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[1] Apatite (U-Th)/He and fission track age
determinations of samples from a 20-km-long, near-
horizontal tunnel in the Hochalm-Ankogel Dome
(eastern Tauern Window, Austria) are presented in
order to determine the role of (paleo)-topography in
perturbing isotherms in the shallow crust. Apatite
fission track ages (26–8 Ma) show no systematic
correlation with distance along the tunnel or elevation.
Two age components in the fission track data indicate
cooling through �120�C at approximately 20 Ma and
�80�C at approximately 6 Ma. Surface and tunnel (U-
Th)/He ages (17–9 Ma and 13–5 Ma, respectively)
are consistently younger than the equivalent fission
track ages. (U-Th)/He ages vary systematically along
the tunnel with older ages at the northern and southern
tunnel portals and younger ages in the central section.
Geological factors (faulting, lithology) appear to have
had little effect on this age distribution. The (U-Th)/He
age pattern is inconsistent with rock cooling
underneath the present-day Hochalm-Ankogel Dome
topography. The age minimum is interpreted to
coincide with a paleotopographic maximum in the
Hochalm-Ankogel Dome and suggests that the 40–
60�C isotherms were warped sufficiently to affect
apatite (U-Th)/He ages. The tunnel apatite (U-Th)/He
ages match synthetic He ages derived from a two-
dimensional numerical model of landscape evolution.
Integrating the thermal model results with the data
allows the relief development to be constrained and we
calculate that the present-day Hochalm-Ankogel
Dome topography was formed at 7 to 10 Ma.
Citation: Foeken, J. P. T., C. Persano, F. M. Stuart, and M. ter

Voorde (2007), Role of topography in isotherm perturbation:

Apatite (U-Th)/He and fission track results from the Malta tunnel,

Tauern Window, Austria, Tectonics, 26, TC3006, doi:10.1029/

2006TC002049.

1. Introduction

[2] Apatite fission track and (U-Th)/He thermochronom-
eters are commonly used to determine the exhumation
history of rock masses and reconstruct the evolution of
mountain belts and passive margins. The sensitivity of these
chronometers to low temperatures (110–60�C for apatite
fission track [e.g., Gleadow and Duddy, 1981; Naeser,
1981] and 80–40�C for apatite (U-Th)/He [e.g., Farley,
2000; Wolf et al., 1996]) make them suitable for recording
the timing and rate of removal of 1–5 km of crust [e.g.,
Foeken et al., 2003; Persano et al., 2005; Reiners et al.,
2002; Stockli et al., 2002].
[3] In order to constrain rock-cooling rates, and hence to

determine denudation rates, samples are often collected
along near-vertical profiles. When the rocks experience fast
cooling (>10�C Ma�1), ages increase linearly with eleva-
tion, and the slope of the age-elevation relationship (AER)
provides a measure of the denudation rate [e.g., Fitzgerald
and Gleadow, 1990; Gallagher et al., 1998]. This approach
assumes that the isotherms are spatially and temporally
constant. However, thermal models have shown that the
thermal structure of the shallow crust in mountain belts is
perturbed by the overlying topography such that low-
temperature isotherms follow the topography in a dampened
manner [Braun, 2002; Mancktelow and Grasemann, 1997;
Stüwe et al., 1994]. The degree to which isotherms follow
topography depends on the wavelength (here referred to as
the horizontal distance between two valleys or two peaks)
and amplitude (here referred to as the vertical distance
between the valley bottom and the peak) of the topography,
and the denudation rate [Braun, 2002; Mancktelow and
Grasemann, 1997; Stüwe et al., 1994]. Stüwe et al. [1994]
have predicted that for a denudation rate of 1 km Ma�1,
topographic wavelength of 20 and 3 km amplitude, the
110�C isotherm may be 1500 m deeper beneath valleys than
peaks. For a denudation rate of less than 0.5 km Ma�1,
perturbation of this isotherm is negligible irrespective of
topographic wavelength and amplitude [Stüwe et al., 1994].
Braun [2002] showed that for a similar topography a
denudation rate of 0.3 km Ma�1 is enough to significantly
warp the 60�C isotherm. Topography tends to compress
isotherms underneath valleys compared to peaks and results
in a shallower geothermal gradient under valleys. If these
perturbations are not accounted for denudation rates derived
from the AERs will be overestimated [Braun, 2002;
Mancktelow and Grasemann, 1997; Stüwe et al., 1994].
[4] The effect of topography on low-temperature iso-

therms implies that if samples are collected along horizontal,
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orogen wide transects, the commonly used low-temperature
thermochronometers can be used for (paleo-) topography
reconstructions [e.g., House et al., 1998; Reiners et al.,
2003b] or climate-tectonic feedback interactions [e.g.,
Reiners et al., 2003a]. Empirical evidence that topography
affects the thermal structure of the shallow crust is abun-
dant. For instance, high temperatures have been measured in
tunnels underneath ridges (up to 50�C in excess of 2000 m
topography [e.g., Niethammer, 1910; Rybach, 1995]). How-
ever, it is unclear how important (paleo-) topography is in
controlling the shape of isotherms in the shallow crust
compared to other geological factors: the temperature var-
iation in the shallow crust recorded during the construction
of Alpine tunnels shows a strong dependence on local
geology, and in particular on the presence of fluids in
fractures and faults. Rock temperatures near faults are
commonly lower than predicted due to penetration of cold
meteoric waters [Marechal and Perrochet, 2001; Rybach
and Pfister, 1994]. Further, variation in the concentration of
the radioactive heat-producing elements (U, Th and K) have
the potential to affect geothermal gradients. Temperatures in
deep boreholes in metamorphic rocks and sedimentary
basins can vary by a factor two at depths of up to 3 km
[e.g., Pasquale et al., 2001; Popov et al., 1999; Ribeiro and
Roque, 2001]. It therefore remains to be quantified whether
isotherms in the shallow crust follow the systematic patterns
predicted by thermal models, or whether they are affected
by local geological controls. In addition, quantification of
how this is reflected in thermochronometric ages has not yet
been demonstrated.
[5] Apatite (U-Th)/He (hereafter AHe) and fission track

(hereafter AFT) thermochronometry of samples retrieved
from tunnels through high-relief landscapes provide quan-
tification of the effect of (paleo-) topography on the shape
of shallow crust isotherms. When isotherms are warped,
temperatures should increase from the tunnel portals inward
to a maximum beneath the highest topography in the central

tunnel section (Figure 1). If this topography has existed for
a few million years, the thermal regime in the tunnel
governs the AHe (and possibly AFT) age distribution so
that older AHe ages are found toward the tunnel portals and
younger ages in the central tunnel (Figure 1).
[6] In this study we present AFT and AHe age determi-

nations of samples from a 20-km-long, near-horizontal
tunnel in the Hochalm-Ankogel Dome, located in the
eastern Tauern Window of the Austrian Alps to determine
the role of (paleo-) topography in perturbing the isotherms
and its effect on thermochronometric ages. The tunnel ages
are compared with synthetic ages derived from a two-
dimensional (2-D) numerical model predicting the thermal
structure of the shallow crust underneath a changing topog-
raphy and are used to constrain relief development and to
determine the time of formation of the present topography.

2. Geological Setting and Background

[7] The Tauern Window (Figure 2) is a major structural
feature in the eastern Alps in which Penninic tectonic units
are overridden by Austroalpine units. It was formed by
lateral extrusion along strike slip faults [e.g., Frisch et al.,
2000; Fügenschuh et al., 1997; Neubauer et al., 1999] and
comprises both continental basement and cover sequences.
The Penninic basement is formed by upper to middle crustal
rocks, which detached from the European plate during
Alpine continental collision. The Penninic basement has
been intruded by Variscan granitoids that were subsequently
deformed to gneisses (this suite of rocks is commonly
referred to as the Zentralgneiss [Cliff et al., 1971]) during
greenschist- to amphibolite-facies metamorphism in the
Oligocene [Cliff, 1981; Cliff et al., 1985]. In the Miocene
the extensional regime experienced by the eastern and
central Alps [e.g., Frisch et al., 2000, and references
therein] caused the tectonic removal of the Austroalpine
units and the final exhumation of the underlying Tauern

Figure 1. Warping of isotherms underneath a topography. For a 20-km-long, 3-km-high topography
(assuming a 25�C km�1 geothermal gradient), isotherms are predicted to follow the topography
systematically. If the topography formed 10 Ma, the thermal regime governs the apatite (U-Th)/He age
distribution of samples from a tunnel (black dots): apatite (U-Th)/He ages decrease from the valley
(10 Ma) to a minimum (8 Ma) underneath the high topography.
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Window [e.g., Cliff et al., 1985; Dunkl et al., 2003;
Fügenschuh et al., 1997]. Zircon and apatite fission track
studies indicate that the post-Miocene cooling history was
diachronous across the Tauern Window, starting at around
20 Ma in the east and at �10 Ma in the west [e.g., Dunkl
et al., 2003; Fügenschuh et al., 1997].
[8] The 20-km-long Malta tunnel is located in the

Hochalm-Ankogel Dome in the eastern Tauern Window
(Figures 2 and 3). It was constructed in the late 1960s as part
of a major hydroelectric scheme and comprises three, near
horizontal, roughly N–S aligned continuous tunnel segments
(the Hattelberg, the Göss and Malta segment, Figure 3) at
�1600 m above sea level. The three segments traverse three
ridges, hereafter referred to as the northern, central and
southern ridges. The tunnel segment through the northern
ridge is 10 km long and crosscuts a ridge with a maximum
altitude of roughly 3000 m. The central and southern tunnel
segments are approximately 5 km long and traverse topog-
raphy with a maximum altitude of 2800 and 2400 m,
respectively.Whereas the tunnel cuts the northern and central
ridges at a high angle, the southern ridge tunnel segment cuts
it at approximately 45 degrees. The southern tunnel portal
coincides with a major tectonic boundary (the Moll Valley
Fault), which juxtaposes the Hochalm-Ankogel Dome meta-
morphic rocks to Austroalpine units [Frisch et al., 1998].

[9] The tunnel has been excavated through a deformed
stack of Zentralgneiss and Inner Schieferhule rocks com-
prising mostly mica schists, quartzo-feldspatic gneisses,
tonalities, granodiorites and leucogranites [Cliff et al.,
1971]; see also Figure 3. From detailed field mapping and
structural interpretations of the Zentralgneiss and Inner
Schieferhule rocks, Cliff et al. [1985, 1971] inferred a large
domal structure for the Hochalm-Ankogel Dome with an
amplitude of 3–4 km and a half wavelength of 20 km
(Figure 3). Rb/Sr isochron ages of the Zentralgneiss (250–
150 Ma) reflect the pre-Alpine crystallization history of the
(metamorphic) basement [Cliff et al., 1971]. The post-
Alpine evolution is characterized by rapid cooling. Biotite
Rb/Sr ages range from 22 to 15 Ma [Cliff et al., 1985;
Hawkesworth, 1976]. White mica K/Ar range from 28 to
16 Ma, with biotite K/Ar ages decreasing from north
(22 Ma) to south (16–19 Ma) in the study area [Cliff et al.,
1985]. Zircon and apatite fission track ages are between 21
and 16 Ma [Dunkl et al., 2003; Staufenberg, 1987].

3. Samples and Analytical Techniques

[10] AHe ages were determined on 28 rock samples
collected during tunnel construction [Cliff et al., 1985].
Nineteen samples are from the Malta tunnel and 9 are from

Figure 2. Geological map of the Austrian Tauern Window and the location of the Malta tunnel in the
Hochalm-Ankogel Dome. Modified after Droop [1985].

Figure 3. (a) Digital elevation model of the Hochalm-Ankogel Dome topography with the trace of the Malta tunnel.
The Malta tunnel comprises three, near-horizontal, roughly N–S aligned continuous segments (M, Malta tunnel segment;
G, Göss tunnel segment; and H, Hattelberg tunnel segment) at �1600 m above sea level. (b) Geological profile across the
Hochalm-Ankogel Dome topography follows the trace of the Malta tunnel (vertical exaggeration 1.4X). The tunnels
traverse three ridges: northern, central, and southern ridge. White squares and black circles are surface and tunnel samples
dated by (U-Th)/He and fission track. (c) Same cross section as Figure 3b, showing sample ID and the individual tunnel
segments. Thick dash-dotted line depicts the domal structure of the Hochalm-Ankogel Dome [after Cliff et al., 1985]. Thin,
gray dashed lines are present-day 40�C, 80�C and 120�C isotherms below the Hochalm-Ankogel Dome topography
predicted by the thermal model used in section 7. Legend of surface geology is as in Figure 3b.
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the surface above the tunnel (Table 1 and Figure 3).
Between two and four aliquots of one to four apatite grains
from each sample were hand-picked at 218X magnification
using a stereographic binocular microscope. To minimize

grain size variation effects, crystals of similar radius were
selected for each aliquot. He, U and Th analyses were
conducted following procedures of Balestrieri et al.
[2005]. Correction for He recoil loss was made using

Figure 3
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Table 1. Apatite (U-Th)/He Data

Samplea
Position in
Tunnel,b km

Grain Dimension
(MWAR)c

4He,
cm3

Th,
ng

U,
ng Th/U

Uncorrected
He Age, Ma Ft

Corrected
He Age, Ma

Error (2s),
Ma

U,d

ppm Excludede

Tunnel Samples
H1000 1.2 88.0 7.99E-10f 0.036 0.645 0.06 10.1 0.85 11.9 1.2 11

74.8 1.16E-09 0.062 0.708 0.09 13.1 0.81 16.1 1.6 20 d
H2000 2.2 49.0 1.01E-10 0.136 0.132 1.03 5.0 0.72 6.9 0.7 11

48.8 3.18E-10 0.145 0.378 0.38 6.3 0.72 8.7 0.9 30
H3000 3.2 69.7 1.80E-10 0.035 0.110 0.32 12.4 0.83 15.0 1.5 6

47.7 1.30E-10 0.058 0.087 0.66 10.6 0.75 14.1 1.4 10
45.8 6.36E-11 0.043 0.066 0.64 6.8 0.71 9.6 1.0 6

G419 4.5 51.8 1.16E-10 0.026 0.089 0.29 10.0 0.73 13.7 1.4 10
49.5 9.79E-11 0.029 0.099 0.30 7.5 0.73 10.3 1.0 10

G2038 6.1 38.0 6.49E-11 0.024 0.054 0.45 8.9 0.66 13.4 1.3 7
G3500 7.6 42.9 9.90E-12 0.009 0.010 0.96 6.8 0.73 9.3 0.9 2

78.5 2.17E-10 0.031 0.251 0.12 6.8 0.83 8.2 0.8 2
G4500 8.6 71.1 2.87E-10 0.110 0.436 0.25 5.1 0.79 6.5 0.6 17 d

64.6 2.45E-10 0.127 0.328 0.39 5.6 0.77 7.3 0.7 18 d
G5500 9.6 92.2 4.79E-10 0.180 0.336 0.54 10.4 0.87 11.9 1.2 7 d

75.9 3.29E-10 0.164 0.420 0.39 5.9 0.82 7.2 0.7 15
61.0 1.74E-10 0.065 0.153 0.43 8.4 0.78 10.8 1.1 8

M504 10.8 70.0 3.16E-10 0.194 0.268 0.72 8.2 0.80 10.3 1.0 21 e
75.0 6.51E-11 0.087 0.101 0.86 4.4 0.81 5.4 0.5 13
65.0 1.65E-10 0.068 0.196 0.35 6.3 0.80 7.9 0.8 13

M990 11.3 44.4 1.32E-11 0.008 0.026 0.32 3.9 0.70 5.6 0.6 3
54.3 3.21E-11 0.009 0.060 0.16 4.2 0.76 5.5 0.6 3

M1480 11.8 54.7 9.56E-11 0.030 0.117 0.26 6.3 0.74 8.5 0.8 9
75.8 4.12E-10 0.178 0.476 0.37 6.5 0.82 8.0 0.8 24

M2000 12.3 72.2 3.71E-10 0.071 0.198 0.36 14.2 0.82 17.3 1.7 6 d
63.5 2.42E-10 0.127 0.138 0.92 11.8 0.81 14.5 1.5 9 d

M2085 12.4 75.0 7.48E-11 0.039 0.081 0.49 6.8 0.84 8.0 0.8 6
M2510 12.84 88.2 8.26E-10 0.856 0.959 0.89 5.8 0.86 6.7 0.7 18

72.7 2.90E-10 0.403 0.361 1.12 5.2 0.83 6.3 0.6 13
M2850 13.4 92.7 2.53E-10 0.257 0.331 0.78 5.3 0.84 6.3 0.6 10

65.0 4.21E-10 0.287 0.387 0.74 7.6 0.78 9.7 1.0 20
50.0 2.04E-10 0.092 0.186 0.49 8.0 0.74 10.9 1.1 27
49.1 2.28E-10 0.064 0.194 0.33 8.9 0.71 12.5 1.3 19

M3520 13.9 125.0 5.21E-10 0.313 0.684 0.46 5.6 0.89 6.3 0.6 17
100.0 2.79E-10 0.124 0.270 0.46 7.6 0.87 8.7 0.9 8
81.6 4.11E-10 0.131 0.351 0.37 8.8 0.85 10.3 1.0 8 e

M4544 14.9 65.1 3.80E-10 0.209 0.475 0.44 5.9 0.79 7.5 0.7 24
M6500 16.8 64.0 7.44E-10 0.334 0.466 0.72 11.2 0.80 14.1 1.4 36 e

60.0 1.14E-09 0.654 0.787 0.83 9.9 0.81 12.2 1.2 46
57.9 2.73E-10 0.128 0.258 0.50 7.7 0.77 10.0 1.0 24
66.1 1.27E-09 0.810 0.960 0.84 9.0 0.80 11.3 1.1 37

M8500 18.8 49.1 4.67E-11 0.019 0.068 0.28 5.2 0.70 7.4 0.7 6 d
62.3 2.26E-10 0.011 0.234 0.05 7.8 0.78 10.0 1.0 17 e
57.9 1.01E-10 0.019 0.140 0.14 5.7 0.73 7.8 0.8 13

Surface Samples
AP113 55.7 8.87E-11 0.012 0.067 0.18 10.3 0.73 14.2 1.4 8
AP125 80.0 1.23E-10 0.066 0.099 0.67 8.8 0.80 11.0 1.1 9
AP111 70.0 6.33E-10 0.142 0.479 0.30 10.1 0.82 12.4 1.2 16

70.9 7.70E-10 0.356 0.542 0.66 10.1 0.81 12.5 1.2 21
AP101 89.1 1.07E-09 0.374 0.829 0.45 9.5 0.86 11.1 1.1 12 d

107.7 1.39E-09 0.270 0.965 0.28 11.0 0.89 12.4 1.2 11
102.9 1.53E-09 0.271 1.099 0.25 10.8 0.87 12.3 1.2 15 d

AP129 66.3 1.04E-09 0.883 0.738 1.20 9.0 0.81 11.1 1.1 24
AP104 69.5 2.96E-10 0.287 0.295 0.97 6.6 0.82 8.0 0.8 11

65.9 2.26E-10 0.347 0.275 1.26 5.2 0.78 6.7 0.7 13
AP126 101.5 1.36E-09 0.157 0.892 0.18 12.0 0.87 13.8 1.4 15

71.2 7.33E-10 0.115 0.432 0.27 13.1 0.79 16.5 1.7 20
AP114 105.9 1.58E-09 0.259 1.018 0.25 12.0 0.85 14.1 1.4 21
AP127 55.0 1.45E-10 0.088 0.135 0.65 7.6 0.77 9.9 1.0 24

55.0 2.57E-10 0.137 0.236 0.58 7.8 0.79 9.8 1.0 27
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standard procedures [Farley, 2002]. The total analytical
uncertainty of He ages of each aliquot is approximately
8%, governed by uncertainty in blank corrections and U and
Th spike concentrations. Aliquots that yielded analytical
uncertainties greater than 10% (n = 1), and that are older
than AFT ages (n = 5) are not reported.
[11] Fission track ages were determined on apatites from

10 of the 28 samples used for AHe determinations. Four of
these samples are from the tunnel (Table 2 and Figure 3).
The analyses were conducted using the external detector
method [Gleadow and Duddy, 1981; Hurford and Green,
1982] and the zeta calibration technique [Hurford and
Green, 1983]. The apatite grains and the muscovite external
detectors were etched and measured following procedures
described by Persano et al. [2005]. No horizontal, confined
fission tracks were observed. When possible, three Dpars
were measured on each grain used for the age determination
to monitor compositional variations of the apatite crystals,
which affect the annealing behavior of the tracks [Carlson
et al., 1999]. Only four samples have a chi-square proba-
bility of more than 5%, indicating variation in apatite
composition [O’Sullivan and Parrish, 1995].

4. Results

4.1. Apatite Fission Tracks

[12] Surface and tunnel AFT central ages range from 8.3
to 26.6 Ma (Table 2 and Figures 4 and 5a). There is no clear
correlation between age and elevation in the surface sam-
ples, and no systematic relation between age and distance

along the tunnel. Three tunnel samples yield statistically
indistinguishable AFT ages of 17 Ma (Table 2), whereas one
sample is significantly younger (8 Ma). Single grain ages
are variable within individual samples and range from 3 to
27 Ma. Analyses of the central age of samples that do not
pass the chi-square test and from which at least 15 grains
were counted, indicate that they can be decomposed into
two main age clusters. The dominant age components yield
a weighted mean of 5.6 ± 3.4 Ma (±2s) and 19.9 ± 4.2 Ma
(excluding the component of sample G3500 which is only
determined by three grains out of 30, Table 2). These two
age components are a result of variable F/Cl, as indicated by
the Dpar variation (Table 2) [O’Sullivan and Parrish, 1995]:
the older cluster, recorded by the Cl-rich apatite crystals
[O’Sullivan and Parrish, 1995], identifies the time when the
samples were at �130–120�C, whereas the younger age,
recorded by F-rich apatites, indicates cooling at �80�C.

4.2. Apatite He Ages

[13] He, U and Th concentrations, grain dimensions and
ages are reported in Table 1. Of the 28 samples, multiple
aliquots of apatite from 21 samples were analyzed. In
12 samples, He ages replicate within the analytical uncer-
tainty. Surface samples display a positive age correlation
with elevation along the northern flanks of the northern and
southern ridge and range from 17 to 9 Ma and 14 to 10 Ma,
respectively (Figure 4). The age-elevation correlation along
the central ridge is less clear, nonetheless the ages are
similar to those from the northern and southern ridge. AHe
ages of tunnel samples (Figure 5a) range from 13.5 to 5 Ma,

Notes to Table 1:

aTunnel sample numbers give the positions in the three tunnel segments: H, Hattelberg; G, Göss; and M, Malta.
bPosition in tunnel, measured from the south portal of the Hattelbergstollen [from Cliff et al., 1985].
cMass weighted average grain radius.
dU concentration calculated from measured U content and estimated volumes and densities of crystals.
eExcluded: d, not used in discussion of data because of inclusions; and e, erronous old age and therefore not used in discussion (see text).
fRead 7.99E-10 as 7.99 � 10�10.

Table 2. Apatite Fission Track Dataa

Sample
Number of
Grains

rd,
105 cm�2

rs,
105 cm�2 Ns

ri,
105 cm�2 Ni

b P,%
AFT Age
(±1s)c

Dpar
(±1s)

Comp. 1
(±1s)

Comp. 2
(±1s)

Tunnel Samples
G419 19 9.26 2.25 182 46.51 3770 <0.1 8.3 ± 1.1 1.87 ± 0.23 4.4 ± 1.9 11.4 ± 2.5
G5500 14 9.24 1.22 53 12.5 541 84.5 16.6 ± 2.4 2.14 ± 0.18
M3520 30 9.26 0.37 52 4.79 679 <0.1 17.7 ± 3.9 1.90 ± 0.43 1.1 ± 1.3 34.9 ± 20.4
M6500 20 9.23 2.19 154 21.78 1534 81.3 17.4 ± 2.1 2.22 ± 0.32

Surface Samples
AP125 14 9.25 2.54 179 22.97 1618 6.9 19.2 ± 1.9 1.94 ± 0.25
AP101 20 9.23 1.94 138 21.52 1555 <0.1 15.3 ± 2.0 2.31 ± 0.41 5.7 ± 2.2 18.6 ± 6.9
AP129 6d 9.24 3.05 126 22.67 938 <0.1 21.7 ± 4.4 1.83 ± 0.21
AP104 20 9.27 5.15 929 64.26 11582 <0.1 13.8 ± 0.8 2.03 ± 0.36 11.5 ± 1.3 16.6 ± 2.7
AP126 15 9.27 2.52 204 16.76 1357 <0.1 26.6 ± 4.1 1.96 ± 0.38 5.6 ± 2.2 23.3 ± 12.0
AP127 20 9.28 1.89 224 17.94 2128 8.9 18.0 ± 1.6 1.62 ± 0.15

aThe identification of the age components was performed using the PopShare software [Dunkl and Szekely, 2003; Kuhlemann et al., 2006].
bND is 4907 for all the samples.
cAll are central ages.
dGiven the low number of grains counted, the single grain ages have not been considered to derive the two components.
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and are younger than the surface samples. Both sample sets
have AHe ages that are 9 to 5 Ma younger than AFT ages
(except sample G419 where ages are indistinguishable). In
order to distinguish whether the tunnel samples record
different cooling times due to nonhorizontal isotherms pre-
cise AHe ages are required. Several factors affect the repro-
ducibility of AHe ages [e.g., Ehlers and Farley, 2003;
Fitzgerald et al., 2006] and it is pertinent to review these
prior to discussing the implications of the data.
[14] 1. Zonation of parent elements, especially for slowly

cooled samples, can result in overestimation or underesti-
mation of the a recoil correction [Meesters and Dunai,
2002]. The U distribution was mapped using the etched
fission tracks in the 10 samples processed for AFT age
determinations. Weak U zonation was observed in less than
5% of the grains of only one sample (G419) and is clearly
not significant enough to affect AHe age reproducibility.
[15] 2. Decay of 147Sm to 143Nd produces one a particle.

The long half-life of 147Sm decay means that unless the
mineral has an unusually high Sm/(U + Th), He production
from Sm is insignificant. 147Sm decay contributes more than
10% of the total 4He in apatites with less than 3 ppm U
(based on a database of �1900 apatites P. W. Reiners and
S. Nicolescu, Measurement of parent nuclides for (U-Th)/He
chronometry by solution sector ICP-MS, available at http://
www.geo.arizona.edu/~reiners/arhdl/U-Th-Sm_measure-
ment_Reiners_042107.pdf). The concentration of U in our
samples varies from 2 to 46 ppm (Table 1). Four aliquots
yield U < 3 ppm, consequently the Sm contribution is, at
most, of minor importance to the observed age variation.
[16] 3. U- and Th-rich refractory mineral inclusions (e.g.,

zircon, monazite) implant 4He into the apatite [e.g., Ehlers
and Farley, 2003]. If U and Th are not extracted from
refractory inclusions during the apatite dissolution proce-

dure, AHe ages may be abnormally high. In order to test the
possibility that accidental mineral inclusions were the
source of the age variation, several apatites with mineral
inclusions were selected for analysis (see Table 1). M2000
and AP101 contain 1–5 mm zircon inclusions. Apatites with
unidentified dark microinclusions were selected from sam-
ples M8500, G5500, G4500 and H1000. Two aliquots of
zircon inclusion-bearing apatite from sample M2000 have
AHe ages (17.3 and 14.5 Ma) that are older than adjacent
inclusion-free apatite from samples M1480 (8.5 and 8.0 Ma)
and M2085 (8.0 Ma). The inclusion-bearing apatites from
samples H1000 (16.1 Ma), G5500 (11.9 Ma) are signifi-
cantly older than the inclusion-free apatite from the same
sample. The mineral inclusions in samples AP101, M8500
and G4500, however, appear not to affect the AHe age. The
magnitude of the effect in sample M2000 suggests that
unobserved mineral inclusions, or implantation of 4He from
adjacent minerals, could be responsible for some of the
observed age variation. Four samples (M504, M3520,
M6500, and M8500) where 3 or more aliquots were dated
have one spuriously old age and are therefore omitted. A
further four multialiquot samples (H3000, G419, G5500,
M2850) yield a range of ages that do not overlap within
analytical uncertainty but have no clear analytical or statis-
tical reasons for rejecting the data (Table 1).
[17] 4. The fraction of helium retained in apatite (and

from this derived the closure temperature, Tc) scales with
grain size and cooling rate [Farley, 2000; Wolf et al., 1998].
Whereas for rapidly cooled samples grain size variation has
a negligible effect on the fraction of helium retained, the
effect on slowly cooled rocks is predicted to be measurable
[e.g., Fitzgerald et al., 2006; Meesters and Dunai, 2002]. In
Figure 6 the grain size is plotted against AHe age for the
four multialiquot samples (H3000, G419, G5500, M2825)

Figure 4. Surface apatite fission track (black squares) and (U-Th)/He (white squares) ages along the
Hochalm-Ankogel Dome section. AFT ages show, within uncertainty, no clear correlation with elevation.
AHe ages display a positive age-elevation correlation along the northern flanks of the northern and
southern ridge. Legend of surface geology is as in Figure 3b.
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Figure 5. (a) Apatite fission track (black circles) and (U-Th)/He (white circles) ages along the Malta
tunnel. For the (U-Th)/He ages a three-sample average (gray circles) is calculated, assuming a 15% error
on the trend and excluding sample H2000 as this is located on a fault. No systematic correlation exists
between AFT age and the samples position within the tunnel. AHe ages display a broad concave-up
pattern with older ages near the tunnel portals and younger ages in the central tunnel. The concave-up
pattern does not follow the present-day relief but reflects the paleotopography of the Hochalm-Ankogel
Dome. The lowest age is beneath the maximum paleorelief, whereas the age maxima are at the northern
and southern end of the tunnel, coinciding with major valleys bounding the paleo-Hochalm-Ankogel
Dome. The coincidence of the AHe age minimum with the maximum paleotopography is the result of a
topographic effect on isotherms pertinent to the AHe system. (b) Similar to Figure 5a, except using only
the minimum AHe ages for four nonreplicating samples (see text), indicating that the concave upward
tunnel AHe age trend is not caused by poor sample reproducibility. Legend of surface geology is as in
Figure 3b.
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that yield significant age variation, along with the minimum
and maximum theoretical age for a 40- and 90-mm, respec-
tively, grain radius predicted from the thermal history
determined in section 5. Samples G5500 and M2825 yield
ages that decrease with increasing grain size, and H3000
and G419 have age variation that is equal to or larger than
the minimum and maximum predicted age for the mean
weighted average radius (MWAR) variation. The age vari-
ation in the four samples cannot be simply related to
differences in grain size, suggesting that yet unexplored
issues (e.g., chemical variation in apatite composition),
multiple fluid and/or mineral inclusions or radiation damage
effects [Shuster et al., 2006] may have affected the AHe
ages.

5. Exhumation History of the

Hochalm-Ankogel Dome

[18] The absence of track length data and the variable
apatite composition rule out the possibility of using the
apatite fission track data to determine an accurate cooling
history via modeling (e.g., AFTSolve [Ketcham et al.,
2000]). Instead we use the age components identified in
the AFT samples. The weighted mean age of the older
cluster (19.9 ± 4.2 Ma, Table 2) is recorded by the Cl-rich
apatite crystals [O’Sullivan and Parrish, 1995] and identi-
fies the time when the samples were at �130–120�C. The
similarity of this age with Zentralgneiss biotite Rb/Sr (22–
15 Ma [Cliff et al., 1985; Hawkesworth, 1976]) and white
mica K/Ar ages (28–16 Ma [Cliff et al., 1985]) and zircon
fission track ages (21–16 Ma [Dunkl et al., 2003]) implies
that a phase of rapid cooling (40�C Ma�1) from in excess of
300�C to roughly 120�C occurred between 22 and 16 Ma
(Figure 7). If only the biotite Rb/Sr and AFT cooling ages
are taken into account, fast cooling occurred at roughly

80�C Ma�1. The fast cooling phase has been attributed to
the rapid unroofing of Austroalpine tectonic units overlying
the Zentralgneiss [e.g., Neubauer et al., 1999, and refer-
ences therein]. AHe ages younger than 15 Ma suggests a
slowing of the cooling rate following the rapid cooling
pulse at 20 Ma.
[19] The younger AFT age cluster (5.6 ± 3.4 Ma) reflects

the post-10 Ma cooling history recorded by F-rich apatites.
The timing and nature of this cooling is imprecise as it is
registered by only a few samples (Table 2) due to a scarcity
of F-rich apatites (as indicated by few Dpar values lower
than 1.9 mm), but correlates well with denudation pulses in
the Alpine system [e.g., Bogdanoff et al., 2000; Cederbom
et al., 2004; Seward and Mancktelow, 1994]. The absence
of AHe ages younger than 6 Ma indicates that when the
young rapid cooling event occurred the samples were
already in the Helium Partial Retention Zone (HePRZ [Wolf
et al., 1998]) and were between 80 and 60�C. By combining
the available thermochronological data (literature and this

Figure 7. Time-temperature plot showing the cooling
history for the Zentralgneiss derived from literature data
(gray boxes) integrated with the apatite fission track age
components and (U-Th)/He (AHe) data from this work
(black boxes). Black solid line depicts cooling history used
for the thermal modeling in section 7: rapid cooling (40�C
Ma�1) between 22 and 16 Ma, slow cooling (2–4�C Ma�1)
between 16 and 6 Ma, and accelerated cooling (9–12�C
Ma�1) after 6 Ma. White mica K/Ar and biotite Rb/Sr data
are after Cliff et al. [1985] and Hawkesworth [1976]; zircon
fission track (ZFT) and apatite fission track (AFT) data are
after Dunkl et al. [2003] and Staufenberg [1987].

Figure 6. Grain size versus age relation for four poor
replicating samples (relative age = samples’ aliquot age/
samples’ average age). Dashed lines mark the minimum and
maximum theoretical age for a 40- and 90-mm, respectively,
grain radius as predicted from the thermal history
determined in section 5. MWAR, mean weighted average
radius.
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work), a cooling history integrated over three periods is
derived (Figure 7): rapid cooling (40�C Ma�1) between 22
and 16 Ma, slow cooling (2–4�C Ma�1) between 16 and
6 Ma and accelerated cooling (9–12�C Ma�1) after 6 Ma.
This cooling history will be used for the thermal modeling
in section 7.

6. Warping of Isotherms by Topography

[20] The AHe tunnel samples display systematic age
variation that can be traced by a three-sample running
average (Figure 5a). From north to south AHe ages decrease
from 9.5 Ma at the tunnel portal to approximately 7 Ma
under the valley between the northern and central ridge,
then increase to a maximum of 12–13 Ma under the central
and southern ridge. The AHe age trend displays a broad
concave-up pattern that does not follow the present-day
topography in a systematic way. The concave-up pattern
could be due to an older topographic effect that existed prior
to the present-day Hochalm-Ankogel Dome topography.
Prior to discussing the implications of this it is necessary
to demonstrate that the AHe trend is not an artefact of
variable age replication and/or local geological effects such
as faulting and variable heat production.
[21] The four samples that do not reproduce within

analytical uncertainty are likely the result of ‘‘parentless’’
He from fluid or refractory mineral inclusions, or from
implantation into apatite [e.g., Ehlers and Farley, 2003].
This tends to bias the three-sample average to an older age.
When such samples are located near the tunnel portals they
may enhance the concave upward trend. Using only the
minimum ages for these four samples the concave-up
pattern, and its position with respect to the topography is
maintained while the minimum age in the central and
southern tunnel segments decreases by approximately
1 Ma (Figure 5b). Clearly age replication has little bearing
on the observed age distribution along the tunnel.
[22] Hot fluid circulation along faults can potentially

affect AHe ages of rocks that at the time of fluid circulation,
were at less than 60�C. Quartz veins that postdate the
formation of the main foliation precipitated from aqueous
fluids at �420�C [Droop, 1985]. While the timing of fluid
flow has not been established, these temperatures are
enough to locally reset AHe ages. Such effect could be
apparent in sample H2000 which is located at a fault and
yields an age that is measurably younger (�8 Ma) than its
neighboring samples H1000 and H2000 (�12 and 14 Ma,
respectively, Table 1). There is, however, no systematic
correlation between the young ages in the central tunnel and
fault distribution (Figure 5), implying that postcooling fluid
flow has not been responsible for generating the concave-up
AHe age trend.
[23] Heterogeneous distribution of heat-producing ele-

ments produces temperature gradients between different
rock types [e.g., Pasquale et al., 2001; Popov et al.,
1999; Ribeiro and Roque, 2001]. Reported heat production
values for typical Zentralgneiss rocks (schists, quartzo-
feldspathic gneisses, tonalities, granodiorites and leucog-
ranites) vary between 1.5 and 3.5 mW m�3 [e.g., ter Voorde

and Bertotti, 1994, and references therein]. For the cooling
rates that are typical of this area during the time the samples
traversed the HePRZ, this heat production range can gen-
erate a 30% variation in AHe ages. However, there is no
systematic correlation between rock type (and therefore
concentration of heat producing elements) and AHe ages
along the tunnel (Figure 5). This rules out variable heat
production as an explanation for the observed tunnel trend
and implies that geological factors appear to have had little
effect on the AHe age distribution.
[24] The tunnel AHe age distribution does not directly

reflect the present-day topography as the youngest ages are
recorded in the central tunnel section rather than underneath
one of the three ridges. We interpret the concave upward
trend in the tunnel AHe ages to reflect a paleotopography
that predates the present-day Hochalm-Ankogel Dome
topography. Structural reconstructions of the Zentralgneiss
and Inner Schieferhule rocks led Cliff et al. [1985, 1971] to
interpret that the Hochalm-Ankogel Dome formed a large
dome with an amplitude of 3–4 km and a half wavelength
of 20 km. The concave-up AHe age trend along the tunnel
broadly mirrors such a shape. The lowest age in the tunnel
coincides with the position of maximum paleorelief, where-
as the age maxima are at the northern and southern end of
the tunnel, near the major valleys that bound the paleo-
Hochalm-Ankogel Dome. The coincidence of the AHe age
minimum with the maximum paleotopography would sug-
gest that isotherms are systematically perturbed by topog-
raphy. The incision from the paleo-Hochalm-Ankogel
Dome topography to its present-day one is not apparent in
the tunnel AHe ages despite the amplitude (2 km) and
wavelength (10 and 5 km). In the next section, a numerical
thermal model is used to determine the extent to which
isotherm warping under the present-day topography should
affect tunnel AHe ages, and whether the preservation of the
paleotopographic signal in the tunnel can be used to
constrain the timing of incision of present-day topography.

7. Modeling and Dating of the

Hochalm-Ankogel Dome Topography

7.1. Thermal Models

[25] In order to determine the extent and formation time
of topography we have used a two-dimensional numerical
thermal model [Foeken, 2004; ter Voorde et al., 2004] to
predict synthetic AHe (and AFT) ages that are subsequently
compared to the data. We have modeled the cooling of a
50-km-wide by 20-km-deep crustal section. The initial
topography is described by a 3-km amplitude and 20-km
half-wavelength single-ridge that mimics the paleotopogra-
phy inferred for the Hochalm-Ankogel Dome. The timing of
incision of the present-day topography (three ridges, two
valleys), and cooling rates are varied in six hypothetical
scenarios. Each model run start at 22 Ma. In models 1 to 4,
cooling follows the thermal history determined previously
(section 5). Incision of the present-day topography from the
initial single-ridge starts at 1 Ma (model 1), 5 Ma (model 2),
10 Ma (model 3) and 20Ma (model 4). These are appropriate
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as tests for topography development in response to tectonic
processes (20 and 10 Ma), a climate-induced erosional signal
in the Alpine region at 5 Ma [Cederbom et al., 2004] and
glacial activity in the Western Alps at 1 Ma. In order to
constrain the sensitivity of our model to the young cooling
component in the AFT data, two additional models are run
that do not incorporate the 2–9 Ma cooling event (model 5
and 6 with incision of the present-day topography at 1 and
20 Ma, respectively).
[26] Denudation is generated in the model by varying the

Earth free cooling surface in space (x and y direction) and
time, and the thermal response on the change in topography
is calculated. The Earth free cooling surface corresponds to
a surface temperature of 10�C. To avoid boundary effects,
the model is deeper than the region of interest heat produc-
tion is incorporated. The model produces time-temperature
(t-T) paths that are recorded in several synthetic points
along both the present-day topography and the tunnel
transect. AHe ages are calculated for these points by
importing the t-T paths into DECOMP [Dunai, 2005],
assuming Do = 50 cm2 s�1, Ea = 33.5 kcal mol�1 [Farley,
2000] and a 60-mm apatite grain radius with a homogenous
parent element distribution. The synthetic ages are corrected
for recoil following standard procedures [Farley, 2002]
(assuming an Ft value of 0.75). This procedure is only
strictly valid for rapidly cooled samples where the interplay
between diffusion and a recoil is small [Meesters and
Dunai, 2002] and introduces an inconsistency in the data.

AFT ages are calculated by importing the t-T path in
AFTSolve [Ketcham et al., 2000], using the Laslett et al.
[1987] annealing model. A 10% uncertainty (AHe recoil,
AFT annealing uncertainties) is assumed for both AHe and
AFT model ages. The model uses an initial geothermal
surface gradient of 25�C km�1, other model parameters are
listed in Table 3.

7.2. Results

[27] In model 1 (Figure 8a; topography incised at 1 Ma),
surface AHe ages compare well with the measured ages.
They display a positive correlation with elevation, ranging
from approximately 7.5 Ma in valleys to 16 Ma at topo-
graphic highs. Tunnel model AHe ages are younger than
surface ages and display a clear concave-up trend. AHe ages
vary from 9–10 Ma at the tunnel portals to �4 Ma in the
central tunnel and are �2 Ma younger than the measured
ages. Model 2 (Figure 8b; topography incised at 5 Ma)
produces surface AHe ages that are similar to model 1. The
tunnel AHe ages have a more subdued concave-up pattern
than produced by model 1 and the age minimum is
approximately 5.5 Ma. In model 3 (Figure 8c; topography
incised at 10 Ma), both surface (10–16 Ma) and tunnel (7–
10 Ma) ages compare well to the measured AHe ages.
Tunnel AHe ages display a weak concave up pattern, with
youngest ages of 7 Ma in the central tunnel to 11 Ma at the
tunnel portals. In model 4 (Figure 8d; topography incised at
20 Ma) both surface and tunnel AHe ages are 3–4 Ma older
than measured ages. The tunnel AHe ages are no longer
symmetrical around the original topographic high. The
youngest age appears beneath the newly formed northern
ridge; no age variation is observed under the central and
southern ridge.Models 5 and 6 predict AHe ages that are 30–
60% older than surface and tunnel samples predicted for
cooling that includes the young cooling event at 2–9 Ma.
[28] Tunnel and surface AFT ages produced by the

thermal model for scenarios 1 to 4 are identical and
indistinguishable from the experimental data. Surface model
AFT ages yield a positive correlation with elevation for all
model scenarios. Tunnel model AFT ages display a slight
systematic variation with position in the tunnel in model 1;
for models 2–4, tunnel age variation is within model age
uncertainty. Incorporating faster cooling from 300 to 120�C
around 16 Ma (using biotite Rb/Sr and AFT only, see

Table 3. Model Parameters

Parameter Description Constant

T (surface, 0 km) 10�C
T (base, 125 km) 1200�C
Thermal diffusivity 1 � 10�6 m2 s�1

Heat production 2.4 � 10�6 W m�3

Thickness heat producing layer 5 km
Specific heat 1100 J kg�1 K�1

Geothermal gradient (initial) 25�C km�1

Horizontal x direction 50 km
Vertical z direction 30 km
Time steps 75
Grid points 75
Dx (grid spacing x direction) 666 m
Dz (grid spacing z direction) 400 m

Figure 8. Thermal model results to determine the extent, and formation time of the Hochalm-Ankogel Dome topography
and the surface and tunnel AHe and AFT ages. (left) AFT model results (black squares are surface model ages; white
squares tunnel model ages); (right) AHe model results (black circles are surface model ages; white circles tunnel model
ages). Measured AHe and AFT ages are shown for comparison with predicted ages: gray solid band are tunnel ages, and
gray dashed band are surface ages. Dot-dashed line represents model topography. Cooling follows the thermal history
depicted in Figure 7. Thermal models are derived for different incision times of the single-dome paleotopography to the
present-day three-ridge/two-valley topography at 1 Ma (model 1), 5 Ma (model 2), 10 Ma (model 3), and 20 Ma (model 4).
These are appropriate as tests for topography development in response to tectonic processes (20 and 10 Ma), a climate-
induced erosional signal in the Alpine region at 5 Ma [Cederbom et al., 2004] and glacial activity in the western Alps at
1 Ma. Predicted tunnel AFT ages do not display a systematic variation with position in the tunnel for the different scenarios.
The predicted AHe age trend in the tunnel depends on the time of topography incision: a concave up trend is obtained for
incision at 1 Ma (Figure 8a), which decreases in amplitude (5 and 10 Ma, Figures 8b and 8c) to a trend in which tunnel AHe
ages do not vary significantly with position in the tunnel (20 Ma, Figure 8d).
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section 5 and Figure 7) does not affect AHe ages, but will
decrease AFT ages by roughly 10% (which is within the
assumed uncertainty on the model data); the observed AFT
tunnel age distribution is, however, preserved in all model
runs.
[29] Several general results are apparent from the model

study.

[30] 1. Isotherm warping beneath the initial topography is
significant enough to produce the young AHe ages and the
concave upward trend in the tunnel center. The concave
upward trend is symmetric around the paleotopographic
high suggesting that isotherms deflect in a systematic way
to topography formation.

Figure 8
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[31] 2. The AHe age trend in the tunnel depends on the
time of formation of the topography from a dome to the
present-day Hochalm-Ankogel topography. As the age of
the relief increases, the topographic wavelength necessary
to warp the isotherms becomes shorter. A concave upward
trend in tunnel AHe ages is apparent for a topography
incised later than approximately 10 Ma. In contrast, the
surface AHe ages are insensitive to the age the topography.
[32] 3. The concave upward AHe age trend is not

apparent for isotherm warping beneath the Hochalm-
Ankogel Dome topography incised at 20 Ma. Instead, the
AHe age trend appears to roughly mimic the topography.
Measurable AHe age differences are preserved beneath the
northern ridge-valley pair (10-km half wavelength); beneath
the central and southern ridges (5-km half wavelength),
however, isotherm warping is insufficient to result in
measurable AHe age differences under the valley-ridge
systems. The latter is in agreement with previous model
results that predict that when half wavelengths are short,
lateral cooling through the ridges is the dominating factor
and preventing isotherms to warp under short half-wave-
length ridges [Mancktelow and Grasemann, 1997; Stüwe et
al., 1994].
[33] 4. The tunnel AHe ages require the late Miocene–

early Pliocene rapid cooling event in order to reproduce the
measured AHe ages.

[34] 5. For the cooling history and topographic evolution
modeled here, the AFT thermochronometer is not sensitive
to the topography but merely records the regional exhuma-
tion history.

7.3. Timing of Topography Formation

[35] In order to provide a better constraint on the timing
of incision we have calculated how the AHe age difference
between the northern tunnel portal and the midtunnel
section (Dx) varies for incision times between 20 Ma and
1 Ma (Figure 9). Dx is at a maximum (1.3) for recent
incision, and decreases progressively to a minimum (0.1)
for topography incision at 20 Ma (Figure 9). The amplitude
of the measured three-sample average trend (Dx = 0.4) is
consistent with the incision of the present-day topography
roughly between 7 to 10 Ma (assuming a 15% uncertainty,
Figure 9).
[36] Detrital mineral thermochronology and provenance

studies of the eastern Alpine Molasse basin sediments have
shown that the first Penninic rocks of the Tauern Window
were exposed at 13–14 Ma [e.g., Brügel et al., 2003; Frisch
et al., 1998]. While it is likely that erosion of the Tauern
Window occurred simultaneously with exhumation, it
appears that the relief in the Hochalm-Ankogel Dome
formed 4–7 Ma after the initial exhumation of the Tauern
Window. The Miocene exhumation of the Tauern Window
resulted in a reorganization of the eastern Alpine drainage
system from a N–S directed network to a more orogen
parallel drainage pattern that developed from late Miocene
onward [Brügel et al., 2003; Frisch et al., 1998]. The late
Miocene age of the Hochalm-Ankogel Dome derived from
our data therefore fits well within the regional morpholog-
ical evolution. It is also compatible with palinspastic and
morphological reconstructions that have suggested that the
eastern Alps developed from moderately elevated topogra-
phy in early middle Miocene times to more a mountainous
landscape from the late Miocene onward [Frisch et al.,
1998].
[37] Recent studies aimed at dating glacial incision using

AHe chronometry [e.g., Shuster et al., 2005; Spotila et al.,
2004] showed that glaciers can erode sufficiently deep
(>1500 m) into the topography to result in the exhumation
of rocks with AHe ages that record the time of glaciation.
The preservation of the Miocene topography in the
Hochalm-Ankogel Dome suggests that Alpine glacial ac-
tivity at the onset of the Pleistocene was insufficient to
significantly modify its topography for it to be recorded in
the AHe age of the samples along the tunnel transect.

8. Summary

[38] Apatite (U-Th)/He and fission track age determina-
tions of samples from a 20-km-long tunnel (Malta tunnel
in the Hochalm-Ankogel Dome, eastern Tauern Window,
Austria), have been combined with results from a thermal
modeling study in order to quantify the role of topography
in perturbing isotherms in the shallow crust and its effect on
thermochronometric ages. Apatite fission track ages yield
26–8 Ma. Two age components are identified, indicating

Figure 9. Dating the incision of the Hochalm-Ankogel
Dome topography from the domal paleotopography to the
present-day three-ridge/two-valley topography obtained by
comparing the amplitude of the modeled tunnel AHe age
trend (Figure 8) to that of the three-sample average
(Figure 5a). Dx is the difference between the (maximum)
northern tunnel portal AHe ages and the (minimum)
midtunnel ages, ratioed to the midtunnel ages (Dx =
(Agemax � Agemin)/Agemin). Black circles represent the
modeled data. The best fit line through modeled data is
second-order polynomial with R2 = 0.99. The black solid
line represents Dx for the three-sample average (with a 15%
uncertainty band). The Dx of the three-sample average
trend is consistent with the incision of the present-day
topography roughly between 7 and 10 Ma.
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cooling through�120�C at approximately 20Ma and�80�C
at approximately 6 Ma. Surface and tunnel (U-Th)/He ages
(17–9 Ma and 13–5 Ma, respectively) are consistently
younger than the equivalent fission track ages. Integrating
the AFT and AHe with literature data, we derive a cooling
history for the Hochalm-Ankogel Dome of 40�C Ma�1 from
22 to 16 Ma, 2–4�C Ma�1 between 16 and 6 Ma, and 9–
12�C Ma�1 from 6 Ma to present.
[39] A first-order trend in tunnel AHe ages shows that

they vary systematically with position along the tunnel:
older ages found at the northern and southern tunnel portals
(10–8 Ma and 13–12 Ma), while the youngest ages (7–
5 Ma) are found in the central tunnel. The systematic,
concave upward trend in tunnel AHe ages does not follow
the present-day Hochalm-Ankogel Dome topography but
reflects a paleotopography that predates the present
Hochalm-Ankogel Dome topography. The tunnel age min-
imum coincides with a paleotopography maximum and
suggests that the 40–60�C isotherms were warped suffi-
ciently to affect apatite (U-Th)/He ages. The presence of
faults (and associated fluid flow), and sample lithology
contribute to location specific sample-to-sample age varia-
tion but has had little effect on the observed overall, AHe
age distribution. The absence of systematic variation of
AFT ages along the tunnel suggests that the 80–120�C
isotherms are insufficiently perturbed to affect AFT ages.

Our data are in agreement with thermal modeling studies and
shows that isotherms can be systematically perturbed and
that this can be recorded within thermochronological ages.
[40] The tunnel apatite (U-Th)/He ages match synthetic

He ages derived from a 2-D numerical model of landscape
evolution and show that AHe ages vary systematically along
the tunnel depending on the time of topography incision.
Integrating the data with thermal model results shows that
the relief development of the Hochalm-Ankogel Dome can
be constrained and we calculate that its present-day topog-
raphy was formed at 7 to 10 Ma. The combined AHe and
AFT data for both tunnel and surface samples therefore
show that in selected topographic settings, the two chro-
nometers can be used to date topography.
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Fügenschuh, B., D. Seward, and N. Mancktelow
(1997), Exhumation in a convergent orogen: The
western Tauern window, Terra Nova, 9, 213–217.

Gallagher, K., R. Brown, and C. Johnson (1998), Fis-
sion track analysis and its applications to geological
problems, Annu. Rev. Earth Planet. Sci., 26, 519–
572.

Gleadow, A. J. W., and I. R. Duddy (1981), A Natural
long-term annealing experiment for apatite, Nucl.
Tracks Radiat. Measure., 5, 169–174.

Hawkesworth, C. (1976), Rb-Sr geochronology in the
eastern Alps, Contrib. Mineral. Petrol., 54, 225–
244.

House, M. A., B. P. Wernicke, and K. A. Farley (1998),
Dating topography of the Sierra Nevada, California,
using apatite (U-Th)/He ages, Nature, 396, 66– 69.

Hurford, A. J., and P. F. Green (1982), A user’s guide to
fission track dating calibration, Earth Planet. Sci.

Lett., 59, 343–354.
Hurford, A. J., and P. F. Green (1983), The Zeta age

calibration of fission track dating, Isotope Geosci.,
1, 285 –317.

Ketcham, R. A., R. A. Donelick, and W. D. Carlson
(2000), AFTSolve: A program for multi-kinetic



TC3006 FOEKEN ET AL.: TOPOGRAPHY AND ISOTHERMS

15 of 15

TC3006

modeling of apatite fission track data, Geol. Mater.
Res., 2, 1 –32.

Kuhlemann, J., I. Dunkl, A. Brugel, C. Spiegel, and
W. Frisch (2006), From source terrains of the east-
ern Alps to the Molasse Basin: Detrital record of
non-steady-state exhumation, Tectonophysics, 413,
301–316.

Laslett, G. M., P. F. Green, I. R. Duddy, and A. J. W.
Gleadow (1987), Thermal annealing of fission
tracks in apatite. 2: A quantitative analysis, Chem.
Geol., 65, 1 –13.

Mancktelow, N. S., and B. Grasemann (1997), Time-
dependent effects of heat advection and topography
on cooling histories during erosion, Tectonophysics,
270, 167–195.

Marechal, J.-C., and P. Perrochet (2001), Theoretical
relation between water flow rate in a vertical frac-
ture and rock temperature in the surrounding mas-
sif, Earth Planet. Sci. Lett., 194, 213–219.

Meesters, A. G. C. A., and T. J. Dunai (2002), Solving the
production-diffusion equation for finite diffusion
domains of various shapes; part II. Application to
cases with [alpha]-ejection and nonhomogeneous dis-
tribution of the source, Chem. Geol., 186, 347–363.

Naeser, C. W. (1981), The fading of fission tracks in the
geological environment: Data from deep drill holes,
Nucl. Tracks, 5, 248–250.

Neubauer, F., J. Genser, W. Kurz, and X. Wang (1999),
Exhumation of the Tauern Window, eastern Alps,
Phys. Chem. Earth, Part A, 24, 675–680.

Niethammer, G. (1910), Die Wärmeverteilung im Sim-
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