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1  | INTRODUC TION

The excavation of the Brenner Base Tunnel provides a unique op‐
portunity to sample a section at almost constant elevation across 
the Adria‐Europe collision zone in the Eastern Alps (Figure 1). It 
crosscuts complex Alpine structures such as the Tauern Dome, 
which is overlain by the Austroalpine nappe stack, and the south‐
ward adjacent Periadriatic fault system (PFS), a first‐order tectonic 
boundary separating Eastern and Southern Alps (Bögel, 1975; Frisch, 
Kuhlemann, Dunkl, & Brügel, 1998; Laubscher, 1971; Schmid, Aebli, 
& Zingg, 1989; Werling, 1992).

During the Alpine orogeny (a) Cretaceous nappe stacking 
(Froitzheim, Schmid, & Frey, 1996; Thöni & Jagoutz, 1993) and 
associated metamorphism affected the Austroalpine domain, fol‐
lowed by (b) extension and reorganization, post‐dating Eoalpine 
lithospheric thickening (Froitzheim, Schmid, & Conti, 1994), (c) 

Penninic subduction during Adria‐Europe convergence and (d) col‐
lision of continental, crustal blocks. Large‐scale Alpine structures 
formed as a consequence of crustal shortening during the late‐
orogenic, post‐collisional Neoalpine (Trümpy, 1973) indentation of 
the Adriatic microplate from latest Eocene onwards (Froitzheim et 
al., 1994; Ratschbacher, Frisch, Linzer, & Merle, 1991).

Evidence for all these orogenic stages persists in a narrow cor‐
ridor near Mauls (Italy), pierced by the tunnel close to its southern 
portal (Figure 1). We derived low‐temperature radiometric ages for 
a transect comprising, from north to south, (a) subvertical to partly 
overtilted Austroalpine nappes on the southern limb of the western 
Tauern sub‐dome (Rosenberg et al., 2018), (b) Periadriatic intrusive 
rocks bound by branches of the PFS (both north and south) and (c) 
Southalpine Permian intrusion.

During ongoing Neoalpine convergence, severe pinching of the 
units north of the PFS between the upfolded Tauern Window and 
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Abstract
The Brenner Base Tunnel will connect Innsbruck (Austria) and Franzensfeste (Italy) 
by piercing two of the most important fault structures of the Alps: the Periadriatic 
fault system (PFS) and the Southern limit of Alpine metamorphism (SAM). (U‐Th)/
He dating (apatite) and fission‐track analysis (apatite and zircon) on samples taken 
during excavation reveal a complex pattern of exhumation through time. The results 
yield temporal constraints for relative vertical block movement and fault activity. 
Furthermore, they indicate differential uplift of the northern block along the ~E–W 
striking PFS and allow locating the position of the SAM in the overtilted nappe stack 
south of the Tauern Window. Our data strongly support, for the first time, an ongo‐
ing north‐side‐up movement along this section of the PFS until at least the end of 
Miocene.
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the northern tip of the indenting Adriatic crust resulted in their thin‐
ning due to lateral extrusion (Ratschbacher et al., 1991) as well as 
vertical extension. This study aims at localizing major boundaries be‐
tween blocks of coherent exhumation behaviour and at constraining 
the timing of their vertical displacement.

2  | GEOLOGIC AL SET TING

During the Cenozoic orogeny, the Tauern Dome—comprising nap‐
pes derived from the distal European margin and ophiolite‐bear‐
ing Penninic nappes—formed as a consequence of (micro‐) plate 

convergence and crustal accretion in a N–S compressional setting 
(Frisch et al., 1998; Lammerer, 1988; Linzer, Decker, Peresson, 
Dell'Mour, & Frisch, 2002; Schmid, Scharf, Handy, & Rosenberg, 
2013). Major exhumation from Eocene onward is accommodated in 
structures related to this shortening, such as the Venediger Duplex 
(Frisch, 1977; Frisch et al., 1998; Lammerer & Weger, 1998), the top‐
to‐north directed Sub‐Tauern Ramp (TRANSALP Working Group, 
2002, correction published 2006) and associated thrusts (Ortner, 
Reiter, & Brandner, 2006).

The Austroalpine nappe stack overlies the Penninic and Sub‐
Penninic units (Reiter et al., 2018, the tunnel cross section pre‐
sented coincides with the trace of their figure 8). Austroalpine 

F I G U R E  1   Geological overview along the trace of the Brenner Base Tunnel, crosscutting the Tauern Window and the border between 
Eastern and Southern Alps. The examined cross section (position indicated by the small white rectangle) pierces both DAV and PFS. The 
map is based on the ‘Geological Overview’, compiled by the ‘Amt für Geologie und Baustoffprüfung der Südtiroler Landesverwaltung’, 
which is derived from published and still unpublished findings of the projects ‘CARG’ and ‘Basiskarte’ as well as existing Italian and Austrian 
geological maps and the ‘Geologische Übersichtskarte von Tirol’ (Brandner, 1980) [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  2   Simplified map and cross sections of the Periadriatic fault system between Passo Tonale (W) and the western part of the 
Tauern Window (E), based on Pomella et al. (2012); The colour code indicates the tectonic affiliation of single faults to superordinate 
fault systems. Cross sections modified based on: (A–A′) Reiter et al. (2018), (B–B′) Selverstone (1988), (C–C′ and D–D′) Pomella, Flöss, 
Speckbacher, Tropper, and Fügenschuh (2016), (E–E′) Viola, Mancktelow, Seward, Meier, and Martin (2003); one segment of the cross‐
sectional scale bar equals 4 km; amAA, Alpine metamorphic Austroalpine units; anAA, Alpine non‐metamorphic Austroalpine units; BNF, 
Brenner normal fault; BMFZ, Brenner mylonitic fault zone; DAV, Defereggen‐Antholz‐Vals fault; JF, Jaufen fault; MMF, Meran‐Mauls fault; 
MSF, Mauls‐Sprechenstein fault zone; NGF, Northern Giudicarie fault; PGF, Pustertal‐Gailtal fault; PJ, Pejo fault; PN, Penninic nappes; 
PS, Passeier fault; SA, Southalpine units; SGF, Southern Giudicarie fault; SPN, Sub‐Penninic nappes; TF, Tonale fault; TW, Tauern Window 
[Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  3   Schematic cross section (a) 
and map view (b) for the investigated area 
between the southern limb of the western 
Tauern sub‐dome and Southalpine units, 
both showing main tectonic boundaries 
and thrusts in the survey area east of 
the Giudicarie belt; indication of map 
extent see Figure 1; (c) structural map 
of the study area with main faults; 
Abbreviations see Figure 2; SN, Senges 
normal fault [Colour figure can be viewed 
at wileyonlinelibrary.com]
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units can be subdivided into a northern part affected by Eoalpine 
metamorphism (lower nappes during orogeny) which was juxta‐
posed to a weakly to non‐affected (uppermost nappes) southern 
one (Borsi, Moro, & Ferrara, 1972) by a set of faults (Figure 2, 
blue) that mark the ‘Southern limit of Alpine metamorphism’ 
(SAM, Hoinkes et al., 1999). This tectonic structure is attributed 
to post‐Eoalpine, latest Cretaceous to Paleogene extension 
(Froitzheim et al., 1994; Fügenschuh, 1995). In the investigated 
area, the SAM spatially coincides with the Defereggen‐Antholz‐
Vals fault zone (DAV, Hoinkes et al., 1999), is in steep orientation 
and incorporated in the southern limb of the western Tauern 
sub‐dome.

South of the westernmost Tauern Window, Zircon fission‐track 
data indicate (a) Lower Cretaceous to early Oligocene cooling for 
Austroalpine samples south of the DAV and (b) Oligocene to mid‐
dle Miocene cooling for those north of the DAV. (c) Miocene cool‐
ing ages cluster in the adjacent Penninic and Sub‐Penninic units, 
north of the southern boundary of the Tauern Window (Bertrand, 
Rosenberg, Rabaute, Herman, & Fügenschuh, 2017).

Samples from the Austroalpine domain show Apatite fission‐track 
ages between Oligocene and middle Miocene. Middle to late Miocene 
ages are observed within the Tauern Window (Luth & Willingshofer, 

2008; Rosenberg et al., 2018). This pattern indicates the Miocene ex‐
humation process of the Tauern Dome and proves earlier cooling of 
its overlying, Austroalpine thrust sheet, framing the Tauern Window 
today. It is remarkable that the SW part of the Austroalpine domain, 
marked as Passeier unit in Figure 1, shows more affinity to the Tauern 
Window than to its eastern continuation in both Apatite and Zircon 
fission‐track age pattern (Bertrand et al., 2017).

The PFS (Figure 2), decoupling the Austroalpine nappe stack from 
the Southalpine domain (Adriatic Indenter), is a first‐order structural 
element of the Alpine orogen (Handy, Schmid, Bousquet, Kissling, & 
Bernoulli, 2010; Schmid et al., 1989). The formerly straight, ~W–E trend‐
ing PFS was active as a dextral strike‐slip fault at least until 31–28 Ma 
(Handy, Ustaszewski, & Kissling, 2015; Pomella, Klötzli, Scholger, Stipp, 
& Fügenschuh, 2011; Schneider et al., 2015). A different initial setting 
with a curved (restraining bend) PFS is discussed by Viola, Mancktelow, 
and Seward (2001). Differential Adriatic indentation, initiated in the 
late Oligocene and mainly accommodated by the sinistral Giudicarie 
Fault system (GFS, Pomella et al., 2011), offsets the PFS and dissects 
the indenter in a western and an eastern (Dolomites Indenter) segment 
(Rosenberg, Brun, Cagnard, & Gapais, 2007). Miocene offset along 
the GFS is verified by Pleuger, Mancktelow, Zwingmann, and Manser 
(2012) who dated fault gouge along the Northern Giudicarie fault to 

TA B L E  1   Sample coordinates, apatite and zircon fission‐track analytical data from tunnel cross section

Sample ID Position in tunnel Coordinates BBT‐TM Coord. Zircon Apatite

Name Source
Tunnel S 
[m]

Tunnel 
N [m]

Source 
[m] UTM N UTM E z [m] x [m] y [m] Nb Nd

ρD 
[105 cm−2] Ns

ρs 
[105 cm−2] Ni

ρi 
[105 cm2] χ [%] Age ± 1σ P Nb Nd

ρD 
[105 cm−2] Ns

ρs 
[105 cm2] Ni

ρi 
[105 cm2] χ [%] Age ± 1σ P

Dpar 
[µm]

PK1 EKS Periadriatica 10,990 48,314 — 5,191,703 694,417 718 21,656 85,511 10 3,062 4.9 1,416 266.757 379 71.399 74.18 140.60 ± 10.40 1 21 3,100 13.6 52 0.933 836 14.993 100.00 14.30 ± 2.30 3 —

PK2 EKS Periadriatica 11,020 48,284 — 5,191,733 694,412 718 21,652 85,540 22 3,062 4.7 2,607 267.887 759 77.993 40.59 123.80 ± 7.60 1 13 3,100 13.5 39 1.290 438 14.488 84.75 20.20 ± 3.70 3 —

PK3 EKS Periadriatica 11,082 48,222 — 5,191,794 694,402 719 21,644 85,602 — — — — — — — — —   20 3,100 13.4 62 1.302 836 17.552 99.78 16.80 ± 2.60 3 1.70

PK5 EKS Periadriatica 11,140 48,164 — 5,191,851 694,393 719 21,636 85,659 42 3,062 4.6 4,045 57.470 6,212 88.260 0.00 23.40 ± 1.30 1 16 3,100 13.0 70 2.314 1,624 53.675 72.26 9.40 ± 1.40 3 —

HTW‐48050 Haupttunnel W 11,254 48,050 — 5,191,960 694,340 732 21,587 85,769 20 3,800 5.0 384 46.647 561 68.149 50.73 21.00 ± 1.80 2 17 4,000 12.0 210 4.730 3,801 85.620 34.25 10.60 ± 1.20 2 1.73

HTE‐47865 Haupttunnel O 11,439 47,865 — 5,192,151 694,380 732 21,633 85,959 — — — — — — — — —   21 3,100 13.8 241 2.617 4,246 46.099 39.84 13.10 ± 1.30 3 —

HTW‐47834 Haupttunnel W 11,470 47,834 — 5,192,173 694,305 733 21,560 85,984 22 3,800 5.0 774 53.006 899 61.567 41.39 26.40 ± 1.90 2 21 4,000 12.0 260 4.002 4,112 63.285 39.15 12.20 ± 1.30 2 1.86

HTW‐47650 Haupttunnel W 11,654 47,650 — 5,192,355 694,276 733 21,536 86,166 — — — — — — — — —   14 3,100 13.0 135 3.963 2,465 72.366 18.14 12.10 ± 1.60 3 —

SA7CC‐006 Vorausb. 11,738 47,567 6 5,192,441 694,298 721 21,561 86,252 14 3,800 5.0 258 40.502 372 58.399 89.47 21.30 ± 2.00 2 20 4,000 13.0 139 5.837 1,715 72.016 97.37 16.80 ± 2.00 2 —

SA7CC‐023 Vorausb. 11,755 47,550 23 5,192,458 694,295 721 21,559 86,268 21 3,800 4.0 500 41.820 636 53.195 73.93 19.40 ± 1.60 2 19 4,000 13.0 133 5.301 1,665 66.366 95.48 16.50 ± 2.00 2 1.50

SA7CC‐065 Vorausb. 11,797 47,508 65 5,192,499 694,288 721 21,553 86,310 8 3,800 5.0 138 37.057 149 40.011 28.90 28.80 ± 4.20 2 — — — — — — — — —   —

SA7CC‐136 Vorausb. 11,868 47,437 136 5,192,569 694,277 722 21,544 86,380 11 3,800 4.0 290 43.517 295 44.268 3.51 23.80 ± 3.00 2 — — — — — — — — —   —

SA7CC‐157 Vorausb. 11,889 47,416 157 5,192,590 694,274 722 21,542 86,401 12 3,800 4.0 314 31.108 312 30.909 58.98 24.70 ± 2.40 2 — — — — — — — — —   —

SA7CC‐247 Vorausb. 11,979 47,326 247 5,192,679 694,260 722 21,530 86,491 21 3,800 4.0 981 131.713 203 27.256 19.91 116.90 ± 11.40 2 — — — — — — — — —   —

SA7CC‐320 Vorausb. 12,052 47,253 320 5,192,751 694,248 722 21,521 86,563 5 3,800 5.0 358 228.316 69 44.005 14.02 156.40 ± 24.50 2 — — — — — — — — —   —

SAV11‐8 Vorausb. SAV11 12,183 47,121 8 5,192,881 694,227 723 21,504 86,694 21 3,016 3.3 1,626 68.071 1,353 56.642 0.00 29.70 ± 2.60 1 29 3,027 11.0 63 0.420 1,664 11.103 99.58 7.30 ± 1.10 1 1.91

SAV11‐44 Vorausb. SAV11 12,219 47,085 44 5,192,917 694,221 723 21,500 86,730 5 3,016 3.0 245 20.944 353 30.177 90.97 16.50 ± 0.70 1 18 3,027 11.4 52 0.649 803 10.022 50.82 12.50 ± 2.30 1 1.82

SAV11‐84 Vorausb. SAV11 12,259 47,045 84 5,192,956 694,215 723 21,494 86,769 14 3,016 3.7 655 29.747 1,109 50.365 22.33 16.80 ± 1.20 1 55 3,027 11.6 208 0.833 4,120 16.497 93.00 10.20 ± 1.10 1 1.79

SAV20‐42 Vorausb. SAV20 12,428 46,877 42 5,193,122 694,188 724 21,473 86,936 42 3,016 3.4 2,316 22.633 4,613 45.080 0.01 13.20 ± 0.80 1 37 3,027 11.1 62 0.266 1,828 7.836 99.52 6.60 ± 1.00 1 1.82

SAV20‐49 Vorausb. SAV20 12,435 46,870 49 5,193,129 694,187 724 21,472 86,943 — — — — — — — — —   28 3,027 12.0 129 1.335 2,387 24.704 37.02 10.90 ± 1.40 1 1.76

SAV20‐74 Vorausb. SAV20 12,460 46,845 74 5,193,154 694,183 724 21,469 86,968 6 3,016 3.1 249 20.934 383 32.200 44.52 16.30 ± 1.10 1 24 3,027 11.2 67 0.499 2,311 17.212 99.36 5.70 ± 0.90 1 1.97

Abbreviations: ρD, track density of the dosimeter glass; ρs, spontaneous track density; ρi, induced track density; χ, chi‐square statistics; Nb, number  
oc crystals; P, processor zeta value (ζ apatite/ ζ zircon): 1 (349 ± 29/ 154 ± 7), 2 (318 ± 27/ 130 ± 10), 3 (337 ± 25/ 190 ± 11);U‐galsses used: CN1  
(zircon), CN5 (apatite)
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~17 Ma. The segment of the PFS pierced by the Brenner Base Tunnel 
just east of the GFS is termed Pustertal‐Gailtal fault (PGF). The faults in 
Figure 2 are colour‐coded due to their tectonic affiliation to one of the 
following systems: SAM, PFS, GFS, Brenner normal fault/Jaufen fault.

The numerous magmatic bodies exposed along the PFS (Figure 1; 
see Pomella et al., 2011, their figure 6 for a complete compilation) 
are collected under the term ‘Periadriatic intrusions’ (Becke, 1903; 
Bianchi, Callegari, & Jobstraibizer, 1970; Dal Piaz, 1926, 1942; 
Deutsch, 1984; Rosenberg, 2004; Sassi & Zanferrari, 1971; , 1973; 
von Blanckenburg et al., 1998). While these intrusions formed from 
36 to 29  Ma (Pomella et al., 2011 and citations therein), only the 
mafic southwestern intrusive bodies of the Adamello batholite date 
back to 43  Ma (Hansmann & Oberli, 1991). In the study area the 
Periadriatic intrusions are represented by the Mauls lamellae (32–
33 Ma; Pomella et al., 2011) which is bounded by faults on all sides 
(Figures 1 and 3): the Meran‐Mauls fault (MMF) to the NW, the PGF 
to the south and the Mauls‐Sprechenstein fault system (MSF) to the 
NE (Brandner, Reiter, & Töchterle, 2008). The latter is characterized 
as a dextral fault including a transpressional stepover (Bistacchi, 
Massironi, & Menegon, 2010) near Mauls. Stöckli (1995) mapped a 
dissection of the MSF by east dipping normal faults (e.g. Senges nor‐
mal fault).

The Brixen Pluton (Rottura et al., 1998; Thöny, 2008), a Permian 
granitic intrusion (279  ±  7  Ma, Thöny, 2008), represents the 
Southalpine domain in the study area.

3  | METHODOLOGY

Fission‐track analysis is based on the spontaneous fission of 238U while 
the associated formation of latent destruction trails in solid media 
(Wagner & van den Haute, 1992). Apatite (AFT) and zircon (ZFT) pre‐
serve these tracks at temperatures below 60°C and 180°C respec‐
tively (Donelick, Carlson, & Ketcham, 1999; Hurford & Green, 1983) 
for geologically significant time scales. Above these temperatures, 
fission tracks shorten in a time‐ and temperature‐dependent manner 
within the partial annealing zone (Carlson, Donelick, & Ketcham, 1999).

(U‐Th)/He on apatite (AHe) allows for dating of rock cooling 
below 60–70°C (Wolf, Farley, & Silver, 1996), as He diffuses and 
abandons the system at temperatures higher than 80°C and remains 
quantitatively steady below 40°C.

Thermal histories of the samples were modelled using the HeFTy® 
modelling software (Ketcham, 2005) and the annealing model of 
Ketcham, Carter, Donelick, Barbarand, and Hurford (2007). Dpar 

TA B L E  1   Sample coordinates, apatite and zircon fission‐track analytical data from tunnel cross section

Sample ID Position in tunnel Coordinates BBT‐TM Coord. Zircon Apatite

Name Source
Tunnel S 
[m]

Tunnel 
N [m]

Source 
[m] UTM N UTM E z [m] x [m] y [m] Nb Nd

ρD 
[105 cm−2] Ns

ρs 
[105 cm−2] Ni

ρi 
[105 cm2] χ [%] Age ± 1σ P Nb Nd

ρD 
[105 cm−2] Ns

ρs 
[105 cm2] Ni

ρi 
[105 cm2] χ [%] Age ± 1σ P

Dpar 
[µm]

PK1 EKS Periadriatica 10,990 48,314 — 5,191,703 694,417 718 21,656 85,511 10 3,062 4.9 1,416 266.757 379 71.399 74.18 140.60 ± 10.40 1 21 3,100 13.6 52 0.933 836 14.993 100.00 14.30 ± 2.30 3 —

PK2 EKS Periadriatica 11,020 48,284 — 5,191,733 694,412 718 21,652 85,540 22 3,062 4.7 2,607 267.887 759 77.993 40.59 123.80 ± 7.60 1 13 3,100 13.5 39 1.290 438 14.488 84.75 20.20 ± 3.70 3 —

PK3 EKS Periadriatica 11,082 48,222 — 5,191,794 694,402 719 21,644 85,602 — — — — — — — — —   20 3,100 13.4 62 1.302 836 17.552 99.78 16.80 ± 2.60 3 1.70

PK5 EKS Periadriatica 11,140 48,164 — 5,191,851 694,393 719 21,636 85,659 42 3,062 4.6 4,045 57.470 6,212 88.260 0.00 23.40 ± 1.30 1 16 3,100 13.0 70 2.314 1,624 53.675 72.26 9.40 ± 1.40 3 —

HTW‐48050 Haupttunnel W 11,254 48,050 — 5,191,960 694,340 732 21,587 85,769 20 3,800 5.0 384 46.647 561 68.149 50.73 21.00 ± 1.80 2 17 4,000 12.0 210 4.730 3,801 85.620 34.25 10.60 ± 1.20 2 1.73

HTE‐47865 Haupttunnel O 11,439 47,865 — 5,192,151 694,380 732 21,633 85,959 — — — — — — — — —   21 3,100 13.8 241 2.617 4,246 46.099 39.84 13.10 ± 1.30 3 —

HTW‐47834 Haupttunnel W 11,470 47,834 — 5,192,173 694,305 733 21,560 85,984 22 3,800 5.0 774 53.006 899 61.567 41.39 26.40 ± 1.90 2 21 4,000 12.0 260 4.002 4,112 63.285 39.15 12.20 ± 1.30 2 1.86

HTW‐47650 Haupttunnel W 11,654 47,650 — 5,192,355 694,276 733 21,536 86,166 — — — — — — — — —   14 3,100 13.0 135 3.963 2,465 72.366 18.14 12.10 ± 1.60 3 —

SA7CC‐006 Vorausb. 11,738 47,567 6 5,192,441 694,298 721 21,561 86,252 14 3,800 5.0 258 40.502 372 58.399 89.47 21.30 ± 2.00 2 20 4,000 13.0 139 5.837 1,715 72.016 97.37 16.80 ± 2.00 2 —

SA7CC‐023 Vorausb. 11,755 47,550 23 5,192,458 694,295 721 21,559 86,268 21 3,800 4.0 500 41.820 636 53.195 73.93 19.40 ± 1.60 2 19 4,000 13.0 133 5.301 1,665 66.366 95.48 16.50 ± 2.00 2 1.50

SA7CC‐065 Vorausb. 11,797 47,508 65 5,192,499 694,288 721 21,553 86,310 8 3,800 5.0 138 37.057 149 40.011 28.90 28.80 ± 4.20 2 — — — — — — — — —   —

SA7CC‐136 Vorausb. 11,868 47,437 136 5,192,569 694,277 722 21,544 86,380 11 3,800 4.0 290 43.517 295 44.268 3.51 23.80 ± 3.00 2 — — — — — — — — —   —

SA7CC‐157 Vorausb. 11,889 47,416 157 5,192,590 694,274 722 21,542 86,401 12 3,800 4.0 314 31.108 312 30.909 58.98 24.70 ± 2.40 2 — — — — — — — — —   —

SA7CC‐247 Vorausb. 11,979 47,326 247 5,192,679 694,260 722 21,530 86,491 21 3,800 4.0 981 131.713 203 27.256 19.91 116.90 ± 11.40 2 — — — — — — — — —   —

SA7CC‐320 Vorausb. 12,052 47,253 320 5,192,751 694,248 722 21,521 86,563 5 3,800 5.0 358 228.316 69 44.005 14.02 156.40 ± 24.50 2 — — — — — — — — —   —

SAV11‐8 Vorausb. SAV11 12,183 47,121 8 5,192,881 694,227 723 21,504 86,694 21 3,016 3.3 1,626 68.071 1,353 56.642 0.00 29.70 ± 2.60 1 29 3,027 11.0 63 0.420 1,664 11.103 99.58 7.30 ± 1.10 1 1.91

SAV11‐44 Vorausb. SAV11 12,219 47,085 44 5,192,917 694,221 723 21,500 86,730 5 3,016 3.0 245 20.944 353 30.177 90.97 16.50 ± 0.70 1 18 3,027 11.4 52 0.649 803 10.022 50.82 12.50 ± 2.30 1 1.82

SAV11‐84 Vorausb. SAV11 12,259 47,045 84 5,192,956 694,215 723 21,494 86,769 14 3,016 3.7 655 29.747 1,109 50.365 22.33 16.80 ± 1.20 1 55 3,027 11.6 208 0.833 4,120 16.497 93.00 10.20 ± 1.10 1 1.79

SAV20‐42 Vorausb. SAV20 12,428 46,877 42 5,193,122 694,188 724 21,473 86,936 42 3,016 3.4 2,316 22.633 4,613 45.080 0.01 13.20 ± 0.80 1 37 3,027 11.1 62 0.266 1,828 7.836 99.52 6.60 ± 1.00 1 1.82

SAV20‐49 Vorausb. SAV20 12,435 46,870 49 5,193,129 694,187 724 21,472 86,943 — — — — — — — — —   28 3,027 12.0 129 1.335 2,387 24.704 37.02 10.90 ± 1.40 1 1.76

SAV20‐74 Vorausb. SAV20 12,460 46,845 74 5,193,154 694,183 724 21,469 86,968 6 3,016 3.1 249 20.934 383 32.200 44.52 16.30 ± 1.10 1 24 3,027 11.2 67 0.499 2,311 17.212 99.36 5.70 ± 0.90 1 1.97

Abbreviations: ρD, track density of the dosimeter glass; ρs, spontaneous track density; ρi, induced track density; χ, chi‐square statistics; Nb, number  
oc crystals; P, processor zeta value (ζ apatite/ ζ zircon): 1 (349 ± 29/ 154 ± 7), 2 (318 ± 27/ 130 ± 10), 3 (337 ± 25/ 190 ± 11);U‐galsses used: CN1  
(zircon), CN5 (apatite)
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values (Donelick, 1993) were included in the modelling as kinematic 
parameter indicating the chemical composition of the individual grains.

4  | THERMOCHRONOLOGY RESULTS

18 ZFT, 16 AFT (Table 1) and 11 AHe (Table 2) ages were ana‐
lysed. A statistically reliable number of track lengths in apatite 

was only obtained from samples HTW‐48050 (n  =  101) and 
HTW‐47834 (n  =  103). Nevertheless, the low number of track 
lengths from SAV20‐42 (n  =  34), SA7CC‐023 (n  =  27) still pro‐
vided good modelling results (radial plots and track length dis‐
tribution, see Supporting Information). For AHe dating, two to 
three replicates were dated for each sample and analytical data 
were in general acceptable, although critically low He concentra‐
tion (<1 mol/g) occurred in some grains. Given the generally high 

TA B L E  2   Sample coordinates and (U‐Th)/He on apatite analytical data from tunnel cross section

Sample ID Position in tunnel Coordinates BBT‐TM Coord. (U–Th–Sm)/He analysis

Name Source
Tunnel S 
[m]

Tunnel 
N [m]

Source 
[m] UTM N UTM E z [m] x [m] y [m]

Grain 
ID

Raw  
age [Ma]

±σ 
[Ma]

Radiuses 
[µm]

U 
[ppm]

Th 
[ppm]

Sm 
[ppm]

4He 
[nmol/g]

eU 
[ppm] FT 238U FT 235U

FT 
232Th

FT 
147Sm

Fully FT corr. 
Age ± 1σ [Ma]

Weighted 
mean 
Agea ±1σ [Ma]

PK1 EKS 
Periadriatica

10,990 48,314 — 5,191,703 694,417 718 21,656 85,511 P1 11.28 0.56 33.27 19.84 59.85 556.71 2.11 33.91 0.59 0.54 0.54 0.87 19.58 ± 0.98 24.50 ± 0.45

P5 18.73 0.40 41.89 27.45 42.66 616.49 3.87 37.48 0.67 0.62 0.62 0.89 28.40 ± 0.61  

P8 11.44 0.54 32.70 14.53 26.52 341.57 1.31 20.76 0.59 0.53 0.53 0.86 19.88 ± 0.93  

PK2 EKS 
Periadriatica

11,020 48,284 — 5,191,733 694,412 718 21,652 85,540 P1 8.45 0.34 40.10 19.83 38.32 653.47 1.35 28.84 0.65 0.61 0.61 0.89 13.09 ± 0.53 14.30 ± 0.29

P2 9.96 0.35 44.51 16.31 26.48 413.94 1.24 22.53 0.69 0.64 0.64 0.90 14.70 ± 0.51  

P3 9.30 0.29 37.53 37.19 58.45 715.41 2.60 50.93 0.63 0.59 0.59 0.88 14.92 ± 0.47  

PK3 EKS 
Periadriatica

11,082 48,222 — 5,191,794 694,402 719 21,644 85,602 P2 20.14 0.53 39.67 18.61 40.11 480.41 3.12 28.04 0.65 0.61 0.61 0.89 31.47 ± 0.84 25.62 ± 0.50

P3 11.87 0.45 40.39 17.86 28.89 420.98 1.61 24.65 0.66 0.61 0.61 0.89 18.31 ± 0.70  

P4 21.93 0.80 33.00 8.81 16.93 312.83 1.56 12.79 0.59 0.54 0.54 0.86 37.75 ± 1.37  

PK5 EKS 
Periadriatica

11,140 48,164 — 5,191,851 694,393 719 21,636 85,659 P3 3.65 0.15 34.89 43.11 16.87 107.36 0.93 47.07 0.61 0.56 0.56 0.87 6.04 ± 0.25 2.27 ± 0.04

P4 1.61 0.03 64.86 84.43 20.32 135.66 0.78 89.21 0.78 0.75 0.75 0.93 2.08 ± 0.04  

P8 2.56 0.11 85.52 18.55 4.94 85.56 0.27 19.71 0.83 0.80 0.80 0.95 3.09 ± 0.13  

PK6 EKS 
Periadriatica

11,173 48,131 — 694,387 5,191,884 719 21,632 85,692 P4 0.55 0.07 39.77 38.48 28.49 242.59 0.14 45.18 0.65 0.61 0.61 0.89 0.86 ± 0.11 1.69 0.06

P7 1.52 0.08 48.81 47.99 9.56 192.65 0.41 50.23 0.71 0.67 0.67 0.91 2.14 ± 0.12  

P9 1.35 0.07 43.07 67.01 16.20 204.65 0.52 70.82 0.68 0.63 0.63 0.89 2.01 ± 0.10  

PK7 EKS 
Periadriatica

11,201 48,103 — 694,383 5,191,912 719 21,629 85,720 P1 1.43 0.14 35.79 13.98 4.65 121.31 0.12 15.07 0.62 0.57 0.57 0.87 2.33 ± 0.23 2.76 0.20

P2 2.54 0.36 43.62 20.37 3.97 114.66 0.29 21.31 0.68 0.64 0.64 0.90 3.75 ± 0.53  

P3 4.90 0.66 50.11 13.17 15.30 119.28 0.45 16.77 0.72 0.68 0.68 0.91 6.91 ± 0.93  

HTW‐48050 Haupttunnel 
West

11,254 48,050 — 5,191,960 694,340 732 21,587 85,769 1 3.13 0.06 83.45 118.54 27.05 261.82 2.11 124.90 0.82 0.80 0.80 0.94 3.81 ± 0.07 4.29 ± 0.04

2 4.84 0.08 91.26 110.81 17.35 218.98 3.01 114.88 0.84 0.82 0.82 0.95 5.78 ± 0.10  

3 3.63 0.06 148.26 60.34 43.71 327.45 1.39 70.61 0.90 0.88 0.88 0.97 4.05 ± 0.07  

HTE‐47865 Haupttunnel 
Ost

11,439 47,865 — 5,192,151 694,380 732 21,633 85,959 1.00 4.36 0.09 71.93 68.77 67.42 232.37 2.00 84.61 0.80 0.77 0.77 0.94 5.51 ± 0.11 4.46 ± 0.06

2.00 3.66 0.09 65.69 88.43 70.18 262.41 2.08 104.92 0.78 0.75 0.75 0.93 4.73 ± 0.12  

3.00 2.65 0.08 66.13 38.90 33.18 226.16 0.67 46.69 0.78 0.75 0.75 0.93 3.41 ± 0.10  

HTW‐47834 Haupttunnel 
West

11,470 47,834 — 5,192,173 694,305 733 21,560 85,984 1.00 2.53 0.05 79.27 74.03 90.08 283.15 1.30 95.20 0.82 0.79 0.79 0.94 3.12 ± 0.06 3.74 ± 0.04

2.00 3.81 0.08 96.70 51.59 44.95 200.55 1.28 62.15 0.85 0.83 0.83 0.95 4.52 ± 0.10  

3.00 3.71 0.07 85.52 60.11 57.17 206.95 1.48 73.55 0.83 0.80 0.80 0.94 4.50 ± 0.09  

SA7CC‐006 Vorausbohrung 11,738 47,567 6 5,192,441 694,298 721 21,561 86,252 1 3.51 0.07 50.25 66.46 86.97 136.50 1.65 86.89 0.72 0.68 0.68 0.91 4.95 ± 0.10 3.58 ± 0.07

3 1.37 0.07 50.76 64.27 101.08 133.83 0.65 88.02 0.72 0.68 0.68 0.91 1.93 ± 0.11  

SA7CC‐023 Vorausbohrung 11,755 47,550 23 5,192,458 694,295 721 21,559 86,268 1 1.97 0.08 74.04 45.98 56.97 120.34 0.63 59.36 0.69 0.65 0.65 0.90 2.90 ± 0.11 3.31 ± 0.07

2 2.60 0.07 47.11 83.97 83.12 154.83 1.46 103.50 0.72 0.69 0.69 0.91 3.64 ± 0.10  

Note: Raw age (±σ): age of the grain before the correction; Radius: radius of a hypothetical sphere that should approximate the crystal. It is calculated  
as the mean between the two dimensions measured in each single grain; U, Th, Sm (ppm): U, Th and Sm contents; 4He (nmol/g): concentration of He  
measured by the mass spectrometer; eU (ppm): Effective Uranium, quantity typically used to represent the concentration of U and Th. It is calculated  
according to the formula: eU=[U] +0.235 × [Th]; FT 238U, 235U, 232Th, 147Sm: alpha‐ejection correction factor. The resulting dates require a  
correction for He loss occurred by ejection of α particles outside the crystal domain; Fully corrected FT age (±σ): age of the grain after the correction.
aCalculated with analytical error. 
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reproducibility of single grains, a weighted mean age was calcu‐
lated for each sample.

Based on spatial association and similar cooling history, six do‐
mains were identified (Figure 4). These ‘groups’ are briefly described 
in Table 3 and discussed in the following paragraph.

Group I—Three samples roughly overlap with AFT ages (1s) 
but the AHe single grain age dispersion is quite high and yields in‐
verted AHe‐AFT age correlation. This could result from, for example 

long residence in the PRZ or PAZ as suggested by the old ZFT ages. 
However, zoning or defects for underdispersion could not be iden‐
tified as possible reasons for these results. Sample PK2 yields high 
reproducibility, with a mean AHe age of 14 Ma. As no acceptable or 
good paths from Southalpine samples could be modelled in HeFTy, 
a surface sample derived from Permian Brixen Granite, located al‐
most exactly above sample PK1 was used instead (sample F1032 in 
Pomella, Stipp, & Fügenschuh, 2012).

TA B L E  2   Sample coordinates and (U‐Th)/He on apatite analytical data from tunnel cross section

Sample ID Position in tunnel Coordinates BBT‐TM Coord. (U–Th–Sm)/He analysis

Name Source
Tunnel S 
[m]

Tunnel 
N [m]

Source 
[m] UTM N UTM E z [m] x [m] y [m]

Grain 
ID

Raw  
age [Ma]

±σ 
[Ma]

Radiuses 
[µm]

U 
[ppm]

Th 
[ppm]

Sm 
[ppm]

4He 
[nmol/g]

eU 
[ppm] FT 238U FT 235U

FT 
232Th

FT 
147Sm

Fully FT corr. 
Age ± 1σ [Ma]

Weighted 
mean 
Agea ±1σ [Ma]

PK1 EKS 
Periadriatica

10,990 48,314 — 5,191,703 694,417 718 21,656 85,511 P1 11.28 0.56 33.27 19.84 59.85 556.71 2.11 33.91 0.59 0.54 0.54 0.87 19.58 ± 0.98 24.50 ± 0.45

P5 18.73 0.40 41.89 27.45 42.66 616.49 3.87 37.48 0.67 0.62 0.62 0.89 28.40 ± 0.61  

P8 11.44 0.54 32.70 14.53 26.52 341.57 1.31 20.76 0.59 0.53 0.53 0.86 19.88 ± 0.93  

PK2 EKS 
Periadriatica

11,020 48,284 — 5,191,733 694,412 718 21,652 85,540 P1 8.45 0.34 40.10 19.83 38.32 653.47 1.35 28.84 0.65 0.61 0.61 0.89 13.09 ± 0.53 14.30 ± 0.29

P2 9.96 0.35 44.51 16.31 26.48 413.94 1.24 22.53 0.69 0.64 0.64 0.90 14.70 ± 0.51  

P3 9.30 0.29 37.53 37.19 58.45 715.41 2.60 50.93 0.63 0.59 0.59 0.88 14.92 ± 0.47  

PK3 EKS 
Periadriatica

11,082 48,222 — 5,191,794 694,402 719 21,644 85,602 P2 20.14 0.53 39.67 18.61 40.11 480.41 3.12 28.04 0.65 0.61 0.61 0.89 31.47 ± 0.84 25.62 ± 0.50

P3 11.87 0.45 40.39 17.86 28.89 420.98 1.61 24.65 0.66 0.61 0.61 0.89 18.31 ± 0.70  

P4 21.93 0.80 33.00 8.81 16.93 312.83 1.56 12.79 0.59 0.54 0.54 0.86 37.75 ± 1.37  

PK5 EKS 
Periadriatica

11,140 48,164 — 5,191,851 694,393 719 21,636 85,659 P3 3.65 0.15 34.89 43.11 16.87 107.36 0.93 47.07 0.61 0.56 0.56 0.87 6.04 ± 0.25 2.27 ± 0.04

P4 1.61 0.03 64.86 84.43 20.32 135.66 0.78 89.21 0.78 0.75 0.75 0.93 2.08 ± 0.04  

P8 2.56 0.11 85.52 18.55 4.94 85.56 0.27 19.71 0.83 0.80 0.80 0.95 3.09 ± 0.13  

PK6 EKS 
Periadriatica

11,173 48,131 — 694,387 5,191,884 719 21,632 85,692 P4 0.55 0.07 39.77 38.48 28.49 242.59 0.14 45.18 0.65 0.61 0.61 0.89 0.86 ± 0.11 1.69 0.06

P7 1.52 0.08 48.81 47.99 9.56 192.65 0.41 50.23 0.71 0.67 0.67 0.91 2.14 ± 0.12  

P9 1.35 0.07 43.07 67.01 16.20 204.65 0.52 70.82 0.68 0.63 0.63 0.89 2.01 ± 0.10  

PK7 EKS 
Periadriatica

11,201 48,103 — 694,383 5,191,912 719 21,629 85,720 P1 1.43 0.14 35.79 13.98 4.65 121.31 0.12 15.07 0.62 0.57 0.57 0.87 2.33 ± 0.23 2.76 0.20

P2 2.54 0.36 43.62 20.37 3.97 114.66 0.29 21.31 0.68 0.64 0.64 0.90 3.75 ± 0.53  

P3 4.90 0.66 50.11 13.17 15.30 119.28 0.45 16.77 0.72 0.68 0.68 0.91 6.91 ± 0.93  

HTW‐48050 Haupttunnel 
West

11,254 48,050 — 5,191,960 694,340 732 21,587 85,769 1 3.13 0.06 83.45 118.54 27.05 261.82 2.11 124.90 0.82 0.80 0.80 0.94 3.81 ± 0.07 4.29 ± 0.04

2 4.84 0.08 91.26 110.81 17.35 218.98 3.01 114.88 0.84 0.82 0.82 0.95 5.78 ± 0.10  

3 3.63 0.06 148.26 60.34 43.71 327.45 1.39 70.61 0.90 0.88 0.88 0.97 4.05 ± 0.07  

HTE‐47865 Haupttunnel 
Ost

11,439 47,865 — 5,192,151 694,380 732 21,633 85,959 1.00 4.36 0.09 71.93 68.77 67.42 232.37 2.00 84.61 0.80 0.77 0.77 0.94 5.51 ± 0.11 4.46 ± 0.06

2.00 3.66 0.09 65.69 88.43 70.18 262.41 2.08 104.92 0.78 0.75 0.75 0.93 4.73 ± 0.12  

3.00 2.65 0.08 66.13 38.90 33.18 226.16 0.67 46.69 0.78 0.75 0.75 0.93 3.41 ± 0.10  

HTW‐47834 Haupttunnel 
West

11,470 47,834 — 5,192,173 694,305 733 21,560 85,984 1.00 2.53 0.05 79.27 74.03 90.08 283.15 1.30 95.20 0.82 0.79 0.79 0.94 3.12 ± 0.06 3.74 ± 0.04

2.00 3.81 0.08 96.70 51.59 44.95 200.55 1.28 62.15 0.85 0.83 0.83 0.95 4.52 ± 0.10  

3.00 3.71 0.07 85.52 60.11 57.17 206.95 1.48 73.55 0.83 0.80 0.80 0.94 4.50 ± 0.09  

SA7CC‐006 Vorausbohrung 11,738 47,567 6 5,192,441 694,298 721 21,561 86,252 1 3.51 0.07 50.25 66.46 86.97 136.50 1.65 86.89 0.72 0.68 0.68 0.91 4.95 ± 0.10 3.58 ± 0.07

3 1.37 0.07 50.76 64.27 101.08 133.83 0.65 88.02 0.72 0.68 0.68 0.91 1.93 ± 0.11  

SA7CC‐023 Vorausbohrung 11,755 47,550 23 5,192,458 694,295 721 21,559 86,268 1 1.97 0.08 74.04 45.98 56.97 120.34 0.63 59.36 0.69 0.65 0.65 0.90 2.90 ± 0.11 3.31 ± 0.07

2 2.60 0.07 47.11 83.97 83.12 154.83 1.46 103.50 0.72 0.69 0.69 0.91 3.64 ± 0.10  

Note: Raw age (±σ): age of the grain before the correction; Radius: radius of a hypothetical sphere that should approximate the crystal. It is calculated  
as the mean between the two dimensions measured in each single grain; U, Th, Sm (ppm): U, Th and Sm contents; 4He (nmol/g): concentration of He  
measured by the mass spectrometer; eU (ppm): Effective Uranium, quantity typically used to represent the concentration of U and Th. It is calculated  
according to the formula: eU=[U] +0.235 × [Th]; FT 238U, 235U, 232Th, 147Sm: alpha‐ejection correction factor. The resulting dates require a  
correction for He loss occurred by ejection of α particles outside the crystal domain; Fully corrected FT age (±σ): age of the grain after the correction.
aCalculated with analytical error. 
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F I G U R E  4   Sampling positions and age data along the sampled part of the BBT cross section within the fault rocks of the Periadriatic and 
Mauls‐Sprechenstein fault systems. Note that ordinate axis Age [Ma] is plotted in two sections due to lack of ages between 35 and 100 Ma. 
Not every sample contained crystals suitable for all applied dating techniques (ZFT, AFT, AHe) and modelling of thermal histories [Colour 
figure can be viewed at wileyonlinelibrary.com]
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Group II—The AHe ages yield a high reproducibility. 
Modelling was based on samples SA7CC‐023, HTW‐48050 and 
HTW‐47834.

Group IV—The ZFT age of sample SA7CC‐320 was based on 
five single grain ages only, with a range between approximately 
70 and 300  Ma it is over‐dispersed. However, it is noteworthy 

TA B L E  3   Number of samples and group age ranges

Group ZFT ages #
ZFT age 
Range [Ma] AFT ages #

AFT age 
Range [Ma] AHe ages #

AHe age 
Range [Ma]

I 2 141–124 3 20–14 3 14–26

II 5 26–19 7 7–9 8 4.5–1.7

III 3 28–24 — — — —

IV 2 156–117 — — — —

Va 5 30 5 7 — —

Vb 1 17–13 1 13–6 — —

F I G U R E  5   Visualization of thermochronologic data showing snap shots in time during Alpine orogeny, each significant for a state of 
regional tectonic evolution. Tunnel section and position of the samples are shown on the x‐axis, whereas temperature is given on the y‐axis. 
32 Ma: The Mauls tonalitic lamellae starts to exhume after its emplacement, tectonically requiring a relative upward movement on both 
the northern and southern border. 26 Ma: Main phase of cooling in the Mauls tonalitic lamellae, most likely related to exhumation. The 
bend in temperature distribution within the Mauls tonalitic lamellae is conspicuous. 17 Ma: Differential uplift within the cross section right 
after incipient Giudicarie activity. Levelling out N and S SAM is conspicuous for this stage. The wide range of uncertainty for temperature 
and depth is noticeable. 6 Ma: Differential vertical movement is accommodated by the southern branch of the PGF and the SAM, which 
coincides with the DAV here *modelled path; **path modelled by Pomella et al. (2012) for sample F1032; all other samples could not be 
modelled and were fit to the paths of the proper modelled ones; for samples SA7CC‐320 and SA7CC‐320 cooling paths are straight as no 
modelling could be performed) [Colour figure can be viewed at wileyonlinelibrary.com]
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that no single grain was measured at a younger age than earliest 
Paleocene.

Group Vb—The over‐dispersion of sample SAV11‐8 is caused by 
two young grains.

Group Va—Sample SAV20‐42 was used for a HeFTy modelling of 
the cooling path.

Group III and IV contained no apatite suitable for dating due to 
the intense cataclastic overprint. Within group Va + b apatite was 
present and suitable for AFT analysis but did not pass requirements 
for AHe dating.

5  | DISCUSSION

Our new cooling ages and paths constrain the timing of post‐
Cretaceous, Alpine processes at the boundary between the 
Eastern and Southern Alps. The results are discussed in time slices 
(Figure 5) of cooling behaviour to visualize differential movements 
during large‐scale tectonic events.

We put special focus on the PGF, where differential vertical 
movement is only known for the strike‐slip duplex of the Eder unit 
in the Carnian Alps (Läufer, Frisch, Steinitz, & Loeschke, 1997) and 
the Karawanken (positive) flower structure (Heberer et al., 2016; 
Nemes, 1996). Kinematics of the PGF's westernmost segment com‐
prise dextral strike‐slip and a north‐side‐up component during a late 
brittle stage (Mancktelow et al., 2001).

The following stages are derived from existing literature. However, 
our data constrain timing and occurrence of expected processes:

5.1 | Upper Cretaceous–Late Eocene: low angle 
detachment within the Austroalpine nappe stack

The step in ZFT data between Groups Va/b (Oligocene–Miocene) 
and IV (Mesozoic) clearly indicates the SAM in the presented cross 
section (Figures 4 and 6f). The presumable process driving the exhu‐
mation of Group Va/b is the partial collapse of the Eoalpine nappe 
stack (low‐angle detachment during E–W extension in the Brenner 
region senso Fügenschuh, 1995). Late Cretaceous to early Paleocene 
extension along low‐angle detachments in Austroalpine units was 
also described by Froitzheim et al. (1994). However, we cannot pro‐
vide a well‐constrained cooling path as strong cataclastic overprint 
severely decreased the number of countable apatite grains. The for‐
merly south‐directed extensional structures were incorporated in the 
steeply N‐dipping, overtilted southern limb of the western Tauern 
sub‐dome during Neoalpine updoming (Mancktelow et al., 2001; 
Stöckli, 1995).

Mancktelow et al. (2001) characterized the kinematics of the 
DAV as sinistral with a minor north‐side‐up component until the 
latest Eocene. Furthermore, Müller et al. (2001) presented ages 
from 60 to 25 Ma on synkinematic markers for DAV activity, such as 
40Ar/39Ar on pseudotachylites and Rb/Sr on mica in mylonites, indi‐
cating a long‐lasting, poly‐phase activity of this structure. Biermeier 
and Krenn (1998) suggest a zone of enhanced deformation intensity 
between Rensen Tonalite and PGF as an eastward continuation of 
the DAV from our working area. For the DAV south of the Oligocene 
Rieserferner pluton further E, Wagner, Rosenberg, Handy, Möbus, 
and Albertz (2006) deduce syn‐ and post‐emplacement DAV activity 
from preserved sinistral magmatic and solid‐state foliations.

5.2 | Late Eocene–Oligocene: periadriatic 
intrusions and strike‐slip movement along the PFS

Pomella et al. (2011) dated the Mauls lamellae using LA‐ICP‐MS 
U/Pb on zircon and report Oligocene intrusion ages (33–32  Ma) 
(Figure 6d,e). The intrusion depths of these plutonic rocks range 
from 5–12  km (Castellarin et al., 2005) up to 15–25  km in the 
Rensen area near Mauls (Trepmann, Stöckhert, & Chakraborty, 
2004). We suggest the heat advection related to Periadriatic in‐
trusions as a possible reason for Oligocene ZFT ages in Alpine 
non‐metamorphic Austroalpine rocks (Group III). These ages are 
in the range of the adjacent Mauls lamellae (Group II). The extent 
of thermal reset has been quantified using the software 4DTherm 
(Fu & McInnes, 2006) which describes the cooling history of ig‐
neous bodies from their assumed emplacement temperature. 
Assuming a country rock temperature of <200°C, a rectangular 
shape (2 × 1 km) of the intrusion and a total exhumation of 4 km, 
it shows complete resetting of ZFT samples up to a distance of ca. 
300 m from the intrusion.

5.3 | Miocene: Giudicarie fault activity, northward 
movement of Dolomites Indenter, main phase of 
Tauern Window compression

The data presented (Figures 4 and 6c) suggest differential vertical 
movement at the SAM (later cooling of Group Va/b compared to IV). 
This indicates that a successor of the DAV is still active in Miocene. 
Time‐temperature paths (Supporting Information) derived from the 
Austroalpine unit north of the SAM (Group Va) indicate fastest cool‐
ing from 18 to 9 Ma. This step represents the main exhumation pulse 
which almost compensates the temperature difference between to‐
day's adjacent Austroalpine units (Figure 5). The temperature step 
across the PGF between Group I and II is still noticeable.

F I G U R E  6   Compilation of main deformation stages connected to the tectonic evolution of the Tauern Window in cross section and map 
view, illustrated using present‐day's position of the BBT cross section (Figure 3) and the tonalitic lamellae as a spatial reference; horizontal 
black lines illustrate lateral movement and cannot be scaled but give an indication of paleogeographic position (abbreviations attached 
provide information of fault segments that compensate next step lateral movement); Abbreviations see Figure 2 [Colour figure can be 
viewed at wileyonlinelibrary.com] [Correction added on 17 May 2019 after first online publication: Figure 6(d) has been updated.]
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5.4 | Late Miocene–today: ongoing backthrusting

Top‐to‐south, brittle reverse faults, kink bands and folds (Figure 6a,b), 
interpreted as backthrusts related to ongoing indentation, were 
mapped by Stöckli (1995) and Mancktelow et al. (2001). These are 
the structures which most likely accommodate the north‐side‐up 
movement indicated by our data. They crosscut all structures except 
the top‐to‐east normal faults (Figure 3) and therefore indicate a very 
late stage in orogenic compression.

For the Karawanken mountains, Heberer et al. (2016) indicate a 
shift from confined exhumation in the Tauern Window and its sur‐
rounding nappes to a more widespread exhumation including parts of 
the Dolomites Indenter, that is the Valsugana and Val Trompia thrusts, 
from late Miocene onwards. AHe ages within the southernmost 
Austroalpine units and magmatic belts of the Karawanken Mountains 
north of the PGF range from 13 to 3 Ma.

Pliocene to Pleistocene AHe ages of the Mauls tonalitic lamel‐
lae (Group II: 4.5–1.7 Ma) and middle Miocene ages in the Southalpine 
Permian Granite (Group I) attest a relevant vertical displacement on the 
PGF from late Neogene time onwards. Aforementioned top‐to‐south 
thrusts (Mancktelow et al., 2001) are most likely assigned to this tectonic 
phase.

6  | CONCLUSIONS

New AHe, AFT and ZFT data based on samples derived from the 
Brenner Base Tunnel and modelled time‐temperature paths allow for 
the following conclusions:

The narrow Austroalpine corridor near Mauls accommodates a 
significant amount of vertical displacement.

Younger AFT and AHe ages north of the PGF indicate north‐
side‐up movement in the Miocene. Thus, the PGF (i) is not a pure 
strike‐slip fault but has an important north‐side up kinematic and (ii) 
was active at least until Pliocene times.

A striking change in ZFT ages localises the position of the 
Southern limit of Alpine metamorphism within the narrow, overtilted 
Austroalpine nappe stack and confirms Miocene activity at the DAV.
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