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Abstract The Defereggen-Antholz—Vas (DAV) Line
marks the southern border of apine greenschist facies
metamorphism within the Austroalpine basement to the
south of the western Tauern window. During the Oligoc-
ene sinistral-strike slip, coeval with vertical displace-
ment, was accompanied by the syntectonic emplacement
of the Rieserferner Pluton along the north side of the
fault. To the north of the DAV Line Rb/Sr as well as
K/Ar-biotite cooling ages continuously increase from
16 Ma at the Rensen Pluton in the west to 30 Ma at the
eastern end of the Rieserferner Pluton. Similar trends are
apparent from zircon and apatite fission-track data,
which increase eastward from 19 to 29 Ma, and 13 to
16 Ma, respectively. Low cooling rates allow a direct
transformation into exhumation rates assuming an aver-
age geothermal gradient of 28 °C km-1. The resulting ex-
humation rates of less than 1 mm year-1 do not affect the
depth of isotherms in a geologically significant manner.
Hence, variable cooling rates within the basement north
of the DAV Line are a result of differential exhumation
of individual blocks. High exhumation rates bracketed
between the intrusion age of the Rieserferner Pluton at
31+3 Ma and the apatite partial annealing zone (PAZ)
range between 0.4 and 0.6 mm year-l, whereas final
exposure takes place at reduced exhumation rates of
0.2 mm year-1. East-side-down tilting of the block north
of the DAV Line, as indicated by variations in exhuma-
tion rates, strongly affects the western part of the area
studied between the Rensen and the Central Rieserferner
Pluton whereas, further east, block rotation becomes less
important. A total difference in exhumation of about
2.2 km corresponding to 5° tilting between the Western
and Eastern Rieserferner, as indicated by K/Ar-biotite
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and zircon fission-track data, occurred before going
through the PAZ for apatite fission-tracks. Furthermore,
the significance of the cooling ages, especially for
biotite, is tested by calculating a finite element approxi-
mation. Different numerical models indicate fast cooling
of the intrusive melts prior to approaching the closure
temperature of the K/Ar system in biotite.

Keywords Austroa pine basement - DAV-Line -
Fission-track data - K/Ar dating - Thermal modelling

Introduction

Crustal scale faulting during exhumation of young oro-
genic beltsis frequently accompanied by high angle rota-
tions of crustal segments (Heller 1980; Rosenberg et al.
1995). Such rotations can be quantified by reconstructing
the cooling history, using a number of thermo-geochro-
nological systems with different blocking temperatures
(Dodson 1973). The direct derivation of exhumation
rates from the cooling history of rocks is based on a
number of assumptions such as (1) the critical isotherms
must have been horizontal, (2) the critical isotherms
must remain at constant depth with respect to the surface
and (3) the uplift rate of the rocks must be equal to the
rate of erosion (Parrish 1983). Obviously, within tectoni-
cally highly active regions none of these preconditions
will be fully satisfied. England and Molnar (1990) drew
attention to the difference between exhumation and up-
lift rates. Asit turns out, exhumation rates provide no in-
formation about uplift rates because the relative dis-
placement with respect to the geoid is unknown. Howev-
er, careful evaluation of cooling ages should enable us to
constrain at least relative amounts of differential vertical
displacement.

This study is focused on the narrow crustal segment
of the Austroalpine basement between the western
Tauern Window and the Southern Alps, comprising two
crustal scale transpressive strike slip faults active during
Alpine times: the Kalkstein—Vallarga (KV) Line (Sassi et
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al. 1974; Borsi et a 1978; Guhl and Troll 1987) and the
Defereggen-Antholz—Vals (DAV) Line (Borsi et al.
1973, 1978; Kleinschrodt 1978; Schulz 1989). Further-
more, the block to the north of the DAV Line includes
the syntectonically emplaced Rieserferner Pluton (Mager
1985; Steenken et al. 2000). Our interest in testing and
refining the published model of rotation of the crustal
block north of the DAV Line (Borsi et a. 1978) involves
the question whether both the fabrics and the outcrop
pattern of the Rieserferner Pluton are in their primary
orientation. This is particularly so because the shape of
the pluton bears a certain similarity to the Bergell Pluton
where a large amount of tilting has been demonstrated
(Rosenberg et al. 1995).

Adding to the existing data base of K/Ar- and Rb/Sr-
mica cooling ages (Borsi et a. 1973, 1978; Stockhert
1984; Hammerschmidt 1981; Prochaska 1981) seven
new K/Ar-biotite and ten new K/Ar-muscovite ages were
determined in order to reconstruct differential vertical
displacement before and during the intrusion of the
Rieserferner Pluton. Furthermore, 24 new apatite and 12
new zircon fission-track ages, in combination with previ-
ously released fission-track data (Grundmann and Mort-
eani 1985; Coyle 1994; Flgenschuh 1995; Stockhert et
al. 1999; Angelmaier et al. 2000), yield information on
the post-intrusive exhumation history of the considered
segment of the Austroal pine basement.

Beyond the above mentioned difficulties in the inter-
pretation of cooling ages in terms of exhumation rates,
K/Ar-biotite cooling ages have to be carefully evaluated
whether they record true exhumation, passing the 300 °C
isotherm, or reflect cooling after the emplacement of the
hot magmas of the Rieserferner Pluton (Hammerschmidt
1981; Prochaska 1981). Recently published numerical
models of the thermal evolution in contact metamorphic
envelopes around large intrusive bodies (Bonneville and

Capolsini 1999; Kosakowski et al. 1999; Siegesmund et
al. 2001; Westphal et al. 2002) show excellent agreement
with P-T conditions obtained from field studies. Al-
though magmatic intrusions in fault zones are a wide-
spread phenomenon, the complex interaction of different
physical and chemical mechanisms coupled with the
cooling of plutons is still poorly understood. Conse-
guently, the correctness of the thermal model depends on
the quality, amount and density of available field data. In
the Rieserferner area, with its 3-D outcrop pattern, de-
tailed studies on the contact metamorphic evolution are
available (Prochaska 1981; Mager 1985; Cesare 1992,
1994, 1999), which have explored the heating of the
country rock by intrusion of the hot magmas of the
Rieserferner Pluton.

Geological setting

The Austroal pine basement between the western Tauern
Window and the Periadriatic Line (PL) is divided into
three crustal segments separated by two major Alpine
crustal scale shear zones (Fig. 1). In the north, the
Defereggen—Antholz—Vals (DAV)Line separates two
crustal blocks with a different cooling history. Alpine
metamorphism and structural reworking of Variscan
basement rocks within the northern block (Stockhert
1984; Schulz 1997; Schonhofer 1999) leading to Oligoc-

Fig. 1 Tectonic overview of the Periadriatic Line and related
Alpine faults (insert) with (detailed) focus on the Austroalpine
basement SW of the Tauern Window. Note the opposing strike slip
regimes aong the Puster Valey Line and the Defereggen—
Antholz-Vals (DAV)-Line and Kakstein-Vallarga (KV)-Line. The
Oligocene Rieserferner Pluton exhibits a close relationship with
the DAV Line bordering the pluton partly in the south
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ene Rb/Sr and K/Ar-biotite cooling ages (Bors et al.
1973, 1978; Hammerschmidt 1981) are juxtaposed
against the Variscan metamorphic basement of the south-
ern block that records a weak Alpine brittle deformation
only (Schulz 1994, 1997). Furthermore, this southern
block is affected by late Alpine brittle deformation along
the Kalkstein—Vallarga (KV) Line (Borsi et a. 1973;
Sassi et al. 1974). The continuation of both lines to the
west in the Brenner Area and east across the Isel Valley
is still under discussion (Hoke 1990; Stockli 1995;
Schulz 1997). A conspicuous feature of the DAV Lineis
the close occurrence of numerous tonalitic to granodiori-
tic intrusions like the Rensen Pluton (31.1-31.7 Ma,
Barth et al. 1989), Altenberg Pluton (Bellieni et al.
1984), Zinsnock Pluton (Mager 1985) and the sizeably
E-W elongated Rieserferner Pluton (31+3 Ma, Miller et
al. 2000 — recalculated after Borsi et a. 1979), which in-
vade the Austroalpine basement to the north of the fault
line.

In contrast to the dextral character of the PL, a sinis-
tral strike-slip regime is reported for the DAV Line
(Kleinschrodt 1978; Fig. 1). The integration in aregional
context and the timing of movements are still controver-
sial. Evidence for an Oligocene displacement along the
DAV Line is provided by the syntectonic emplacement
of the Rieserferner Pluton as indicated by the sheared
contact metamorphic andalusite and textured growth of
fibrolite within the mylonitic fault rocks, whereas the
marginal areas of pluton, as well as the granitoid in-
jections within the mylonitic country rock, suffer a
high amount of solid-state deformation (Becke 1892;
Prochaska 1981; Mager 1985; Zarske 1985; Schulz
1989, 1994; Most 1997; Mann and Scheuvens 1998;
Steenken et al. 2000).

K/Ar-biotite ages in the block north of the DAV Line
prove a vertical displacement across the DAV Line at
around 30 Ma (Borsi et a. 1973, 1978). Additionaly,
Stdockhert (1984) found evidence on the base of K/Ar-
muscovite ages that the DAV Line was active during the
Cretaceous aso. The stop of vertical offset across the
DAV Lineisconstraint by continuous N-S increasing apa-
tite fission-track ages (Grundmann and Morteani 1985;
Coyle 1994), attesting the common pass through the apa-
tite partial annealing zone (PAZ) of the whole basement
before 22 Ma.

The problem arises from the opposing strike-slip
movements along the DAV Line and the PL forming at a
very acute angle during Oligocene times (Schmid et al.
1989). A possible explanation is offered by the lateral es-
cape model of Kazmer and Kovacs (1985), which was
also forwarded by Ratschbacher et al. (1991). Recently,
Mancktelow et al. (2001) has drawn attention to the
timing of changes in the displacement. On the basis of
Rb/Sr microchrons (Mdller et al. 2000) and observation
of some dextral shear indications within the deformed
adjacent intrusives they infer a dramatic change from
transpressive sinistral to a transpressive dextral strike-
dlip close to 30 Ma. Consequently, sinistral strike-slip
should have ceased before the beginning of dextral
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strike-slip aong the PL. Because the timing of quartz
fabric formation is hard to constrain, sinistral displace-
ment indicated by the majority of these fabrics could
easily be accommodated at an earlier stage of deforma-
tion. A late Cretaceous east—west extension has been
demonstrated, for instance in the Austroalpine Otztal—
Stubai basement (Fugenschuh et a. 2000). These exten-
sional faults are frequently accompanied by sinistral
strike-slip faults that are probably related to the west-
ward displacement of the Austroal pine nape pile (Froitz-
heim et al. 1997). By analogy, the Tertiary persistence of
sinistral strike-slip along the DAV Line could possibly
be linked with the exhumation of the Tauern gneisses
during the Oligocene (Zimmermann et al. 1994).

Methods

In order to reconstruct the thermal history of a crusta
section on the base of thermochronometric data closure
temperatures (T) of the applied dating methods have to
be well constrained. In the field of Rb/Sr and K/Ar mica
dating the values of Purdy and Jager (1976) are largely
accepted. They suggest a T of 500+£50 °C for the Rb/Sr-
system of white-micas, while the K/Ar-system closes
at 35050 °C. In the case of biotite identical T, at
300+50 °C for both systems are supposed.

In fission-track dating, the blocking temperature con-
cept of Dodson (1973) is expanded and replaced by the
‘partial annealing zone (PAZ)’ (Wagner 1972). Particu-
larly for apatite, track-lengths measured on confined hor-
izontal tracks (Gleadow et al. 1986) provide further in-
formation to constrain different geological scenarios.
The upper and lower temperature limits for the PAZ of
apatite fission-tracks are 120 and 60 °C, respectively
(e.g. Green et a. 1989).

The understanding of fission-track annealing in zircon
is, up to now, still a matter of detailed research (see for
example: Rahn et a. 2002a, 2002b). A large number of
different estimates on the range of the PAZ exist in the
literature (for a recent review see Stockhert et a. 1999).
A good compromise, aso in the understanding of previ-
ously published zircon fission-track data, is the range of
240+60 °C proposed by Yamada et al. (1995).

Data acquisition

Supplementing the extensive database published during
the last three decades, new K/Ar ages of white-mica and
biotite, as well as zircon and apatite fission-track ages,
were acquired in order to constrain the proposed model
of Borsi et a. (1978) concerning the variable exhuma-
tion of the Austroalpine basement to the south of the
western Tauern Window. Sample sites and distribution of
the compiled thermochronometric data are presented in
Figs. 2, 3,4, 5 and 6. Tables 1 and 2 give an overview of
the new results. The analytical techniques employed are
briefly outlined in the appendix.
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pegmatitic rocks from the basement in the south of the DAV Line
yielding an Early Jurassic age. At least for the western pegmatite
K/Ar-biotite ages in the surrounding basement rocks reflect cool-
ing at about 280 Ma (cf. Fig. 4). Note that closure temperatures of
the two data sets differ by about 150 °C between 500+50 and
350450 °C, respectively (Purdy and Jager 1976)

New K/Ar mica and fission-track results

The significance of Rb/Sr- and K/Ar-muscovite
cooling ages

The starting point for the cooling path of the Austro-
alpine basement south of the western Tauern Window is
established by Rb/Sr-muscovite cooling ages (Borsi et al.
1973, 1978; Hammerschmidt 1981; Prochaska 1981).
The wide scatter of the data is prohibitive for a detailed
interpretation. Published ages south of the DAV Line fit

a narrow range between 286 and 302 Ma whereas, north
of the DAV Line, the variability is much higher (Fig. 3).
Cooling ages between 230-250 Ma next to the DAV
Line in the west between the Rensen and Rieserferner
Pluton are strongly younging towards the Tauern Win-
dow, where an age of 30 Ma is detected. Prochaska
(2981) found K/Ar-muscovite cooling ages between 29.5
and 31.7 Main the immediate contact of the Rieserferner
Pluton, which are certainly related to contact metamor-
phic heating during the intrusion (see below).

New K/Ar white-mica ages are mainly restricted to
the block south of the DAV Line. Only along the west-
ernmost sample traverse white-mica cooling ages are
presented on both sides of the fault. Sample FT 14 from
the southern part of the block north of the DAV Line
yielded an age of 101+2 Ma, confirming the previously
published data by Stéckhert (1984). This age is interpret-
ed to reflect cooling after Cretaceous metamorphism
(Stockhert 1984). Further to the north, strongly decreas-
ing K/Ar white-mica cooling ages overlap within error
limits with Rb/Sr white-mica ages, suggesting rapid
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(seeinsert)

cooling during exhumation. To the south of the DAV
Line, the similarity of the Rb/Sr and K/Ar white-mica
ages obtained from various ortho- and paragneisses sug-
gests rapid Late Variscan cooling at about 300 Ma. Two
pegmatoid samples from south of the DAV Line yielded
ages of around 190 Ma. Close concordance of the ages
determined from a mica fraction of =350 um suggests
that they represent true cooling of silicic melts invading
the Austroapine basement during Early Jurassic times.
Rejuvenation of these micas seems less likely because
at least for the more western sample K/Ar- and Rb/Sr-
biotite cooling ages from the surrounding area point to
higher ages. Up to now, no Early Jurassic pegmatites
have been reported from the Austroapine basement
south of the Tauern Window. At least the pegmatites that

occur to the north of the DAV Line are constrained by
Rb/Sr methods to be Permian in age (Borsi et al. 1980;
Stockhert 1984). However, the occurrence of Late
Triassic pegmatites is reported by Sanders et al. (1996)
from the Orobic basement of the Southern Alps.

Regional distribution of Rb/Sr- and K/Ar-biotite
cooling ages

The K/Ar-biotite cooling ages obtained excellently fit
the age pattern observed in former investigations (Borsi
et al. 1979; Hammerschmidt 1981; Prochaska 1981).
Cooling ages north of the DAV Line increase from
around 17 Ma at the Rensen Pluton in the west to 27 Ma
at the western end of the Rieserferner Pluton (Fig. 4).
Further east, the increase in ages becomes less impor-
tant. In the region of the eastern end of the Rieserferner
Pluton and near the Isel Valley ages rise abruptly to val-
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Fig. 6 Compilation of published and recent apatite fission-track data (see insert). Also given are track-length histograms of confined
horizontal tracks in apatite. Distributions shown in outline represent small numbers (n<22) of measured track-lengths

Table1 Compilation of the obtained K/Ar ages of muscovites and
biotites. K,0O analyses of the standard mineral HD-B1 (Fuhrmann

et a. 1987) were interspersed, with the sample material as a
control of experimental technique. Errors on measured ages were

calculated according to the error propagation of Gaussian Law,
combining individual uncertainties from K,O dual anaysis, 1%
general error of 49Ar analysis, argon isotopic ratios and spike cali-
bration. The quoted error complies with 95% of the confidence
level (20). Ar — isotopic abundance; 40 Ar: 99.6000%; 38 Ar:

0.0630%; 36 Ar: 0.3370%. Spike — isotopic composition; 40 Ar:
0.0099980%; 38 Ar: 99.9890000%; 36 Ar: 0.0009998%. Decay
constants (1 year-1): lambda e: 5.810E-11; lambda f3: 4.962E-10;
lambda tot: 5.543E-10. Potassium; 40 K: 0.011670%; K,O/K:
0.8302. Standard temperature pressure (STP); 0 °C; 760 mmHg;
normal atmosphere (DIN 1343); 273.15 K; 1,013.25 mbar. Molar
volume; (ml): 22413.8. Atomic weight (g mol-1): tot Ar: 39.9477;
40 Ar: 39.9624; tot K: 39.1027

Sample Spike K,O 40 Ar* 40 Ar* Age 2s-error 2s-error
(No.) (W1t%) (nl g1 STP (%) (Ma) (Ma) (%)
AK 8 Muscovite 2429 10.79 21.44 90.64 60.6 +1.3 21
AK 9 Muscovite 2487 10.67 70.05 95.10 193.0 +4.1 21
FT 10 Muscovite 2482 10.95 35.33 95.77 97.4 +2.1 22
FT 12 Muscovite 2437 10.73 111.99 98.48 297.8 +6.7 22
FT 14 Muscovite 2439 10.87 36.31 94.94 100.8 +2.1 21
FT 15 Muscovite 2441 11.05 21.12 87.17 58.4 +14 24
FT 22-1 Muscovite 2431 10.99 70.68 98.01 189.2 +8.6 45
0OG 10 Muscovite 2488 11.00 119.82 98.92 309.8 +6.3 20
OG 13a Muscovite 2500 10.16 104.83 98.96 294.7 +6.0 2.0
FT 30 Muscovite 2615 10.51 29.58 96.97 299.7 +8.0 2.7
FT 20 Muscovite 2613 7.44 83.82 97.74 319.5 +7.9 25
AST 2 Biotite 2489 8.02 8.49 90.97 325 +0.9 2.8
BS23 Biotite 2502 9.25 73.12 99.22 229.9 +4.9 21
FT1 Biotite 2515 8.49 77.12 99.17 261.9 +5.6 21
FT9 Biotite 2520 7.72 7.39 96.54 29.5 +0.9 31
FT 32 Biotite 2601 9.22 7.99 80.66 26.7 +0.7 26
Patsch Biotite 2603 9.41 8.52 93.27 27.9 +0.7 25
Rain Biotite 2605 9.55 8.47 90.46 27.3 +0.8 29




Table 2 Apatite (A) and zircon (Z) fission-track ages. Sample lo-
calitiesareindicated in Fig. 2. All samples have been treated using
the external detector method. Number of counted grains is given
in column 3. psand pi are spontaneous and induced track densities
respectively; number of counted tracks is given in parenthesis.
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P(x?) test (Galbraith 1981). ps/ps is the mean ratio. Zircon ages
were calculated with a T-value of 130.4+7.4 for dosimeter glass
CN 1. Apatite ages were calculated with a T-value of 358.8+11.4
for dosimeter glass CN 5. All ages are mean ages (Galbraith and
Laslett 1993)

Sample Altitude Number SD track pSpi S pi P(x?) Age (Ma)
(masl.) of grains  density (x29) x10% cmr2 x104 cmr2 (%) (x29)
counted x104 cm2 (counted) (counted)
(counted)

AK 8A 2420 21 111.7 (2406) 0.078+0.005 20.43 (367) 306.9 (5513) 14 14.1+1.1
AK9A 1600 18 104.2 (2406) 0.077+0.004 35.59 (355) 478.2 (4770) 94.8 13.9+0.8
ASt2A 2620 17 130.4 (2406) 0.077+0.004 16.82 (107) 222.6 (1416) 99.7 17.7+1.8
ASt22 18 42.57 (639) 1.024+0.033 954.5 (2412) 960.8 (2428) 14.3 27.7+1.4
FT1Z 2100 20 45.74 (639) 2.629+0.136 620.8 (951) 235 (360) 89.5 78+6
FT4A 2260 22 141.7 (2406) 0.093+0.010 10.74 (116) 177.2 (1963) 1.0 17.8+2.3
FT4Z 21 43.48 (639) 0.891+0.035 210.7 (1070) 237.5 (1206) 59.1 25.1+15
FT6A 1500 21 122.9 (2406) 0.069+0.006 23.9 (217) 407 (3696) 285 13+1
FT62 17 43.93 (639) 1.031+0.046 262.2 (737) 258 (725) 77.4 29.0+1.9
FT8A 1380 20 115.4 (2406) 0.084+0.007 16.69 (79) 209.2 (990) 98.2 16.5+2
FT9A 1340 22 145.3 (2229) 0.060+0.004 20.01 (258) 333.2 (4296) 34.8 15.6+1.1
FT9Z 20 45.29 (639) 0.938+0.025 779.2 (2782) 832.4 (2972) 58.5 27.6+1.3
FT10A 2220 17 96.72 (2406)  0.067+0.004 21.81 (364) 327.5 (5464) 332 11.5+0.7
FT12A 1580 29 149.8 (2229) 0.068+0.003 6.11 (126) 93.16 (1921)  100.0 17.6£1.7
FT12Z 20 46.19 (639) 1.048+0.045 481.2 (2130) 440 (1948) 0.1 31.5£1.9
FT 14 A 1920 22 137.9 (2406) 0.052+0.002 21.09 (302) 402.6 (5766) 99.5 12.9+0.8
FT15A 1325 22 119.2 (2406) 0.073+0.005 8.696 (217)  132(3293) 62.4 14.1+1
FT15Z 24 41.22 (639) 0.719+0.038 269.1 (1120) 377 (1569) 3.6 19.1+1.2
FT 20 A 1480 17 145.4 (2406) 0.050+0.010 2.406 (24) 65.47 (653) 724 9.6+2
FT22.1A 1680 21 100.5 (2406) 0.114+0.008 36.78 (338) 303.5 (2789) 49.1 21.7+1.4
FT23.1A 1600 23 112.6 (2275) 0.086+0.007 23.07 (246) 289 (3082) 77.8 16.1+1.1
FT 24 A 1280 21 127.1 (2229) 0.083+0.006 10.43 (156) 128.7 (1924) 86.9 18.5+1.6
FT24Z 17 48.45 (639) 0.867+0.030 454.4 (2494) 518.6 (2846) 47.7 27.6+1.3
FT 26 A 800 16 136.2 (2229) 0.055+0.004 7.392 (56) 141.2 (1070) 99.8 12.8+1.8
FT26Z 20 44.38 (639) 0.927+0.024 486.6 (2823) 526.6 (3055) 57.9 26.7+1.3
FT30A 2150 21 134.2 (2406) 0.078+0.005 13.77 (220) 176.4 (2819) 94.7 18.8+1.4
FT30Z 20 47.10 (639) 4510£0.221 1026 (1857) 225.5 (408) 89.6 138+9
FT32A 1950 23 92.48 (2275)  0.089+0.008 14.68 (278) 187.2 (3543) 14.5 13.0+0.9
FT 322 20 39.41 (639) 0.925+0.052 351.3 (1623) 377.7 (1745) 0.1 23515
FT40A 1800 20 104.4 (2229) 0.051+0.004 13.70 (164) 284.3 (3403) 92.5 9.0+0.7
FT41A 1575 20 99.82 (2229)  0.118+0.018 3.31(41) 38.51 (477) 75.2 15.4+2.5
FT 42 A 2000 19 95.28 (2229)  0.062+0.005 16.75 (246) 285.8 (4199) 18.4 10.1+0.8
OG 13aA 1900 20 140.7 (2229) 0.057+0.004 39.39 (276) 740.8 (5191) 88.2 13.4+0.9
OG 13aZ 16 47.55 (639) 3.057+0.183 1466 (3050) 500.8 (1042) 32 91+6
Patsch A 1630 23 108.9 (2229) 0.070+0.004 17 (221) 253.3 (3293) 94.4 13.1+1.0
Rain A 1280 21 122.5 (2229) 0.060+0.003 8.741(146)  150.9 (2520) 9.1 12.7+1.1

ues of between 47 and 59 Ma. Borsi et al. (1978) postu-
lated that westward younging reflects the variation of the
erosion level caused by tilting of the crustal segment
north of the DAV Line around a N-S axis after late
Alpine metamorphism. Furthermore, they argued that
high Rb/Sr ages from the easternmost end of the studied
area are not related to the amount of tilting because it
seems most likely that those ages reflect the partial reset-
ting of earlier cooling. The trend towards higher biotite
cooling ages continues further to the east across the Isel
Valley (Hoke 1990).

Additionally, younging towards the north is well es-
tablished. Cooling ages decrease from 30 Main the south
to 17 Ma next to the Tauern Window. Borsi et a. (1978)
argued that this rejuvenation of biotite cooling agesis the
result of Upper Oligocene-Lowermost Miocene regional
re-heating. A different approach to explain this decrease
in ages is the difference in exhumation rates between the

Tauern Window (Von Blanckenburg et al. 1989) and the
Austroal pine basement to the south, resulting in arotation
around an E-W axis.

Noteworthy are K/Ar-biotite cooling ages of about
30 Ma directly to the north of the DAV Line. Well con-
strained ages in the region of the eastern end of the Cen-
tral Rieserferner (ASt 2 — 32.5+0.9 Ma) match within er-
ror the recalculated Rb/Sr whole rock isochron of
31+3 Ma by Miiller et al. (2000). The rather abrupt de-
crease in cooling ages from 30 to 27 Ma within a few
hundred metres cannot easily be explained by crustal ro-
tations, but may be the result of bent isotherms caused
by the juxtaposition of relatively hot basement rocks
north of the DAV Line against the colder southern block.

The Austroalpine basement south of the DAV Lineis
well characterised by Late Variscan Rb/Sr- and K/Ar-
biotite cooling ages (Fig. 4). The sharp jump from
Alpine ages in the north to Variscan ages in the south
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Fig. 7 Presentation of K/Ar- and Rb/Sr-biotite ages as well as zir-
con and apatite fission-track ages across the DAV Line from the
three selected areas shown in Fig. 2. The variability of apatite fis-
sion-track ages in a similar range to both sides of the DAV Line
support no constraints on the vertical displacement across the
DAV Line from 22 Ma onwards. A marked decrease in apatite fis-
sion-track ages in the north of the Central Rieserferner reflects the
northward younging direction towards the Tauern window. From
the scarce datais not clear whether this trend is smooth or stepped.
Zircon fission-track ages and K/Ar- and Rb/Sr-biotite ages clearly
point to the role of the DAV Line (and aso KV Line) during the
Oligocene. Also, note the slight westward younging of all age
groups in the north of the DAV Line. Squares apatite fission-
track data; diamonds zircon fission-track data; circles K/Ar- and
Rb/Sr-biotite data. Filled symbols represent new data from this
study, whereas open symbols refer to the published data set (cf.
Figs. 3, 4, 5 and 6). The grey squares represent the somewhat
younger apatite fission-track ages from Grundmann and Morteani
(1985) and Angelmaier et a. (2000)

emphasises the role of the DAV Line during the Alpine
cycle (cf. Fig. 7).

Regional variation in FT-ages

Among the 25 investigated samples, 11 samples yielded
both zircon and apatite, 13 samples were suitable for ap-
atite dating and 1 sample for zircon dating only. The
number of dated grains ranged between 16 and 29. Track
length measurements of confined horizontal tracks were
performed for 18 apatite samples. For al other apatite
samples, the number of horizontal confined tracks was
too low to be presented. Analytical data are given in
Table 1. The regional distribution of ages is depicted in
Figs. 5 and 6. The available data allow for the construc-
tion of a continuous cooling (exhumation) path from
350 °C (K/Ar white mica) to 90 °C (apatite fission
track).

In the block to the north of the DAV Line, the newly
obtained zircon fission-track ages fit the previously
proven westward younging direction (Fligenschuh 1995;
Stockhert et al. 1999; Angelmaier et al. 2000). Ages of
around 22 Ma between the Western Rieserferner and the
Rensen Pluton increase towards 29 Ma in the eastern
part of the study area (Fig. 5). The later clearly reflect
cooling after alpine greenschist facies metamorphism. To

the south of the Central Rieserferner, across the DAV
Line, zircon fission-track ages strongly increase to Cre-
taceous ages whereas, further west, two marked jumpsin
zircon fission-track ages across the DAV Line and the
KV Line are documented (Stockhert et al. 1999; cf.
Fig. 7).

Apdtite fission-track data in the investigated area
range between 9 and 22 Ma, complying with the previ-
ously ascertained apatite fission-track ages by Coyle
(1994). Furthermore, ages obtained from the western-
most samples are consistent with the trend given by
Flgenschuh (1995). Data published by Grundmann and
Morteani (1985) and preliminary data by Angelmaier et
al. (2000) are systematically younger than the results
mentioned above (Fig. 6 and 8). Taking sample elevation
into account, this difference is partly reduced because
samples from Grundmann and Morteani (1985) are
mostly taken at lower elevations. Yet, both data sets lack
a clear correlation of age with altitude, most probably
because of late faulting. Thus, the fission-track data can-
not be reliably normalised to a topographic reference
level. Nevertheless, the difference of the ages between
the Rensen Pluton (7.8 Ma) and the Isel valley (9.8 Ma)
is comparable with the new results. As it turns out, the
calculated exhumation differences will be equivalent
(see below).

Along a W—E-oriented profile, a weak tendency can
be seen for increasing apatite fission-track ages towards
the Isel valley (Figs. 6 and 8). In the east, ages increase
markedly from the north of the Rieserferner Pluton to-
wards the south across the DAV Line. In the N-S direc-
tion a weak, southward increase in age across the DAV
Line is observed (Fig. 7). Because the available data
show a large scatter in ages, the calculation of a vertical
displacement on the base of apatite fission-track ages,
as speculated by Coyle (1994), seems to be highly ten-
tative. Additionally, apatite fission-track ages strongly
decrease in the north of the Central Rieserferner
(Staller Sattel, Fig. 7), continuous with the northward
younging of ages within the Tauern window. Single
grain ages of all counted apatites (Fig. 9) display a weak
tendency for younger ages in the north. However, the
oldest single grain ages were obtained in the northern
block aswell.
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Fig. 8 Top Apatite fission-track ages along a W—E profile to the
north of the DAV Line (A-A" in Fig. 2). Bottom Sample numbers
from this study and their elevation. An arrogated age vs atitude
relationship is only partly satisfied. The samples FT 42 and FT 40
from the north of the Rieserferner Pluton are continuous with the
younging of ages towards the Tauern Window. Note that the
fission-track ages from Grundmann and Morteani (1985) and
Angelmaier et al. (2000) do only insufficiently fit the new data
and previous data from Coyle (1994). These data are not included
for the rough approximation of atrend-line
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Fig. 9 Histogram of apatite single grain fission-track ages com-
piled from all newly obtained ages. A weak tendency for sightly
older ages south of the DAV Line can be seen. Note that the
youngest as well as the oldest single grain ages have been found in
the northern block

Thermal history and constraints
on the exhumation rates

Thermal modelling

In addition to the regional cooling caused by the exhu-
mation of the Austroal pine basement, local re-heating of
the basement occurs because of the emplacement of
large volumes of magma that form a number of plutons
(e.g. the Rieserferner Pluton). Therefore, the first impor-
tant task to be solved in order to constrain the differen-
tial exhumation of the basement isto check whether ages
are affected by contact metamorphic heating or reflect
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the joint exhumation of plutonic and basement rocks.
Furthermore, the regional extension of the disturbance of
isotherms is of interest in the context of an assumedly
constant geothermal gradient.

In order to approximate the time interval it will take
to cool the pluton down to the temperature of the host
rock, numerical modelling was performed using a finite-
difference approximation of mutually coupled equations
describing the conduction of heat in a solid medium. For
further details concerning the mathematical and numeri-
cal procedures of the used simulation code SHEMAT,
the reader is referred to Clauser (1988) and Clauser and
Villinger (1990).

The results of the numerical modelling of the cooling
history of the magmas of the Rieserferner Pluton are on-
ly reasonable if these correlate to a large extent with the
P-T conditions in the contact metamorphic envelope,
constrained from metamorphic peak conditions deduced
from mineral assemblages. Detailed investigations of the
metamorphic contact envelope in the topmost sidewall in
the south of the Central Rieserferner indicate six contact
metamorphic zones (Cesare 1992, 1994, 1999). The
‘second sillimanite’ zone (Cesare 1992, 1999) at the
contact of the pluton restricts the P-T conditions to
600-620 °C and a minimum pressure of 2.9 kbar. The
extension of the observed contact metamorphic reactions
is up to 1.5 km from the contact. Because investigations
were undertaken in an area of a non-vertical contact
plane, the actual width of the contact envelope is even
less than 1.5 km. Considering the inclination of the plu-
ton border, Mager (1985) observed a 230-m-wide contact
zone perpendicular to the plutons surface. Also, former
results from the northern contact area north of the Cen-
tral Rieserferner point to a contact temperature of 630 °C
and a rapid reduction of the temperature to 500 °C with-
in 400 m distance (Prochaska 1981). The temperature of
the unaffected country rock is estimated to 300400 °C
at the time of intrusion (Cesare and Hollister 1995;
Cesare 1999).

Basic assumptions

The model is based on a 2-D vertical cross section of the
Central Rieserferner and a N-S diameter of 7 km of the
equatorial planeistaken. The geometry of the top half of
the cross section is fairly well known from field observa-
tions and magnetic fabric patterns (Steenken et al. 2000).
Because structural data supply only indirect information
on the feeder zone, the deep structure of the model
should be regarded as an approximation, following the
model of the Bergell Pluton (Rosenberg et al. 1995). Sur-
rounding crustal rocks are divided into a mainly metap-
sammopelitic 15-km-thick upper crust, which is under-
lain by a gabbroic composed lower crust, which takes up
5 km in the model.

A basal heat flow (Q,,) of 43 mW m-2 at the base of
the model is calculated from an assumed surface heat
flow (Qg) of 70 mW m=2 (Della Vedova et al. 1995) ac-
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cording to the formula by Midgley and Blundell
(1997):

d
Om = Qs —AoD +ApDe™ D

where d is the depth co-ordinate. A, is the surface radio-
active heat production rate per unit mass and D is the
length scale for the decrease in radioactive heat produc-
tion with depth. In the model, the latter corresponds to
the depth of the 15-km-thick upper crust, whose radioac-
tive heat production rate is 2.44 pW m3, whilst the ra-
dioactive heat production rate in the lower crust is negli-
gibly low. The radioactive heat production of the intru-
sive rocks of 3.29 upW m3 is adopted from radio-
metric investigations of the Bergell Pluton (referencesin
Cermék et al. 1982).

A large anisotropy in thermal conductivity of foliated
rocks is known (Wenk and Wenk 1969; Langheinrich
1983), with the lowest thermal conductivity normal to
the cleavage plane. Considering the concordant foliation
of the country rock with respect to the plutons surface, a
low value of 2.2 W mxK-1 is set as an average of typical
metapsammopelitic crustal rocks (Cermak et al. 1982).
The thermal conductivity within the intrusive rocks and
lower crust is assumed to be isotropic and is set to 3.0
and 2.8 W mxK-1, respectively. A permeability values of
1x10-18 m2 is assigned to the metapsammopelitic upper
crust, whereas the lower crust and the intrusive are set to
a permeability value of 1x10-25 m2,

Results of modelling

A first set of simulation runs was carried out in order to
find a reasonable emplacement temperature of the mag-
ma sufficient to produce the observed contact metamor-
phic conditions very close to the contact at an ambient
temperature of 360 °C. The results are summarised in
Fig. 10a. It isindicated that a temperature of 600-620 °C
at the contact (Cesare 1992, 1999) is held for less than
50,000 years after the emplacement of a 950 °C hot
magma.

A different approach to estimate the emplacement
temperature of the magma is based on the zircon satura-
tion in asilicic melt (Watson and Harrison 1983). The Zr
content in the granitoids of the Rieserferner Pluton rang-
es from 47 to 150 ppm (Bellieni et al. 1984; Schonhofer
1999), which leads to a melt temperature estimate of
761 °C for the early tonalitic precursors of the pluton,
decreasing to 669 °C for the most fractionated granitic
samples. The discrepancy of about 200 °C between the
modelled melt temperature and the zircon saturation esti-
mate may be the result of magma convection during the
emplacement, where hot magma is recurrently transport-
ed next to the border of the pluton. Also porous flow of
the remaining melt above the solidus may produce the
observed contact metamorphic temperatures, even with
the lower magma temperature indicated by the zircon
saturation thermometer. However, a similarly high em-
placement temperature was modelled from contact par-

agenesis for the Ardara Pluton (NW Ireland) that intrud-
ed at a depth corresponding to about 2.5 kbar. From am-
bient temperatures of about 300 °C and a contact temper-
ature of 660 °C a magma temperature of 1000 °C was in-
ferred (Paterson and Vernon 1995). Also, Scaillet et a.
(1997) reported relatively high magma emplacement
temperatures for high level intrusions.

Further uncertainties arise from synintrusive tectonic
process that could not be taken into account by the
model. Temperature loss during magma ascent, as well
as synintrusive thinning of the plutonic roof (Rosenberg
et al. 2000; Steenken et al. 2000), are important aspects
of the emplacement of the Rieserferner Pluton. Taking
synintrusive shortening into account it is difficult to con-
strain ambient temperatures before contact metamor-
phism because of vertical mass displacement. John and
Blundy (1993) reported about 68% syn-emplacement
shortening in the country rock of the southern Adamello
massive. Paterson and Vernon (1995) conclude from por-
phyroblast-matrix relationships that expansion of magma
chambers is usually less than 30%. In the event of coun-
try rock shortening, ambient temperatures may tend to
the upper end of the predicted temperature interval be-
tween 300 and 400 °C (Cesare 1994, 1999).

As it turns out, starting the modelling at 950 °C will
mark the uppermost limit of the emplacement tempera-
ture and, therefore, the maximum time interval it will
take to balance the temperature of the pluton with its
host. A marked thermal anomaly persists up to 0.5 Ma
after the intrusion, whereas country rock and pluton are
cooled to approximately the same temperatures after
2 Ma, indicating that K/Ar-biotite as well as Rb/Sr-
biotite cooling ages at 4 Ma after the emplacement re-
flect regional cooling rather than contact metamorphic
cooling. The difference in radioactive heat production
between intrusive and country rock will lead to a little
temperature difference only. This effect diminishes to-
wards higher levels.

Comparing the width of the contact metamorphic en-
velope around the Rieserferner Pluton obtained from
field investigations (see above) with the modelled tem-
perature disturbance of isotherms in the host rock alarge
degree of concordance is indicated. However, modelled
temperatures at the onset of the different contact meta-
morphic zones are too low to produce the observed
metamorphic assemblages. A possible reason for this de-
ficiency may be the result of a more complex intrusion

Fig. 10 Temperature development in the contact envelope of the
Rieserferner Pluton assuming a a single relatively fast ascending
magma pulse, and b a pulsed magma ascent within a time interval
of 50,000 years (for simplicity of modelling two pulses are simu-
lated only). In the latter case the propagation of the contact aure-
ole increases compared with the intrusion of a single magma
batch, whereas at the contact the temperatures are not raised. In
both cases, the magma cools down to the temperatures of the
country rock within 2 Ma. A weak thermal anomaly persists be-
cause of the higher radioactive heat production of the plutonic
rocks. The white profile line marks the temperature profile in
Fig. 11
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Fig. 11 Detailed aspect of the temperature propagation through
contact during the emplacement of the Rieserferner Pluton. Black
arrows mark the onset of the observed contact metamorphic zones
in the metapelitic country rock. The grey field with the dashed
outline shows the effect of the temperature development in the
contact aureole for a pulsed magma ascent. The raised temperature
approximates the required temperatures for the observed contact
metamorphic reactions. Note that the onset of chlorite formation
will start more distant to the contact

sequence comprising different magma pulses. Structural
observations indicate a normal zoning of the pluton,
suggesting the piercing of a second pulse close to the
plutons centre. Because the magmatic foliation cross-
cuts internal contacts between the petrologic subunits
(Steenken et a. 2000), the intrusion of the later magma
batches has to take place at temperatures markedly above
the solidus of the first magma batch. Cooling down to
sub-solidus temperatures of a smaller magma batch will
constrain the time interval to 50000 years between two
pulses (Fig. 10b). In case of the relatively small magma
volume of the Rieserferner Pluton, the modelling results
for asingle or pulsed intrusion vary only slightly. In the
case of the mentioned restrictions, the modelling will on-
ly be able to show general variations in the expansion of
the contact aureole, but is not sufficient to account for a
specia intrusion sequence in case of the Rieserferner
Pluton. Because the temperature of the second pulse will
not be significantly higher than the first pulse, no higher
temperatures at the contact are reached. However, a
pulsed intrusion will cause a less steep temperature de-
crease towards the outer contact aureole, shifting temper-
atures to a more reasonable value to produce the ob-
served metamorphic reactions (Fig. 11).

Petrological evidence for the beginning of contact
metamorphism, characterised by the growth of fresh biot-
ite and chlorite at temperatures above 420 °C, is hard to
constrain because both minerals belong to the greenschist
facies Alpine metamorphic assemblage within the pelitic
rocks. The models point to the appearance of new chlorite
and biotite within a distance of 3-3.5 km from the contact.

Exhumation of the Austroal pine basement

Following the blocking temperature concept (e.g. Dodson
1973), the cooling of a metamorphic area of uniform de-

formation history can be easily assessed by the applica-
tion of different geochronological dating methods. Exhu-
mation rates issuing from the cooling history are calcu-
lated in two different ways. (1) the mineral pair method
(Wagner et a. 1977) utilises different blocking tempera-
tures of minerals and/or isotope systems in the same
sample; and (2) the altitude-dependence method applies
the same dating method (commonly apatite fission-
tracks) to several samples from unequal altitude (Wagner
et a. 1977; Fitzgerald and Gleadow 1990). In both cases,
exhumation is calculated from

. Az
exhumation rate = —
At

where Az is the vertical distance between two samples,
either calculated using an ‘estimated’ static and constant
geothermal gradient or measured directly, and At is the
age difference.

In particular, the mineral pair method is highly depen-
dent and, therefore, largely limited by assumptions relat-
ed to the geothermal gradient. Further, isotherms are af-
fected by high exhumation rates (as, for example, record-
ed in the Tauern window; Von Blanckenburg et al. 1989)
leading to heat advection reducing the spacing of iso-
therms (Mancktelow and Grasemann 1997). The altitude
dependence method, on the other hand, is depending on
the homogeneity of the exhumed rock body. This pre-
condition is hardly met in the investigated area as indi-
cated by the poor (and sometimes inverse) correlation of
age with altitude (cf. Fig. 7).

Track lengths distributions of confined horizontal
tracks provide further information on the thermal history
(Gleadow et a. 1986; Green et al. 1989). Most samples
yielded uniform distributions and the shortened mean
track lengths of 11.7-13.7 um (Fig. 6) point to cooling at
moderate rates comparable with the undisturbed base-
ment type of Gleadow et al. (1986). The shortest mean
track lengths are recorded by samples (FT 6, FT 42 and
OG 13a), whose distributions are more of ‘mixed type
according to Gleadow et al. (1986). The only sample that
yielded a bimodal track-lengths distribution (FT 24) is
weakly constrained because of the low number of mea-
sured confined horizontal tracks (n=30).

More detailed information on the cooling history is
gained from fission-track annealing models. For this pur-
pose the ‘Monte Trax’ software is utilised (Gallagher
1995), which deals with the single grain ages and track
length distribution. The procedure to find a best fit mod-
el for the T—t path is based on an initial stochastic search
(genetic algorithm) combined with a maximum likeli-
hood approach, whose theoretical background is de-
scribed by Gallagher (1995). Modelling is restricted be-
cause track annealing is highly sensitive to the crystal
chemistry of the dated apatites and, therefore, to the cho-
sen annealing model. In the following, uniform track
length predictions will be presented choosing the anneal -
ing model for the Durango apatite of Laslett et al.
(1987). An upper limit for the modelled time interval is
given by the zircon fission-track ages obtained. Because
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Fig. 12 Genetic algorithm (GA) simulation for two apatite fission-
track samples representative for the a central and b eastern part of
the studied area. Ten GA runs with 100 simulations each. The top
figures present only those T-t paths that fit the observed length
and age data. It isindicated that most of the simulated exhumation
paths pass straight through the PAZ, whereas only a few exhuma-
tion paths arrogate a more complex exhumation history. The four
lower figures show the best runs after 1100 simulations and the
correspondence between the observed and predicted track-length
distribution. The exhumation path for a sample FT 32 passes rela-
tively straight the PAZ whereas, for b FT 24, the exhumation his-
tory is more discontinuous. This is in agreement with the lower
exhumation rates in the eastern part of the studied area

the observed track-length distributions are rather uni-
form, sample FT 32 was chosen as representative. There-
fore, the starting point at 23+2 Ma and 240+60 °C is
taken for modelling the exhumation path of sample FT
32, whereas the end point is constrained by recent sur-
face conditions. The T—t space is subsequently divided
into further ‘' T—t boxes' covering the confined time and

-
.
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temperature range. Initial models are based on several
‘T—t boxes' that confirm the exhumation history. Further
models were performed on a reduced number of two
‘T—t boxes' to allow more freedom to vary the generated
T—t histories, but all the models are only able to generate
a simple track length distribution where the observed
track length distribution and the modelled distribution
are in agreement (Fig. 12a). Because the modelled time
interval is rather short, a simple T—t history is reasonable
for the exhumation history of the Rieserferner Pluton and
its country rock. The best fit models for the observed
ages and track length distribution generally indicate that
the basement, after cooling below the 110 °C isotherm,
undergoes for about 10 Ma weak only cooling during
passing the PAZ followed by a more rapid cooling dur-
ing final exhumation. Also, the bimodal track length dis-
tribution of sample FT 24 from the easternmost part of
the study area could be explained by a simple division of
the confined T—t space. With the exception of three cool-
ing paths that fit the length and single grain age model
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Fig. 13 Cooling history of the Austroal pine basement in the north
of the DAV Line and direct constraints on the amount of exhuma-
tion assuming an average geothermal gradient of 28 °C/km. The
standard deviation of the summarised age data from this study and
previous data (Borsi et a. 1979; Coyle 1994; Stockhert et al.
1999) for the different exhumation paths is presented by horizon-
tal error bars. Vertical error bars reflect uncertainties from clo-
sure temperatures of the different isotopic systems. Also indicated
are the modelled cooling paths based on single grain ages and
track-length distribution for the samples FT 32 and FT 24. For the
variability of these cooling paths see Fig. 12. In contrast to the as-
ymptotic cooling history, by using the apparent fission-track age
only, a more complex cooling history is conceivable when the
modelled cooling paths are taken into account

data, the suggested cooling path is characterised by rela-
tively constant temperatures between 21 and 11 Ma in
the mid range of the PAZ (Fig. 12b). During final exhu-
mation, cooling rates are slightly reduced in comparison
to sample FT 32.

It is aso indicated by the models based on the track
length distributions and single grain ages that the appar-
ent fission-track ages represent minimum ages of cooling
through the 120 °C isotherm. However, the difference to
the modelled probable cooling age is demonstrably
small, and of the order of the error of the mean of re-
giona groups of samples (Fig. 13). Generally its rele-
vance to the cooling path seems negligible.

Furthermore, it seems highly questionable to transfer
the constrained latest part of the cooling path directly in-
to exhumation rates because the more shallow levelled
isotherms are strongly effected by the high topographic
relief in the studied area. A more detailed discussion of
the final cooling history of the samples should be based
on a higher sample density.

In order to revea the complete exhumation history of
the Rieserferner Pluton, isotope systems with higher clo-
sure temperature have to be incorporated. Also, the
Rb/Sr isochron of the Rieserferner Pluton should be inte-
grated into the cooling history of the Austroal pine base-
ment. Thus, the large gap between eo-Alpine metamor-
phism at 102 Ma (Stéckhert 1984) and the biotite cool-
ing ages that range from 16 to 30 Ma s bridged. Because
the assumed closure temperature for the K/Ar system in
muscovite of 350+50 °C equals the temperatures for the
basement at the time of pluton emplacement (Cesare

1999), no cooling takes place between the closure of the
K/Ar-muscovite system and the emplacement of the plu-
ton. Onset of cooling, therefore, is constrained by the
emplacement of the Rieserferner Pluton. The cooling
rates decrease asymptotically towards final exposure.
Assuming an average geothermal gradient of 28° km-1
(Bellieni and Visona 1981) cooling rates are directly
converted into exhumation rates, labelled on the various
cooling paths in Fig. 13. Moderate exhumation rates in
the range of 0.4 and 0.6 mm year1 are bracketed be-
tween the intrusion age and the apparent apatite fission-
track ages, whereas final exhumation took place with an
exhumation rate of about 0.2 mm year-1. Also indicated
in Fig. 13 are the modelled *best-fit’ cooling paths for
two apatite fission-track samples (Fig. 12). It isindicated
that the modelled cooling path for the Western and Cen-
tral Rieserferner is in close accordance with the con-
strained cooling path using the apparent fission-track age
only. The increased difference between the apparent fis-
sion-track age and the modelled cooling age below the
120 °C isotherm further east leads to the possible inter-
pretation that exhumation took place at similar rates as
those for the Western and Central Rieserferner until
21 Ma, followed by a period of constant temperatures.
However, the comparison between the variability of the
modelled cooling path (Fig. 12b) and the mean of the
error of the regiona age groups (Fig. 13) shows a wide
overlap. Therefore, both interpretations may be reason-
able.

Because the simple conversion of cooling rates into
exhumation rates depends on several assumptions men-
tioned above a different approach is used following the
method outlined by Von Blanckenburg et al. (1989), by
placing time marks on the P-T loop. Unfortunately, in
the area of interest, this method is handicapped because
the temperature range of well-constrained metamorphic
conditions scarcely matches the temperature range cov-
ered by the applied dating methods. However, adopting
the P-T loop from Cesare (1999), established within the
pelitic country rock of the Central Rieserferner, exhuma-
tion rates could be constrained in asimilar way (Fig. 14).
As in the previous approach, negligibly small exhuma-
tion rates prior to the emplacement emerge, whereas dur-
ing and after magma emplacement exhumation rates rise
abruptly towards 1.7 mm year-1, and asymptotically de-
crease towards final exhumation. To check whether a
reasonable exhumation history for the Austroal pine base-
ment could be reconstructed, simple modelling adopting
the algorithm described by Mancktelow and Grasemann
(1997) was performed. The model is confined to a tem-
perature of 1,300 °C at 100 km depth. Radiometric
heat production within the upper 30 km of the model
exponentially decays to 1/e of the surface value of
2.80x10-6 W m-3, The starting point for exhumation, as
defined by muscovite K/Ar ages of 102 Ma, is at a depth
of 12.4 km. Adopting the exhumation rates estimated
from the P-T loop, it is indicated that, except for the
emplacement of the Rieserferner Pluton, neither K/Ar-
biotite nor fission-track ages fall into the right tempera-
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the mineral pair method (Fig. 13) istherelatively high exhumation
rate of 1.7 mm year1 bracketed between the intrusion of the
Rieserferner Pluton and the closure temperature for the K/Ar-
biotite system. The small inset shows the exhumation path in a
depth versus time diagram

ture range (Fig. 15a). Obviously this problem arises from
increased exhumation rates following the emplacement
of the Rieserferner Pluton at 31+3 Ma, which are fol-
lowed by reduced exhumation rates during later stages of
exhumation.

Modifying the exhumation path in order to fit the
postulated temperature ranges for the different dating
methods, high initial exhumation rates have to be re-
duced to 1.2 mm year-1, consequently exhumation rates
during the final exhumation increase up to 0.2 mm year-1
(Fig. 15b). Furthermore, resulting exhumation rates ap-
proximate the exhumation rates calculated from the min-
eral pair method within error. Hence, it is assumed that
cooling rates directly respond to the variable exhumation
within the Austroalpine basement to the north of the
DAV Line.

Detailed investigations on the Alpine PT evolution
further east are lacking (Schonhofer 1999), preventing a
comparison between the two methods. Low cooling rates
in the eastern part of the study area will allow us to con-
vert those directly into exhumation rates within geologi-
cal error. Asit turns out, variations in the cooling history
north of the DAV Line may directly correspond to the
differences in the exhumation history. Comparing the ob-
tained cooling ages within and outside the Rieserferner
Pluton it is suggested that both underwent the same ex-
humation history (Fig. 16).

Detailed evaluation of the different isotope systems
shows that the array of more or less constant ages pro-
gresses westwards during the cooling history. This may
indicate that the area affected by tilting was reduced. As-
suming an average geothermal gradient of 28 °C km1 a
differential vertical displacement between the Western
Rieserferner and the upper Defereggen Valley of about
2.2 km is indicated by K/Ar-biotite and zircon fission-

| Biotite KIAr, RbYSr
4 Zircon FT
- Apatite FT
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Fig. 15a, b Modelled P-T-t paths for the Western Rieserferner
and its surrounding Austroal pine basement. In a the modelled path
is based on the estimated exhumation rates obtained from the P-T
path of Cesare (1999). It is evident that the calculated exhumation
path would not allow the placement of the K/Ar-biotite and all
fission-track data in their assumed closure temperature interval.
b Modified exhumation path with reduced exhumation rates just
after the magma emplacement and, consequently, their higher ex-
humation rates during final exposure in order to fit the obtained
data. Dotted bars indicate the presumed closure temperature inter-
valsfor the applied isotopic systems

track ages suggesting an east-side-down rotation of ap-
proximately 5°. The rotation is nearly completed before
the rocks reach the PAZ for apatite fission-track ages.
After passing the PAZ for apatite 0.5 km of vertical dif-
ference were levelled only (Fig. 16).

A dlightly different rotational history of the Rieser-
ferner Pluton is archived when the modelled apatite fis-
sion-track cooling paths are incorporated. Following this
approach, the exhumation of the Rieserferner Pluton
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Fig. 16 Age vs. distance diagram for new and compiled Rb/Sr-,
K/Ar-biotite (black filled squares), zircon (open diamonds) and
apatite (grey filled dots) fission-track ages. The difference in
symbol size corresponds to the origin of samples, either from the
Oligocene intrusives (tall symbols) or the Austroalpine basement
(small symbols). Note that the two depth scales are individualy
scaled, corresponding to the depth of an averaged age group at
given time, assuming an average geothermal gradient of 28 °C.
The diagram to the left exhibits the estimated exhumation differ-
ence (A depth) between the Western and Eastern Rieserferner

took place at similar exhumation rates, but ceased at dif-
ferent times just after passing the 120 °C isotherm. As it
turns out, the vertical difference between the Eastern and
Western Rieserferner remains until the eastern part en-
ters the apatite PAZ. The east-side-down rotation is initi-
ated by the enduring exhumation of the Western Rieser-
ferner. Final exposure takes place at uniform exhumation
rates.

In view of the numerous brittle structures with at least
marked strike-slip offset (Schonhofer 1994, 1999) ob-
served within the investigated area, the fission-track data
obtained so far are till too scattered to decide whether
the observed age trend is smooth or caused by brittle dis-
crete faults adding up to the total displacement observed.

Conclusion

Careful evauation of different thermochronologica sys-
tems can be a useful tool in the determination of exhuma-
tion rates in orogenic belts, provided that exhumation is
slow (<1 mm year-1) and will not shift the depth of iso-
therms in a geologically significant manner (Mancktel ow
and Grasemann 1997). Additional uncertainties arise
from potentially inhomogeneous cooling of the basement
because of numerous brittle faults with minor vertical dis-
placement. Because this effect is hard to reckon, the esti-
mation of exhumation rates is rather ad hoc and, because
no associated error can be given, values should be regard-
ed as arough approximation only.

Low cooling rates north and south of the DAV Line
allow their direct transformation into exhumation rates.
To the north of the DAV Line, exhumation rates are con-
tinuously decreasing from nearly 1 mm year-1 bracketed
between the intrusion of the Rieserferner Pluton and the

closure temperature for K/Ar and Rb/Sr system in biotite
towards 0.2 mm year-! during final exposure. Highest
exhumation rates south of the DAV Line are confined by
Variscan Rb/Sr and K/Ar mica cooling ages overlapping
within error.

Although zircon fission-track ages north and south of
the DAV Line still mark a vertical displacement, a
smooth pattern in apatite fission-track ages across the
DAV Line points to a common exhumation history (see
also Coyle 1994; Stockhert et al. 1999).

The difference between the apparent fission-track age
and the modelled cooling history may lead to a slightly
different rotational exhumation history of the Rieser-
ferner Pluton. However, the final orientation of the plu-
ton is not affected.

One main task to solve is the implication for fabric el-
ements and outcrop pattern of the Oligocene Rieser-
ferner Pluton. Similarities between this pluton and the
akin Bergell Pluton regarding the development of a nar-
row, elongated tail, may suggest an analogous emplace-
ment and exhumation style (Rosenberg et a. 1995). This
conception cannot be maintained on the basis of the
thermochronometric data set obtained in this study, indi-
cating that the deepest part of the pluton corresponds
with the Western Rieserferner, whereas the narrow tail
along the Defereggen Valley represents the highest intru-
sion level. The initial vertical difference as indicated by
K/Ar- and Rb/Sr-biotite cooling ages is 2.2 km. A simi-
lar trend was found from hornblende-barometry data
(Albertz et a. 1999). The vertical difference is nearly
completely balanced prior to passing PAZ for apatite fis-
sion-tracks where a exhumation difference of 0.5 km is
left over.

This observation is in good agreement with the devel-
oped emplacement model for the Rieserferner Pluton
(Steenken et al. 2000). The appearance of highly evolved
granitic magmas aong the core axis of the tail of the
Rieserferner Pluton, enclosed by quartz—dioritic compo-
sitions, suggests that those intrusions belong to the latest
stage during the intrusion history. They may even com-
prise independent intrusions conflated prior to final so-
lidification.
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Appendix
Sample preparation and experimental procedure

Between 1 and 10 kg of suitable sample material was
taken for the separation of micas, zircon and apatite.
Sample preparation processed in the usual manner by
crushing and sieving. For enrichment of zircon and apa-
tite, the grain fraction smaller 40 ym was further treated
by Wilfley table, magnetic separation, heavy liquids
(bromoform, methylene iodide) and hand picking. Dur-
ing the whole procedure, samples were never heated
above 35 °C to avoid any decrease in number and size of
fission-tracks, particularly in apatite.

The residual coarse fraction was handled for mica en-
richment using a mica-jet as described by Wemmer
(1991) followed by standard techniques as for the apatite
and zircon enrichment. The purity of the mica separates
was >99%. Finally purified micas were ground in pure
alcohol to remove altered rims that might have suffered a
loss of Ar or K.

The argon isotopic composition was measured in a
Pyrex glass extraction and purification line coupled to a
VG 1200 C noble gas mass spectrometer, operating in
static mode. The amount of radiogenic 40Ar was deter-
mined by isotope dilution method using a highly en-
riched 38Ar spike from Schumacher, Bern (Schumacher
1975). The spike was calibrated against the biotite stan-
dard HD-B1 (Fuhrmann et al. 1987). The age calcula-
tions are based on the constants recommended by the
IUGS quoted in Steiger and Jager (1977).

Potassium was determined in duplicate by flame pho-
tometry using an Eppendorf Elex 63/61. The samples
were dissolved in a mixture of HF and HNO; according
to the technique of Heinrichs and Herrmann (1990).
CsCl and LiCl were added as an ionisation buffer and in-
ternal standard, respectively. The analytical error for the
K/Ar age calculations is given at a 95% confidence level
(20). Details of argon and potassium analyses for the
laboratory in Gottingen are given in Wemmer (1991).

For polishing of the fission-track sample, material
apatites were embedded in Araldite M whereas zircons
were pressed in PFA Teflon. The etching of the apatites
takes 35 sin 10% HNO; at 20 °C. Zircons were etched
in a KOH-NaOH eutectic melt at 210 °C for 8 h at least.
Muscovites used as external detectors (EDM, Naeser
1979) for all mounts and dosimeter glasses were treated
with 40% HF at 20 °C for 45 min.

Counting was performed on a Zeiss optical micro-
scope equipped with a calibration tablet run by the pro-
gram Langstage (Dumitru 1993). Apatites were counted
under dry conditions with a magnification of 1x10x100
while zircons were counted with a total magnification of
1.6x10x100 using oil immersion. Ages were calculated
using a zeta-value (Hurford and Green 1983) of 359+11
(Durango, CN 5) for apatite and 130+7 (Fish Canyon
Tuff CN1) for zircon.
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