry (ID ICP MS) for U, Th and
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Table 1

Apatite fission track results.”
Sample Lat. Lon. Elev. Lithology N Ps Ns Pi Ni Pd Na P(y*) Age + 10 MIL SD N (L) Dpar
code WGS-84 (mas.l) (%) (Ma) (Ma) (um) (pm) (pm)
K-3 50.7420 15.6103 831 granite 20 9961 761 10340 790 5324 3675 >95 82.2 4.6 13.2 13 100 1.7
K-7 50.7568  15.5354 1382 granite 24  6.162 559 6.074 551 5436 3675 >95 88.4 5.7 1.8
K-9 50.7596  15.6828 1400 granite 25 7.702 732 7660 728 5249 3675 >95 84.6 48 134 13 73 1.7
K-11 50.7286  15.6795 1537 granite 20 3.548 253 3422 244 5436 3675 >95 90.3 84 1.6
K-12 50.7771 15.6015 1378 granite 25 7.101 855 8.072 972 6.036 3675 >95 85.1 4.5 1.7

3 N — number of dated apatite crystals; ps (p;) — spontaneous (induced) track densities (x10° tracks/cm?); Ny (N;) — number of counted spontaneous (induced) tracks; pq —
dosimeter track density (x10° tracks/cm?); Nq — number of tracks counted on dosimeter; P( %) — probability obtaining Chi-square value ( ¥?) for n degree of freedom (where
n=No. of crystals — 1); Age + 10 — central age & 1 standard error (Galbraith and Laslett, 1993); MTL — mean track length; SD — standard deviation of track length distribution;
N (L) — number of horizontal confined tracks measured; Dpar — average etch pit diameter of fission tracks. Ages were calculated using zeta calibration method (Hurford and Green,

1983), glass dosimeters CN-5, and zeta values of 322.71 + 5.3 year/cm?.

Sm at the Geoscience Center Gottingen (Germany) on a Perkin Elmer
(ELAN DRC II) ICP-MS. Zircon was loaded in Nb tubes, degassed at
~1250°C and analysed for “He using the CSIRO Exploration and
Mining extraction line in the John de Laeter Centre of Mass
Spectrometry in Perth (Australia). Degassed zircon was dissolved
following the procedure of Evans et al. (2005) and analysed by ID ICP
MS for U and Th at TSW Analytical Ltd in the University of Western
Australia (Perth) on an Agilent 7500 mass spectrometer. For more
details on analytical procedures, the reader is referred to Evans et al.
(2005) and Danisik et al. (2008).

Total analytical uncertainty (TAU) was computed as the square
root of the sum of the squares of weighted uncertainties on U, Th, Sm
and He measurements. TAU was less than ~5 % in all cases and was
used to calculate the error of raw (U-Th-[Sm])/He ages. The raw AHe
and ZHe ages were corrected for alpha ejection (Ft correction) after
Farley et al. (1996) and Hourigan et al. (2005), respectively. A value of
5% was adopted as the uncertainty on the Ft correction, and was used
to calculate errors for the corrected AHe and ZHe ages (Table 2).

The low-temperature thermal history based on AFT and (U-Th-
[Sm])/He data was modelled using the HeFTy modelling program
(Ketcham, 2005) operated with the multikinetic annealing model of
Ketcham et al. (1999) and the diffusion kinetics of the Durango apatite
after Farley (2000) and zircon after Reiners et al. (2004).

5. Results and interpretation

The results of the AFT and (U-Th-[Sm])/He analyses are summarized
in Tables 1 and 2 and shown in Fig. 4. AFT ages are reported as central
ages with loerrors.

5.1. Zircon (U-Th)/He data

Zircon from two samples was dated by (U-Th)/He. Sample K-11
from the south-eastern part of the planation surface yielded three
reproducible ZHe ages (285+19; 295420; 308+21 Ma),
corresponding to the Carboniferous-Permian boundary. The ZHe
ages are slightly younger than Rb-Sr ages of the pluton (310 £ 14 to
329 4 17 Ma; Duthou et al.,, 1991), thus we interpret them as cooling
ages, recording the passage of the granite through the zircon helium
partial retention zone (ZHe PRZ: ~200-160 °C; Reiners et al., 2004).
The cooling was probably related to post-orogenic unroofing of the
pluton, which reached surface and was eroded in the Early Permian
(Saxonian) as evidenced by granitic pebbles in the Intrasudetic
Trough (Berg, 1938). Assuming a geothermal gradient of 30 °C/km,
surface temperature of 10 °C and closure temperature of ~190 °C for
ZHe system, the ZHe indicates that a maximum erosion of <6 km
occurred during post-Permian times.

Table 2

(U-Th-[Sm])/He results.”
Sample code N. Th Th error U Uerror Sm Smerror He He error TAU Th/U Unc.age 410 Ft Cor. age +1o

(ng) (%) (ng) (%) (ng) (%) (ncc at STP) (%) (%) (Ma) (Ma) (Ma) (Ma)

Zircon
K-7#1 1 12738 53 41423 45 n/a n/a 400.705 1.8 49 031 737 36 0.86 859 6.0
K-7#2 1 13588 5.3 42251 44 n/a n/a 565.977 2.0 49 032 1015 50 0.86 117.8 83
K-7#3 1 17428 53 44118 43 n/a nj/a 452.642 1.8 48 039 767 37 0.85 90.6 6.3
K-7#4 1 14726 53 47914 4.7 n/a n/a 520.625 0.6 48 031 827 40 085 96.8 6.7
Average (Ma) + Std. dev. (Ma) 97.8+14.1
K-11#2 1 0.545 53 1.853 43 n/a n/a 54.534 0.7 44 029 2219 98 0.75 295.1 19.7
K-11#3 1 0.502 53 1.287 43 n/a n/a 41.496 0.7 44 039 2378 10.5 0.77 307.7 20.5
K-11#4 1 0.851 5.3 1.671 43 n/a n/a 46.387 0.6 45 0.51 2004 89 0.70 2853 19.1
Average (Ma) + Std. dev. (Ma) 296.0+11.2
Apatite
K-7#1 1 0.155 24 0.097 2.1 09 112 0.815 0.9 34 160 504 1.7 060 835 5.1
K-7#2 1 0.088 2.4 0.051 2.6 1.2 118 0.599 0.9 47 171 684 32 075 912 6.3
K-7#4 1 0.180 24 0.118 2.0 1.1 123 1.241 09 36 152 635 23 073 870 54
Average (Ma) + Std. dev. (Ma) 87.2+3.8
K-12#1 1 0.114 24 0.073 2.2 07 128 0.615 0.9 38 157 506 19 062 816 5.1
K-12#4 1 0.107 24 0.061 24 08 142 0.536 09 45 175 512 23 066 78.1 53
K-12#5 1 0.128 24 0.076 2.2 08 146 0.640 0.9 42 168 496 21 065 76.8 5.0
Average (Ma) + Std. dev. (Ma) 788+2.5

2 N, — number of dated apatite crystals; Th — 232Th; U — 2*°U + 233U; Sm — '#’Sm; He — “He; TAU — total analytical uncertainty; Unc. age — uncorrected He age; Ft — alpha recoil
correction factor after Farley et al. (1996) an Hourigan et al. (2005); Cor. age — corrected He age.
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In contrast, sample K-7 from the western part of the planation surface
yielded three mid-Cretaceous ZHe ages (86+6; 91+6; 97+7 Ma)
showing that this part of the area was residing at temperatures above
~190 °C during Mesozoic times. This implies that the thickness of
overburden must have exceeded ~6 km (assuming the same parameters
as above), which is almost twice that suggested by Mierzejewski (1985)
for the Late Permian, entire Mesozoic and Cenozoic combined (see
Section 3).

5.2. Apatite fission track and apatite (U-Th-[Sm])/He data

The samples revealed one distinct age cluster of Late Cretaceous
age: AFT and AHe ages range from 82 4-5 to 90 4- 8 Ma and from 77 +
5 to 9146 Ma, respectively. All samples yielded narrow AFT age
spectra passing the chi-square test (Table 1) and are therefore
considered to form one age population. The average Dpar value for all
samples is ~1.7 um (Table 1), indicating fluorine-rich apatite, typified
by relatively low annealing temperature (~60-120 °C; e.g., Wagner
and Van den haute, 1992; Ketcham et al, 1999). Track length
distributions are unimodal, narrow (SD: 1.3 and 1.3 um), negatively
skewed, with relatively short mean track lengths (MTL: 13.2 and
13.4 pm) and relatively large standard deviations (Fig. 5).

Two samples contained apatite crystals suitable for (U-Th-
[Sm])/He analysis (Table 2). AHe ages reproduce well and are
slightly younger than, or indistinguishable from, the corresponding
AFT, indicating rapid cooling through the apatite partial annealing
zone and apatite helium partial retention zone (APAZ and AHePRZ,
respectively; e.g.,, Wagner and Van den haute, 1992; Wolf et al.,
1998).

To better reveal the meaning of the data, thermal histories were
modelled based on available thermochronological data. In the best
case, the thermal model for each sample should be constrained by
ZHe, AHe and AFT age and length data. Unfortunately, the quality of
the samples did not allow us to do so, as the samples where the
number of confined tracks could be measured did not contain any
apatite crystal of sufficient quality required for (U-Th-[Sm])/He
dating. In addition, vice versa, it was not possible to measure track
lengths in samples with apatite crystals suitable for (U-Th-[Sm])/He
dating. Nevertheless, cooling trajectories were modelled for all
samples, revealing fairly similar patterns (Fig. 6).

Modelled cooling trajectories are characterized by a two-stage
cooling history: fast cooling through the APAZ and AHePRZ to
surface conditions between ~90 and ~75 Ma followed by slow
cooling or thermal stagnation lasting from ~75 Ma until present
(Fig. 6). Unfortunately, the limited resolution of the modelled
trajectories does not permit precise temporal constraints to be
placed on the onset of the second phase. Considering the youngest
AHe ages obtained, the variation point can be placed into the time
interval ~85-75 Ma.

K-9
13.4£1.3 pm
73

No. of tracks

10 15 10 15
Length (um) Length (um)

Fig. 5. Confined track length distributions of measured samples. Text from the top:
sample code; mean track length+standard deviation (both in um); number of
measured tracks.

6. Discussion
6.1. Long-term erosion history of the Karkonosze

The long-term exhumation and erosional history of the Karko-
nosze granite can be constrained by translation of the modelled
cooling trajectories into exhumation rates, assuming a reasonable
palaeo-geothermal gradient. Present-day geothermal gradient in the
Karkonosze Mts. is about 30 °C/km, as estimated from surface heat
flow (~60mWm™?; Bruszewska, 2000) and thermal conductivity
data (2 Wm~' K~ '; Zik et al., 2006). Adopting this value results in
average exhumation rates of ~300 m/Ma between 90-75 Ma, and
~7 m/Ma between ~75 Ma and the present. Considering the limited
resolution of the modelled cooling path, maximum and minimum
exhumation rates for the fast cooling stage can range from ~1000 to
~100 m/Ma, and from ~16 to <0.1 m/Ma for the slow cooling stage.
An important point to note is that regardless of the exact values of
exhumation rates, the two stages differ by one to three orders of
magnitude (see middle panel in Fig. 7). This further implies that since
mid-Cretaceous at least 3.6 km and, as evidenced by ZHe data, at some
places >6 km of overburden has been removed, with the majority
(=2.6-5 km) being eroded between 100-75 Ma and less than 1.2 km
afterwards.

Fast cooling early in the Late Cretaceous indicates creation of
topographic relief and rapid erosion. This interpretation is consistent
with massive deposition of clastic sediments in the nearby Bohemian
Cretaceous Basin during the latest Cenomanian to the Coniacian, now
represented by thick sandstone sequences stretching along the south-
western margin of the Sudetes (Figs. 1, 3). The period of vigorous
erosion lasted at least for ~15 Ma and may have completely erased
any elements of post-Variscan morphology in the Karkonosze.

The onset of the subsequent thermal stagnation period was
constrained to ~85-75Ma by thermal modelling results and the
youngest AHe ages. This is in good agreement with the sedimentary
record, which terminates at the beginning of the Santonian (~85 Ma
ago) in the Bohemian Cretaceous Basin, but in the North Sudetic Trough
north of the Karkonosze sedimentation continued well into the
Santonian and upward-fining of material is evident (Milewicz, 1997).

The post-75 Ma period of thermal stagnation can be interpreted as
a time span during which the denudation system reached a low-
energy state and the previous topography decayed into a low relief
surface, transformed by erosion at a very low rate. Again, this
interpretation is supported by the sedimentary record around the
Sudetes. No Palaeocene or Eocene sediments are found, implying very
low sediment fluxes, perhaps with the predominance of solute export.
Hilly areas and rolling plains in the present-day tropics and sub-
tropics are characterised by very low denudation rates (e.g., von
Blanckenburg et al., 2004) and are probable analogues to the
Karkonosze Mts. and the Sudetes in the early Cenozoic.

The geomorphic history of the Neogene is puzzling and thermo-
chronological data are difficult to interpret unequivocally. The
present-day Karkonosze shows considerable relief and altitude,
indicating that a major change occurred after the early Cenozoic
gentle relief had been created. This is usually attributed to differential
uplift, which occurred along the northern rim of the Bohemian Massif
in response to crustal stresses transmitted from the Alps, Carpathians
and/or Pyrenees (Malkovsky, 1987; Faupl and Wagreich, 1999; Badura
et al., 2007; Zuchiewicz et al., 2007). This is consistent with enhanced
deposition in grabens and foreland areas located north of the Sudetes
(Dyjor and Dyjor, 1975), indicating resumed erosion and transport at a
larger scale. Deposition in the foreland continued throughout the
Pliocene into the Quaternary, corresponding to an increase in mean
grain size in the sediment. The origin of this coarsening has been
variously attributed to an increase in hillslope gradients due to uplift of
the source area or an increase in the availability of coarse material due
to climate deterioration, or both (Badura and Przybylski, 2004).
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Fig. 6. Thermal modelling results of available thermochronological data displayed in time-temperature diagrams. The HeFTy modelling program (Ketcham, 2005) was operated with
the multikinetic annealing model of Ketcham et al. (1999) and the diffusion kinetics of the Durango apatite after Farley (2000) and zircon after Reiners et al. (2004). Light grey
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retention zone; APAZ — apatite partial annealing zone; ZHe PRZ — zircon helium partial retention zone; MTL/SD — mean track length and standard deviation in um; GOF is goodness
of fit (statistical comparison of the measured input data and modelled output data, where a “good” result corresponds to value 0.5 or higher, the best result corresponds to value 1).
Depending on the availability of input parameters, the samples were modelled as follows: samples K-3 and K-9 were modelled using AFT age and track length data. The rest of the
samples (K-7, K-11, K-12) was modelled using AHe and/or ZHe data and AFT age data without track lengths, where AFT age was assumed to be a cooling age as inferred from track

length distributions and cooling paths revealed by samples K-3 and K-9.

However, our modelled cooling paths do not indicate any
accelerated cooling that would be consistent with the production of
new topographic relief, as is inferred from geomorphological analysis
and evidenced in the Neogene sedimentary record. There are two
possible ways to explain this. First, the contemporary topographic
relief may be very young (Plio-Pleistocene?), so the effect of erosion
achieved so far would be too small to impart a change on the
thermochronological record. Alternatively, the production of relief
may have started earlier (e.g., in the Early to Middle Miocene as
suggested by Ziegler and Dézes (2007)), but the subsequent erosion
was very slow so that cumulative exhumation was limited. An

important factor in the discussion is the adjacent intramontane basin
of Jelenia Gora (Fig. 4), which, despite being an almost closed basin, is
lacking sediments that can be correlated with significant erosion in
the Karkonosze. Apart from a thin (2-4 m) veneer of gravel and sand
along main rivers, the floor of the basin cuts across granite bedrock.
Glacial deposits in the northern part of the basin are a result of
Scandinavian ice sheet advance and are unrelated to the long-term
denudation of the Karkonosze.

Straight marginal escarpments of tectonic origin (not yet trans-
formed into highly sinuous residual fault scarps; see Bull and McFadden,
1977), irregular stream profiles, and the absence of thick correlative
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deposits both north and south of the Karkonosze appear more consistent
with the first hypothesis. If this is accepted, and the topographic relief of
the Karkonosze is attributed solely to Pliocene-Pleistocene events, the
corresponding rate of surface uplift would need to be at least 200 m in
one million years. However, there are also convincing arguments to
suggest that the intensity of erosion may have indeed been moderate
even in the long term. Granite is one of the mechanically strongest rocks
present in the Sudetes (Placek and Migon, 2007), and is therefore fairly
resistant to physical weathering and erosion. Moderate uplift, typical for
intraplate settings and inferred for the Sudetes, does not necessarily
create very steep slopes and bedrock landslides (one of the major agents
of rapid denudation in areas subject to high rate of uplift) do not occur.
Terrain observations, historical records and limited quantitative data all
indicate that the present Karkonosze Mts. have been transformed by
surface processes at a slow rate, with localized debris flows being the
only major geomorphic events (Migon et al., 2002). These circumstances
leave the scope for more protracted uplift and low long-term rates of
erosion, not necessarily contradicting the regional model by Ziegler and
Deézes (2007) (see below).

6.2. Constraints on the age of planation surfaces

As discussed in Section 2, the age of the summit planation surfaces
of the Karkonosze Mts. is still a matter of debate. The thermochro-
nological data cannot resolve the problem completely, but are able to
constrain the age of the summit planation surface in a way that has
not been attempted before (see also Fig. 7).

An age for planation can be determined from thermal trajectories
by bracketing the episodes slow cooling or thermal stagnation, which
corresponds to the phases of planation. In clear-cut cases, the thermal

stagnation episodes are delimitated by fast cooling episodes,
corresponding to tectonic events. This is not the case here and
interpretation depends on the preferred genetic hypothesis.

For instance, it could be argued that the Permian ZHe ages in the
eastern part of the Karkonosze Mts. reflect formation of a Permian
peneplain, common in the Variscan massifs of Europe, which has since
been buried by Upper Permian, Triassic and perhaps even Jurassic
sediments at the southern margin of the Central European Basin
System. Burial by less than 5 km thickness in the eastern part and by
more than 5 km in the western part, assuming a thermal gradient of
30 °C/km, may reflect some regional tilting, but a degree of
heterogeneity of heat flow during maximum burial could also explain
the observation. Regional basin inversion and uplift in the Polish part
of the Central European Basin System between ~85 and ~65 Ma is
well established (Krzywiec, 2006; Resak et al., 2008), and fast erosion
of a hypothetical sedimentary cover related to the Variscan uncon-
formity in the study area is more plausible than fast erosion of granite,
as found in the western Mediterranean (Danisik, 2005). This implies
that a peneplain formed in the Permian and was buried by Mesozoic
sediments until the mid-Cretaceous with uplift triggering fast erosion
and exposing the Variscan unconformity by ~85-75 Ma.

Alternatively (and perhaps more likely), the formation history of
the planar relief is entirely post-mid-Cretaceous and is connected
with the decay of substantial topographic relief, which existed in the
Turonian and Coniacian and supplied detritus into the adjacent
sedimentary basins. Our thermochronological record of fast erosion
ends at ~75 Ma, which can understood as maximum age of the
planation surface. The minimum age constraint for the planation
surface is equivocal. The present-day tectonic topography evidently
post-dates the planar relief, but neither thermochronological cooling
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paths nor sedimentary record allow us to bracket its age with
certainty. If the regional scenario by Ziegler and Dézes (2007) is
adopted, then the period after 18 Ma ago was no longer conducive to
planation. If the topographic relief of the Karkonosze Mts. is
considered as young as Plio-Pleistocene, then planation of relief may
have continued until ~7-5 Ma as inferred from fine-grained deposits
north of the Sudetes (Dyjor, 1970; Badura and Przybylski, 2004).

6.3. Wider regional context

The Karkonosze Mts. are just one among many basement blocks in
the Variscan belt of Western and Central Europe with poor temporal
constraints on the long-term history of uplift, erosion and planation.
Ziegler and co-workers forwarded several theories on the long-term
geological and geomorphological evolution of this part of Europe
(Malkovsky, 1987; Ziegler, 1990; Ziegler and Dézes, 2007; Ziegler et al.,
1998, 2002). After a prolonged period of tectonic quiescence throughout
most of the Mesozoic, uplift began in the Turonian and continued until
its peak in the Palaeocene (Ziegler and Deézes, 2007). Our data are
consistent with the age of the onset of a major tectonic event, but in the
Karkonosze this phase was not as enduring and tectonic relief was
created and destroyed much earlier (within the Cretaceous) than
suggested by Ziegler and Dezes (2007).

The next important geological event dated at Late Eocene to Early
Miocene was widespread volcanism, particularly in the Eger (Ohfe)
Graben (Adamovic and Coubal, 1999; Ulrych et al., 1999), and Sudetes
(Badura et al., 2005). Surprisingly, we do not see any effect of
volcanism in our dataset from the summit surface, as the samples do
not show signs of re-heating, although two of our samples (K-7 and K-
12) are located fairly close to a sub-volcanic basanite body dated at
26 Ma by K-Ar method (see Fig. 3; Pécskay et al., 2004).

Similarly, we do not see clear thermochronological evidence of the
most recent, Late Neogene differential uplift and subsidence, inferred
from the present-day landform pattern and sedimentary record around
the Sudetes.

The period of accelerated exhumation in the Late Cretaceous so well
documented in the Karkonosze, has equivalents in other Variscan
massifs in the Central Europe. It was identified in the Harz Mts. (AFT
ages: 73-83 Ma with generally long mean track lengths; Thomson et al,,
1997), Ruhla Crystalline Complex (AFT ages: 69-81 Ma with generally
long mean track lengths; Thomson and Zeh, 2000), Lower Saxony Basin
(AFT ages: 89-72 Ma; Senglaub et al., 2005), Fichtelgebirge in the
western border of the Bohemian Massif (Coyle et al., 1997; Hejl et al.,
1997), and along the Franconian Line (Bischoff, 1993; Wagner et al.,
1989). Petrographic and geochemical data from stratigraphically well-
calibrated sediments of 82-86 Ma age (von Eynatten et al., 2008)
precisely constrain the erosion record in the Harz Mts. Collectively, they
suggest that the Late Cretaceous was a period of major environmental
change, with topographic relief forming and decaying fairly rapidly.

The picture is less clear towards the Eger volcano-tectonic zone,
where rift-related thermal activity likely rejuvenated AFT system to
various degrees (e.g., Filip etal,, 2007), making the interpretation of data
difficult. Lange et al. (2008) reported 96 AFT ages from a relatively small
area of Saxonian basement with 4 age populations of ~65, ~95, ~135,
~180 Ma, but no geodynamic interpretation of the data is presented.
Ventura and Lisker (2003) reported 8 AFT ages from a borehole in
Erzgebirge and argued for two-stage cooling in the Late Jurassic-Late
Cretaceous and Late Tertiary, and Aramowicz et al. (2006) reported 6
apparent AFT ages of 43-57 Ma from the Sowie Mountains, in the
vicinity of the major neotectonic structure (Sudetic Marginal Fault).

7. Summary and implications for models of long-term
landform evolution

The long-term geomorphic history of ancient basement massifs,
despite their prominent role in the history of geomorphology, is

relatively poorly constrained. Our study of the Karkonosze, which
combines three thermochronometers, provides important time limita-
tions and insights into the genetic evolution of these massifs.

First, we were able to track the geomorphic record in this
intraplate setting back to the middle Cretaceous and, as indicated by
middle Cretaceous ZHe ages, place a >5 km constraint on the erosion
since that time.

Second, by using complementary thermochronometers we obtained
clear evidence that denudation rates varied over several orders of
magnitude throughout end-Mesozoic and Cenozoic. Although AFT data
show that >3.6 km of rock has been eroded since the Turonian, they
provide no solid basis to infer the temporal pattern of erosion over the
90 Ma. However, the (U-Th-[Sm])/He data show that much of this
thickness was eroded very quickly (within 10-15Ma) and to the
present, little denudation has occurred.

Third, we can speculate about reasons for the high rates of
exhumation and erosion between 90 and 75 Ma ago. The principal
trigger for accelerating erosion was most likely uplift, however,
efficient denudation and relief rejuvenation does not necessarily
require high intensity landforming processes. The Cretaceous in
Central Europe was a period characterised by tropical and humid
environmental conditions, suitable for deep weathering of granite and
other bedrock (Migon and Lidmar-Bergstrom, 2001). Landform
evolution may have been accomplished via efficient conversion of
rock to saprolite, frequent shallow landslides, gullying and fluvial
dissection of deeply weathered terrain. Perhaps basement terrains in
low latitude, humid sections of passive margins, such as in south-
eastern Brazil (Thomas, 1995), are good analogues to the Late
Cretaceous predecessors of the Karkonosze Mts.
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