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Abstract Fault rocks from various segments of the
Periadriatic fault system (PAF; Alps) have been
directly dated using texturally controlled Rb-Sr micro-
sampling dating applied to mylonites, and both step-
wise-heating and laser-ablation 4°Ar/*Ar dating
applied to pseudotachylytes. The new fault ages place
better constraints on tectonic models proposed for the
PAF, particularly in its central sector. Along the
North Giudicarie fault, Oligocene (E)SE-directed
thrusting (29-32 Ma) is currently best explained as
accommodation across a cogenetic restraining bend
within the Oligocene dextral Tonale-Pustertal fault
system. In this case, the limited jump in metamorphic
grade observed across the North Giudicarie fault
restricts the dextral displacement along the kinemati-
cally linked Tonale fault to ~30 km. Dextral displace-
ment between the Tonale and Pustertal faults cannot
be transferred via the Peio fault because of both Late
Cretaceous fault ages (74-67 Ma) and sinistral trans-
tensive fault kinematics. In combination with other
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pseudotachylyte ages (62-58 Ma), widespread Late
Cretaceous—Paleocene extension is established within
the Austroalpine unit, coeval with sedimentation of
Gosau Group sediments. Early Miocene pseudotachy-
lyte ages (22-16 Ma) from the Tonale, Pustertal,
Jaufen and Passeier faults argue for a period of
enhanced fault activity contemporaneous with lateral
extrusion of the Eastern Alps. This event coincides
with exhumation of the Penninic units and contempo-
raneous sedimentation within fault-bound basins.

Keywords Dating deformation - Periadriatic fault
system - Alps - Mylonites - Pseudotachylytes - Dykes -
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Introduction

The Periadriatic (or Insubric) fault system (PAF) is
the most important large-scale fault system of the
Alps (e.g. Suess 1885; Argand 1916; Gansser 1968;
Laubscher 1988; Schmid et al. 1989; Schmid et al.
1996). The PAF strikes approximately E-W and dis-
sects the entire Alps over a distance of ~700 km from
NW Italy to northern Slovenia (Fig. 1). It shows two
characteristic bends towards NE strike: the Canavese
fault in its westernmost part and the Giudicarie-Mauls
fault in its central sector. The PAF separates the
Western, Central and Eastern Alps to the north(west)
from the Southern Alps (Fig. 1). This division is based
mainly on differences in tectonic style, namely large-
scale N(W)-vergent thrusting in the north, compared
with relatively minor S-vergent thrusting and folding
in the south, and the lack of significant Alpine (i.e.
Cretaceous and/or Tertiary) metamorphic overprint in
the Southern Alps (e.g. Schmid et al. 1989).

The term ‘“Periadriatic fault system” used herein
includes both the Periadriatic fault s. str., i.e. the Ton-
ale, Giudicarie-Mauls and Pustertal-Gailtal faults, and
several intra-Austroalpine faults located within a few
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Fig. 1 Simplified tectonic sketch map of the Alps showing all
major faults related to the Periadriatic fault system (PAF; thick
black lines) as well as other faults (thin black lines) and major
features of the Alps mentioned in the text, based on Bigi et al.
(1990) and modified after Neubauer and Genser (1990), Rat-
schbacher et al. (1991), Mancktelow (1992), Fiigenschuh (1995),
Grollimund (1996), Froitzheim et al. (1997) and Prosser (1998).
The inset to the left explains the terminology used for the differ-
ent parts of the Giudicarie fault in the central sector of the
PAF. The Giudicarie fault south of Dimaro is termed South
Giudicarie fault (not investigated herein); between Dimaro and
Meran it is called North Giudicarie fault and between Meran
and Mauls it is called Mauls fault. Faults: CV Centovalli; MR
Mortirollo; 7-C Trento-Cles; DAV Defereggen-Antholz-Vals;
TO Tauernostrand; plutons: Bi Biella; Be Bergell; Ad Adamello-
Presanella; MS Monte Sabion; MC Monte Croce; Bx Brixen; Re
Rensen; Ri Rieserferner; Le Lesachtal; Po Pohorje; basins: Go
late Cretaceous—Paleogene “Centralalpine” Gosau Group basins;
T Miocene basins. EW Engadine window; M Molasse with Ber-
gell boulders

kilometre-wide zone to the north, namely the Peio,
Rumo, Jaufen and Defereggen-Antholz/Anterselva-
Vals/Valles (DAV) faults (Fig. 1; Ahrendt 1980;
Schmid et al. 1989). The close spatial associations of
these intra-Austroalpine faults with the PAF s. str. has
led to grossly different interpretations of their age and
tectonic significance (e.g. Schmid et al. 1989; Martin
et al. 1991; Werling 1992). In particular, the tectonic
significance of the N(N)E-trending North Giudicarie-
Mauls fault and its interaction with the Tonale and
Pustertal faults has been interpreted differently for
decades, depending also on the role assigned to the
Peio fault (Fig. 1; e.g. Werling 1992). Two models
have been put forward:
1. During the Neogene, the sinistral North Giudicarie
fault deactivated a previously straight dextral Ton-

ale-Pustertal-Gailtal fault that accumulated more
than 50 km, and possibly up to 300 km, of displace-
ment (e.g. Laubscher 1971; Ratschbacher et al.
1991; Werling 1992; Schmid et al. 1996; Frisch et al.
1998).

2. The (North) Giudicarie-Mauls fault is, at least in

part, a cogenetic part of the Oligocene (or older)
PAF s. str., therefore allowing <50 km (post-)Oli-

gocene dextral displacement along the PAF
(Ahrendt 1980; Picotti et al. 1995; Prosser 1998,
2000).

Herein we present new “fault ages” analysed, for
the first time, directly from fault rocks using recently
developed microsampling techniques to reliably reveal
the age(s) of fault activity of the various faults men-
tioned previously. The aim is to evaluate the
(non-)contemporaneity of the different faults and ther-
eby more critically assess the various tectonic models.
The techniques applied were Rb-Sr microsampling
dating of pg-sized synkinematic mica in mylonites
(Miiller et al. 2000b) and stepwise-heating and laser-
ablation **Ar/*Ar dating of pseudotachylytes (Miiller
1998). Ages of fault rocks were independently checked
using U-Pb single zircon ages of deformed and unde-
formed dykes within the fault zones.

Geological setting

The PAF is characterized by different kinematics and
tectonic settings from west to east. In the western sec-
tor, W of the Bergell/Bregalia pluton (Fig. 1), the
PAF is a steeply N-dipping crustal-scale fault zone,
characterized by both (back)thrusting and dextral
strike-slip (for review see Schmid et al. 1997). Up to



~20 km relative vertical displacement of the northern
units has occurred due to backthrusting (Hurford
1986; Heitzmann 1987) during overall dextral trans-
pression (Schmid et al. 1989). By contrast, east of the
Bergell pluton, the displacement apparently partitions
into a northern, intra-Austroalpine fault system with
predominantly sinistral and N-side-up vertical move-
ments, and the Tonale and Pustertal faults, where dex-
tral deformation prevails (e.g. Wiedenbeck 1986;
Mancktelow et al., this volume). No major differences
in Alpine metamorphic conditions to either side of the
eastern Tonale and Pustertal faults are recorded. The
jump in Alpine metamorphic conditions occurs along
the intra-Austroalpine Peio, Jaufen and DAV faults,
which show Alpine higher metamorphic units on their
N(W) sides (Fig. 1).

The occurrence of both Permian and Tertiary plu-
tons is the most striking feature of the Periadriatic
fault s. str. (Fig. 1). The alignment of Permian intru-
sions has been used to deduce Permian activity along
a precursor of the PAF (e.g. Bogel 1975). Oligocene
plutons follow the PAF along its whole length (for a
review see Exner 1976; von Blanckenburg et al. 1998).
Except for the large Bergell, Adamello and Rieser-
ferner intrusives, these Oligocene plutons are thin,
elongated and foliated “lamellae” that follow in part
the northern rim of the Permian plutons (e.g. Stockli
1995; Elias 1998). Both their submagmatic to solid-
state ductile fabrics and the influence of the contact
aureole of the northern Adamello-Presanella intrusion
on the mylonites of the Tonale fault constrain an Oli-
gocene, i.e. ~30+2 Ma, age for dextral ductile defor-
mation (e.g. Werling 1992). Abundant cataclasites, dis-
crete faults and pseudotachylytes within these plutons
record later, brittle dextral movements along the PAF
s. str. (e.g. Gansser 1968; Sprenger 1996; Meier 1997).

The amount of accumulated dextral displacement
along the PAF s. str. is difficult to assess. Estimates
that exceed 100 km are based on mostly large-scale
palinspastic restorations and/or different Permian-Me-
sozoic sedimentary facies on both sides of the fault
(e.g. Laubscher 1971; Tollmann 1978; Haas et al. 1995;
Frisch et al. 1998). Schmid et al. (1989) argue that
part of the ~300km dextral displacement suggested by
Laubscher (1971) predates the post-late Oligocene
movements. Models for the lateral extrusion of the
Eastern Alps suggest an eastward increase of the dex-
tral displacement along the Pustertal fault (Neubauer
and Genser 1990; Ratschbacher et al. 1991). Based on
mainly small-scale mapping, other authors’ estimates
of the amount of lateral displacement are smaller
(Gansser 1968; Ahrendt 1980; Bauer and Schermann
1984; see below).

The major discontinuity in the central sector of the
PAF is represented by the N(N)E-trending Giudi-
carie-Mauls fault, which comprises the Mauls fault
and the South and North Giudicarie faults (see inset
in Fig. 1 for terminology). A detailed evaluation of
the timing and amount of displacement along the
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North Giudicarie-Mauls fault is a key to any reliable
tectonic interpretation of the entire PAF. Along the
North Giudicarie fault, top-to-(E)SE thrusting of the
Alpine weakly metamorphosed Tonale unit over the
Southern Alpine unit takes place along a down-dip,
shallowly (W)NW-plunging stretching lineation
(Prosser 1998). Thrusting is recorded by low-grade
basement- and calcareous mylonites, as well as
deformed Oligocene tonalites and their rarely pre-
served contact aureole (Figs. 2a, b; 3a). Subsequent,
middle-late Miocene sinistral transpressive movements
are partitioned between WNW-dipping brittle thrusts,
and several strike-slip faults within the footwall to the
E, e.g. the Trento-Cles-fault. They are kinematically
linked to thrusting in the central Southern Alps (Mar-
tin et al. 1993; Prosser 1998; Viola 2000); however,
Werling (1992) interprets sinistral strike-slip defor-
mation along the North Giudicarie fault to be older
than (E)SE-directed thrusting.

The NE-trending Rumo fault is located ~1-2 km W
of the North Giudicarie fault. Fault planes dip mod-
erately towards ~NW and sense of shear is towards
(W)NW. Kinematics, geometry and the distribution of
low-temperature mylonites and pseudotachylytes sug-
gest that the Rumo fault predominantly is a normal
fault. Since this sense of shear is opposite to the North
Giudicarie fault adjacent to the E, the two faults are
not genetically linked (Prosser 1998, 2000).

The NE-trending Peio fault (Fig. 1) separates the
Ortler-Campo basement unit to the NW, characterized
by Alpine greenschist facies metamorphic conditions,
from the Variscan high-grade Tonale unit to the SE,
as deduced from the distribution of biotite Rb-Sr ages
(Thoni 1981; A. Del Moro, unpublished data). The
several-hundred-metres-thick mylonitic belt dips mod-
erately towards SE and shows sinistral transtensive
plus N-side-up kinematics related to a shallowly
E-plunging stretching lineation (Zarske 1989; Martin
et al. 1991; Werling 1992). Pseudotachylytes with sim-
ilar fault geometries occur along the fault and are con-
sidered to be contemporaneous with the mylonites on
the basis of mutual overprinting relationships (Fig. 2c,
d). The Peio fault mylonites are discordantly cut by
acidic dykes (Figs. 2e, 3d; Berger 1989; Werling 1992),
which by analogy were considered to be Oligocene in
age (e.g. Dal Piaz et al. 1988). Immediately south of
the Peio fault, steeply S(SE)-dipping, discrete and thin
low-grade shear zones with top-to (W)NW sense of
shear occur (Viola 2000). They are characterized by
fine-grained, strongly retrogressed mylonitic fabrics
(phyllonites) and thin pseudotachylytes. These shear
zones were formed during thrusting to the NW, kine-
matically clearly resolved from that along the Peio
fault (s. str.) (Martin et al. 1991; Viola 2000).

The Jaufen fault represents the SE border of the
Otztal crystalline basement characterized by Late Cre-
taceous amphibolite, possibly even eclogite, facies
metamorphism (Fig. 1; Del Moro et al. 1982; Hoinkes
et al. 1991; Spiess 1995). The Meran-Mauls basement
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Fig. 2 Photomicrographs of analysed samples (see Table 1 for
location, foliation and lineation). a Photomicrograph of thrust-
related, low-grade basement mylonite GIU9 from the North
Giudicarie fault. Sense of shear is top to (S)SE. Synkinematic
chlorite (chl) grows between deformationally stretched albite
(ab), and adjacent newly and/or fully recrystallized white mica
(wm) is the breakdown product of both plagioclase and large
white mica (phyllonite; crossed polarizers; see Fig. 3a). b Macro-
scopic S-type porphyroclast (outlined by black dashed lines)
indicating thrust-related, top-to-ENE tectonic transport immedi-
ately adjacent to sampled calcareous mylonite GIU11 from the
N Giudicarie fault (see Fig. 3a). ¢ Up to 7 cm-thick pseudota-
chylyte fault vein from the Peio fault showing characteristic
chilled margins (PEI52). d Three sinistrally sheared S-type pseu-
dotachylyte porphyroclasts deformed during subsequent myloni-
tization along the Peio fault (Forcellina di Montozzo). e Dyke
PEI69 crosscutting the Peio mylonites. The trace of the mylo-
nitic foliation is indicated (see Fig. 3d). f Photomicrograph of
pseudotachylyte JP82 showing microlitic biotite and rare feld-
spar fascicles nucleating at tiny clasts. They also show growth
into cataclastic lithic clasts resembling amygdales. g Anastomos-
ing pattern of Rumo fault pseudotachylytes (RU23, RU24).
Macroscopic flow structures are visible within the veins. h (Ul-
tra)mylonitic contact between mylonitic host rock (above dashed
line) and dyke JAU32 (below dashed line). The post-intrusive
mylonitization is clearly seen. Towards the centre of the dyke
(below), the intensity of deformations gradually decreases (see
Fig. 3c). i Photomicrograph of pseudotachylyte DAV8 S of the
DAYV fault, crossed polarizers. Arrows indicate incipient resorp-
tion of predominantly quartz clasts by the melt
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Fig. 3 a-d Stereonets. a North Giudicarie fault mylonites (GIU9
and GIU11). b Tonale fault related pseudotachylytes (TO27)
and associated slickensides plus striations. The fault vein of
TO27 represents an antitethic Riedel to the adjacent dextral
Tonale fault. ¢ Jaufen fault mylonites (JAU32). d Peio fault
mylonites and crosscutting dyke (PEI69). Equal-area lower-
hemisphere projections of lineation (dots) and foliation (b, ¢, d:
circles; a: crosses, because plotted as poles)
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to the SE is weakly overprinted by Alpine metamor-

phism (Spiess 1995). Two major kinematic events have

been recognized along the Jaufen fault by Glutz

(1997) and Parolini (1997). Steeply NW-dipping mylo-

nites cut a Late Cretaceous foliation discordantly and

bear a moderately W-plunging stretching lineation
indicating sinistral plus south-side-up displacement.

Syndeformational temperatures have been estimated

to be ~300-350°C (Glutz 1997; Parolini 1997). The

observed sense of shear contradicts the overall north-
side-up movements deduced from the distribution of

mica cooling ages (Del Moro et al. 1982; Spiess 1995).

A second, dextral, semiductile to brittle deformation

producing mainly cataclasites and pseudotachylytes

occurred along steeply dipping fault planes with sub-
horizontal lineations. It is interpreted to be genetically
linked to the deformation along the Mauls fault

(Fig. 1).

The NNE-trending Passeier fault (Spiess 1995) in
part forms the continuation of the North Giudicarie
fault north of Meran and transfers the sinistral strike-
slip displacement of the latter northward (Fig. 1; Viola
2000). The fault is characterized by steeply WNW-dip-
ping fault planes marked by protomylonites, <30 m-
thick blue-black cataclasites and fault gouges as well
as rare pseudotachylytes. The Passeier fault cuts off
the Jaufen mylonites and displaces the latter to the
S(S)W (see Viola 2000 for further discussion).

The approximately E-trending Defereggen-An-
tholz-Vals (DAV) fault S of the Tauern window rep-
resents the southern border of Alpine metamorphism.
North of the DAV, Tertiary biotite Rb-Sr ages occur,
whereas pre-Alpine ages prevail towards the south
(Borsi et al. 1978a). In its present geometry, the
DAV-related mylonitic belt is characterized by sinis-
tral strike-slip deformation with a moderate normal
fault component (Kleinschrodt 1987; Schulz 1989;
Mancktelow et al., this volume). Rare pseudotachy-
lytes occur S of the eastern DAV (Schulz 1989). Sev-
eral large, Oligocene plutons (Rensen, Zinsnock, Rie-
serferner) and numerous dykes are present within and
in the vicinity of the DAV and provide excellent time
markers (Miiller et al. 2000b).

This paper addresses the following main problems
related to the Periadriatic fault system (Fig. 1):

1. What is the age of ductile, low-grade, top-to-E(SE)
thrusting along the North Giudicarie-Mauls fault?
Is it possible to establish, on the basis of ages of
fault rocks, which model for the evolution of the
North Giudicarie fault, and therefore for the whole
PAF, is correct?

2. If at least part of the (North) Giudicarie bend was
pre-Oligocene, would it be possible to transfer dex-
tral lateral movements from the Tonale into the
Pustertal fault via the Peio fault (Laubscher 1970;
Schmid et al. 1989)? Critical for this scenario is the
age of the Peio fault, which has been proposed to
be either Late Cretaceous (Martin et al. 1991; Wer-
ling 1992) or Tertiary (Zarske 1989).
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3. Are similar kinematics of late movements along the
PAF s. str. and the northerly adjacent Jaufen fault
also reflected in similar ages of related pseudota-
chylytes? Is deformation associated with lateral
extrusion during the Neogene and contempora-
neous basin formation reflected also in ages of
faults?

4. Do ages of fault zones within the Austroalpine unit
reflect a Late Cretaceous extension, as suggested
by Fiigenschuh (1995) and Froitzheim et al. (1997)?

Results

Results of 11 pseudotachylytes analysed by stepwise-
heating and laser-ablation “’Ar/*Ar (samples RU23,
RU24, T645, PEI74, DAVS88lb, DAVS, JP82, GI,
TO26, JAU13, INS4), two mylonites analysed by
Rb-Sr microsampling (GIU9, GIU11) and two dykes
analysed by single-zircon U-Pb (PEI69, JAU32) are
presented. Details of samples are in Table 1 and

Table 1 Description and location of the samples for which ana-
lytical results are presented herein. The coordinates (right,
down) refer to the respective sheets given in parentheses of the
Swiss, Italian and Austrian national maps, scale 1:50,000. Rb—Sr

Appendix A. Analytical techniques are detailed in
Appendix B. The corresponding results are listed in
Tables 2, 3, 4 and 5, and are displayed in Figs. 4, 5, 6,
7, 8,9, 10, 11, 12, 13, 14, 15, 16 and 17. These results
are discussed together with geochronological data pre-
sented in closely related topical papers (Miiller et al.
2000b; Mancktelow et al., this volume; Miiller 1998;
W. Miiller et al., submitted; samples PEI49, PEIS2,
PEIS53, PEI12, PEI26, PEI27, PEI33, BG5S, DAV97/2,
DAV97/16, JP102, DAV2A, BG169, DAVY, TO27,
JAU10, JAU34, PAL35B). All results are presented
in four time slices, namely (a) Late Cretaceous—Paleo-
cene, (b) Eocene, (c) Oligocene and (d) Early-Middle
Miocene (Figs. 4, 8, 10, 15).

Late Cretaceous—Early Paleocene (75 to ~55 Ma)

The oldest ages (~70 Ma) of fault rocks were obtained
from two pseudotachylytes (PEI49, PEIS2) and one
ultramylonite (PEI53), all collected at the same out-
crop of the Peio fault (Fig. 4). Pseudotachylyte PEI49

ms Rb-Sr microsampling dating; swh Ar-Ar stepwise-heating
WOAr/3Ar; la Ar-Ar laser-ablation “°Ar/**Ar; sz U-Pb single-zir-
con U-Pb. For other samples see Miiller et al. (2000b), W.
Muiiller et al. (submitted) and Miiller (1998)

Sample no. Description Location—description Location—coordinates Age (Ma)
Lithology (Method)
INS4 10 cm-thick fault vein Outcrop along road 700900, 112650; 16.4+0.8
(S side) towards Ronco, (no. 276, V. Verzasca)
650 m SSE Arcegno,
Ticino (CH)
Pseudotachylyte Host rock: high-grade paragneiss (swh Ar-Ar)
composed of albitic plag, qtz, bt
showing TiO,-exsolution lamellae,
kfs, subordinate wm and late fractures
filled with chl
TO26 ~1 cm-thick fault vein with small Road cut along military 627200, 5125400 20.6+5.5
injection veins that was formed along road towards Forte (no. 41, Ponte di Legno)
steeply SSE-dipping fault planes Presanella (Pozzi Alti),
alt. 1620 m; E Passo del
Tonale (I)
Pseudotachylyte (swh Ar-Ar)
GIU9 Along millimetre- to centimetre-thick ~ Outcrop ~650 m (W)NW 655100, 5150650; 31.6+1.0
layers, intense fluid-enhanced Neuhaus/Casanova, N (no. 26, Appiano/Eppan)
mylonitization and phyllonitization Proveis/Proves (I); small,
leads to complete replacement of the  northern valley along SE
original medium-grade paragenesis slope of Mandelspitz/M.
(pl+wm+qtz+bt) by fine-grained (10-  Ometto, alt. 1758 m
to 20-um) white mica. Plagioclase
porphyroclasts show well-developed
bookshelf faulting indicating a
top-to-ESE sense of shear
Low-grade base-  Mylonitic foliation 286/36, lineation (Rb-Sr ms)

334/18

Very pure calcareous mylonites with
minor quartz, albite and ore minerals.
There are no large white mica grains.
Calcite grain size varies between
~300 and ~20 um in thin,
foliation-parallel layers

ment mylonite
GIU11

Outcrop ~650 m (W)NW 655100, 5150650;
Neuhaus/Casanova, N
Proveis/Proves (I); small,
northern valley along SE
slope of Mandelspitz/M.
Ometto, alt. 1755 m

4-6 pm: 29.8+0.2
(no. 26, Appiano/Eppan)




Table 1 (continued)
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Sample no. Description Location—description Location—coordinates Age (Ma)
Lithology (Method)
Calcareous Mylonitic foliation 327/41, lineation 24 pym: 27.5+0.2
mylonite 260/23
<2 pym: 22.9+0.1
(Rb-Sr ms)
GI Well-preserved pseudotachylyte Road cut along forest 651900, 5132450 28.9+1.5
hosted by a fairly fine-grained road 500 m WSW (no. 25, Rabbi)
amphibolitic paragneiss composed Castello di Altaguardia
of pl+amph+ep+qtz+chltkfs (2 km SW Rumo);
~5 m above the Giudicarie
fault plane
Pseudotachylyte (swh Ar-Ar)
JP82 Black fault vein, 2-3 cm thick, Road cut in Sarntal/Val 233900, 184350 26.9+0.8
almost no veining into the hosting di Pennes, S Penser (Austrian map no. 175;
tonalite Joch/Pso. di Pennes (I), Sterzing)
alt. ~1625 m, 600 m
WSW Asten/Laste;
Pseudotachylyte Host rock: Oligocene tonalite (swh Ar-Ar)
(~29-31 Ma; Elias 1998)
RU23 Thick pseudotachylyte veins forming  Small creek, alt. 1850 m, 652400, 5147900 60-57 Ma
an anastomosing pattern of fault and 600 m NNW Maso (no. 025, Rabbi)
injection veins Bernardi, 700 m W M.
Alto (2005 m), 3 km
(W)NW Rumo (I)
Pseudotachylyte Host rock: strongly retrogressed (la Ar-Ar)
paragneiss composed of ab, qtz and
wm
RU24 See RU23 Same as RU23 Same as RU23 ~52 Ma
(minimum age)
Pseudotachylyte (swh Ar-Ar)
T645 See Thoni (1981, 1988) See Thoni (1981, 1988)  See Thoni (1981, 1988) 621
Pseudotachylyte (swh Ar-Ar)
PEI74 ~3 cm-thick, black fault vein, which Outcrop along path 621200, 5129200 45.8+0.6
is parallel to the mylonitic foliation. between Rifugio Bozzi (no. 41, Ponte di Legno)
Several, undeformed injection veins and Forcellina di
that crosscut the mylonitic foliation Montozzo, alt. 2510 m,
7 km NE Ponte di Legno
(Val di Sole, 1)
Pseudotachylyte “Foliation” (pseudotachylyte fault (la Ar-Ar)
vein): 114/32
PEI69 ~70 cm-thick dyke with apophyses Rock wall at Costa di 643400, 5146950 Mean age:
into, and fuzzy contacts with, the Giogo, (S)E flank of (no. 025, Rabbi)
mylonitic host rock. Macroscopic Kirchbergtal, alt. 2265 m,
phenocrysts are red grt and white ~300 m W Hint.
feldspar. Microscopically, the texture  Alplaner-Alm (Malga
is dominated by ab (150 pm) and Alplaner di dentro),
fine-grained, thin kfs needles 1.3 km N(N)E
(<80 pum); gtz and small wm Alplanersee/Lago di
(~100 um) form the matrix. No Alplaner, 3 km S
foliation, kfs and wm needles are St. Gertraud/Ultental,
randomly distributed. Rare, two- S. Gertrude/Ultimo, I)
phase (up to 5 mm) and fairly
abundant smaller (<300 pum)
?Imono-phase grt are characteristic
minor constituents
Granitic dyke ~31.9 Ma
(ranging between
32.1+0.2 and
31.7+0.1 Ma)

(sz U-Pb)
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Table 1 (continued)

Sample no. Description Location—description Location—coordinates Age (Ma)
Lithology (Method)
JAU32 Mylonitized dyke, ~1 m thick; mag- Road cut along forest 674900, 5189050 31.7+3.4 Ma

matic mineralogy: pl+qtz+bt+wm+ road branching off the (no. 006, S. Leonardo

czozkfs+grt. Strongly overprinted by  Jaufenpass/Pso. di M. in Passiria/St. Leonhard

subsequent, solid-state (ultra)myloniti- Giovo road in second in Passeier)

zation and phyllonitization. Along the bend ENE Walten/

margins, magmatic biotite and Valtina; immediately W

plagioclase are almost completely of bridge across western

replaced by fine-grained (20-40 um) creek, alt. 1450 m, 4.2 km

newly formed white mica. The degree (E)NE

of mylonitization decreases towards St. Leonhard in Passeier

the centre of the dyke. Mylonitic (S. Leonardo in Passiria, I)

foliation 350/20, lineation 294/18.
Acidic dyke (sz U-Pb)
JAU13 6 mm-thick injection vein, hosted Road cut along road 666750, 5177200 17.3+1.1

by a coarse-grained paragneiss towards Vernuer/ (no. 13, Meran/Merano)

(bt-pl-qtz—wm). Thin cataclasites Vernurio, Gfeis/Gaveis,

occur along the margins of the bend alt. 1103 m, junction

pseudotachylyte. The brown matrix towards Vernuer/Vernurio,

contains many rounded clasts 6.4 km NNE

composed of quartz and cataclasite, Meran/Merano (I)

which show different degrees of

resorption by the melt. The fine-

grained matrix (<5 pum) appears to

be slightly recrystallized, but flow

structures can still be recognized
Pseudotachylyte (swh Ar-Ar)
DAV 881b ~5 mm-thick, clast-laden fault vein, Outcrop along W side of 375350 196300 ~60 Ma (?)

with small injection veins branching ski track, 350 m (W)NW (178, Hopfgarten in

off. At the contact to the host Brunnalm, alt. 1900 m, Defereggen)

paragneiss (bt+pl+ep+qtz), there is 2.5 km SE St. Jakob in

~2 mm thin cataclastic (precursor?) Defereggen (A) [collected

domain containing angular clasts by B. Schulz]

built up by all paragneiss minerals,

including bt. Rounded clasts (<150 um)

occur within the fine-grained, brown,

pristine matrix, which show resorption

bays indicative for contact with a melt.

Clasts: qtz, some feldspar and rare lithic

fragments, no bt. Cataclastic rims were

avoided during core drilling for step-

wise-heating ®*Ar/?Ar analyses. No

signs of alteration or recrystallization
Pseudotachylyte (swh Ar-Ar)
DAVS Mineralogy of hosting orthogneiss: Same as DAV881b Same as DAV881b 25.5+0.9

kfs+wm+bt+pl+qtz
Pseudotachylyte First pseudotachylyte generation: (swh Ar-Ar)

intrudes the host orthogneiss along an
anastomosing pattern of injection and
fault veins. In thin section, the matrix is
nearly transparent and almost isotropic.
No details can be resolved optically.
Abundant rounded and strongly resorb-
ed clasts (qtz and feldspar)

Second pseudotachylyte generation: sharp,
black, i.e. very fine-grained, contacts to
the first generation, resembling chilled
margins. Towards the centre of the injec-
tion vein (from where the analysed drill
cores were taken), the matrix becomes
slightly coarser grained. Very many
rounded and resorbed clasts (qtz and
feldspar). No recrystallization phenomena
“Foliation” (pseudotachylyte fault vein):
180/35
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Table 2 Rb-Sr isotopic data

(errors are 95% c.l.) Sample Rb Sr 8Rb/SSr  87Sr/36Sr Age (Ma) (¥7S1/%0Sr);
(ppm)  (ppm)

GIU9 wml 432 53.2 23.580 0.735095+190 31.6x1.0 0.724512+281
GIU9 chll 2.62 103 0.7463 0.724847+272
GIU11 leach - - 0.0005 0.710668+13
GIU11<2 pm 276 28.4 28.207 0.719832+21 22.88+0.13 0.710668+13
GIU11 2-4 pm 272 25.3 31.183 0.722824+26 27.45+0.15 0.710668+13
GIU11 4-6 pym 285 26.6 31.069 0.723794+13 29.75+0.15 0.710668+13

yielded a stepwise-heating “°Ar/*Ar age of 74+2 Ma
(82% ¥ Ar released), which is virtually identical to the
Rb-Sr microsampling 8-point errorchron age of ultra-
mylonite PEIS3 indicating 72.2+9.8 Ma (Miiller 1998;
W. Miiller et al., submitted). The second pseudotachy-
lyte PEIS2 yielded a slightly more complex apparent
age spectrum. Five pristine melt-related steps yielded
an age of 67+3 Ma (54% *Ar released), which is sim-
ilar to the other two fault ages from the same outcrop
(W. Miiller et al., submitted). This suggests concomi-
tant Late Cretaceous formation of mylonites and pseu-
dotachylytes, which is consistent with field observa-
tions (Fig. 2¢, d; see above).

Slightly younger, but internally consistent, ages
(62—~58 Ma) are recorded by three extension-related
pseudotachylytes collected from different faults; these
include samples from S of the DAV fault (DAV881b),
from the Rumo fault (RU23, RU24) and from the
base of the Silvretta nappe (T645; Fig. 4; e.g.
Froitzheim et al. 1997). The latter is not related to the
PAF but was chosen for a methodological comparison
because of existing K-Ar and Rb-Sr data (Thoni
1981, 1988).

Two Rumo fault pseudotachylytes analysed by
either laser-ablation (RU23) or stepwise-heating anal-
ysis (RU24) indicate Paleocene ages. Fifteen individ-
ual laser-spot analyses of pseudotachylyte RU23 are
characterized by similar *°Ar/*°Ar and very low Ar/
“Ar ratios forming a tight cluster when plotted on the
inverse isochron plot. A weighted mean apparent age

of 57.3+1.4 Ma can be calculated (Fig. 5a). The indi-
vidual spot analyses exhibit a weak negative correla-
tion between age and CI/K ratio, interpreted as signs
of incipient alteration; hence, ages of ~60 Ma from
lowest Cl/K-spots are taken as the best approximation
for the formation of pseudotachylyte RU23. Pseudota-
chylyte RU24 records a staircase age spectrum over
virtually all ¥Ar released with apparent ages ranging
between 6 and 114 Ma. High Ca/K and Cl/K ratios of
the first five steps (~10% 3°Ar) and, less pronounced,
also for steps 6 and 7, reveal the presence of distinct
young alteration phases (Fig. 5b). Older ages at hig-
hest release temperatures are attributed to inherited
clasts, as suggested by high Ca/K and CI/K ratios. The
age—ClI/K diagram shows mixing trends towards altera-
tion phases for steps 1-7 and mixing trends towards
clasts for steps 12-16 (Fig. 5c). The inferred pristine
melt composition is located at the intersection of these
mixing lines, approximated best by steps 8-11 (~65%
¥ Ar), which show very similar Ca/K (~0.04) and CI/K
ratios (~0.0015). Because corresponding ages for least
altered steps 8-11 regularly increase from 49 to
54 Ma, these ages must be regarded as minimum age
for formation of RU24.

The stepwise-heating “°Ar/*?Ar analysis of pseudo-
tachylyte DAVS81b yielded apparent ages ranging
between 22 and 130 Ma, but a fairly flat spectrum
indicating ~60 Ma for 80% 3°Ar released (Fig. 6a).
Since ~80% *Ar is released at temperatures >1000 °C,
where phyllosilicates, in particular biotite, have

Fig. 4 Simplified tectonic

sketch map of the central sec- L. Cretaceous -

tor of the PAF. Locations and Paleocene:
ages of Late Cretaceous—Pa- ’
leocene fault rocks are indicat- 75 - 55 Ma

ed. P Pseudotachylyte step-
wise-heating and/or laser
ablation “'Ar/*Ar age; M
mylonite Rb—-Sr microsampling
age. For additional abbrevia-
tions see Fig. 1
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released most of their Ar due to in-vacuo breakdown

(Lo et al. 2000), a feldspar-rich matrix composition is
matrix composed of both plagioclase and K-feldspar.
The trajectories in chemical discrimination diagrams
based on Ar isotopes (Fig. 6b) are complex and do

inferred. The K concentration of 3.35% points to a
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Fig. 6 a “*Ar/*Ar stepwise-heating spectra and b corresponding
mineral chemical discrimination diagram based on Ar isotopes
for pseudotachylyte DAV881b

not allow an unequivocal interpretation of the age
spectrum. Rather uniform Ca/K ratios (except for
clast-related high Ca/K steps 16 and 17) contrast with
variable CI/K ratios, whose positive correlation with
apparent ages may suggest the presence of inherited
4Ar. Elevated 3°Ar/°Ar ratios and young apparent
ages of steps 1-3 are indicative of later alteration.
High CI/K ratios and old apparent ages of steps 7-9
may argue for Ar release from a mineral phase con-
taminated by inherited/excess “°Ar, such as biotite or
fluid inclusions in the matrix (Turner and Wang 1992;
Miiller 1998). Steps 10-15 release >70% *Ar and
show slightly decreasing CI/K ratios but similar appar-
ent ages between 62 and 57 Ma. If regressed in an iso-
chron diagram, these steps yield an age of 55.8+

5.3 Ma and an atmospheric trapped “°Ar/*®Ar ratio of
306+15. The age of ~60 Ma may also represent a
“pseudoplateau” reflecting the admixture of inherited
40Ar as indicated by elevated CI/K ratios, which would
mask a possibly younger age (see DAVS). Since this is
considered to be unlikely, a Paleocene age (~60 Ma) —
in agreement with similar ages within the Austroal-
pine unit — is interpreted to be most probable.

Pseudotachylyte T645 was analysed by stepwise-
heating “°Ar/*Ar in order to complement and eval-
uate existing K/Ar and Rb-Sr data (Thoni 1981, 1988).
It shows a discordant age spectrum with ages ranging
from 7 to 66 Ma. Ages are older than 60 Ma over
~85% 3°Ar released (Fig. 7). The corresponding Ca/K
and CIVK ratios reveal little variation indicating a
fairly homogeneous melt. Weak positive correlation
between ages and Ca/K ratios indicates some inher-
itance, which — given that the oldest age is only 66 Ma
— appears to be very small. Similarly, a weak negative
correlation between age and Cl/K ratio is interpreted
as signs of incipient alteration. Strong alteration is vis-
ible for steps 1-8. Based on chemical discrimination, a
mean age of 62+1 Ma is calculated (~80% 3°Ar
released). The calculated total-gas age (59 Ma) and
the K concentration (3.66%) are identical to K/Ar
data by Thoni (1981; 58+3 Ma; 3.66% ); however, the
corresponding Rb-Sr age of 78.5+4.6 Ma is older
(Thoni 1988). Incomplete digestion and/or homogeni-
zation of Sr-bearing feldspars and heterogeneity in
initial 8’Sr/%Sr ratios of the precursor rock may be
responsible for the observed shift towards older Rb-Sr
ages.

80 —
T645

apparent age (Ma)

0 20 40 60 80 100
cumulative % 3°Ar released

Fig. 7 “Ar/°Ar
T645

stepwise-heating spectra of pseudotachylyte
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Fig. 8 Simplified tectonic
sketch map of the central sec-
tor of the PAF. Locations and
ages of Eocene fault rocks are
indicated. See Figs. 1 and 4
for abbreviations
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Fifteen individual laser-ablation “°Ar/*’Ar analyses
were performed on pseudotachylyte PEI74 from the
Peio fault. When plotted on an isochron diagram, 12
analyses form a tight cluster with low **Ar/*°Ar ratios
(Figs. 8, 9). Their mean apparent age is 45.8+0.6 Ma,
which is identical within error to the age of 45.1+
0.9 Ma obtained from an isochron regression. Due to
the limited range in *Ar/*’Ar, the resulting trapped
YOAr/SAr of 449+155 is imprecise. Analyses 7, 10 and
11 contain inherited (10, 11) or altered (7) minerals,
as indicated by both petrographic observations prior
to analysis and resulting elevated Ca/K and CI/K
ratios. Pseudotachylyte PEI74 suggests renewed Early
Eocene activity along the Peio fault.

Two pseudotachylytes (PEI12, PEI26) and two
mylonites (PEI27, PEI33) were sampled along thin,
discrete shear zones immediately S of the Peio fault
(Fig. 8). Their top-to-(W)NW tectonic transport is
clearly different from the adjacent Peio fault (see

0.004 : L | LI T | L | L | L | L | L :
airg & PEI74
F
0.003F *= 3
g :
0.002 F E
3 45.8+ 0.6 Ma 1
: & matrix E
0.001¢ 4 clasts, o E
- alteration TALE A
OF v v v v b L 1 L
0 0.04 0.08 0.12
39Ar/40Ar

Fig. 9 “'Ar/*Ar isochron diagram of laser-ablation analyses of
pseudotachylyte PEI74

Viola 2000). Both stepwise-heating and laser-ablation
DOAr/PAr dating (pseudotachylytes) and Rb-Sr micro-
sampling analyses (mylonites) yielded similar ages
between 35 and 37 Ma, suggesting Late Eocene thrust-
ing within the Tonale unit south of the Peio fault (Vi-
ola 2000; W. Miiller et al., submitted).

Mylonites and both foliation parallel and crosscut-
ting pseudotachylytes occur immediately south of the
Zinsnock intrusion (S of Rieserferner pluton; Manck-
telow et al., this volume; Fig. 8). This mylonite zone is
clearly crosscut by the Oligocene Zinsnock intrusion.
A foliation parallel pseudotachylyte (DAV97/2)
yielded a stepwise-heating “°Ar/*’Ar age of 46+3 Ma
(Mancktelow et al., this volume). Along the western
DAYV fault, a mylonite (BGS5S5) recording sinistral
strike-slip deformation was sampled (BGS5S5; Fig. 8).
Fine-grained white mica domains grown between
stretched K-feldspar were dated by Rb-Sr microsam-
pling, yielding an age of 33.4+1.3 Ma (see Miiller et
al. 2000b; Mancktelow et al., this volume).

Oligocene (32-25 Ma)

During the Early Oligocene (32-30 Ma), intense mag-
matic activity is recorded along the whole PAF and
adjacent tectonic units (for a review see Berger et al.
1996; von Blanckenburg et al. 1998; Fig. 10). The
degree of deformation of the plutons, their contact
aureoles and dykes provides key time constraints for
the evolution of the PAF. Several dykes related to
this Periadriatic magmatism within the Peio (PEI69),
Jaufen (JAU32) and DAV (BG169, DAV2A, JP102A;
Miiller et al. 2000b) fault zones were sampled in a
clear structural context (Figs.2e,h; 3c,d) for sub-
sequent single zircon U-Pb and/or single white mica
Rb-Sr microsampling dating.

U-Pb analyses of three single zircons from dyke
PEI69 crosscutting the Peio mylonites (Figs. 2e, 3d)
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Fig. 10 Simplified tectonic
sketch map of the central sec-
tor of the PAF. Locations and
ages of Oligocene fault rocks
and dykes within the fault
zones are indicated. D dyke
single-zircon U-Pb intrusion
age. See Figs. 1 and 4 for
abbreviations
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are concordant with individual >8U-?"Pb ages ranging
between 32.1 and 31.7 Ma, which almost overlap
within respective error limits (Fig. 11a). These 2*U-
206ph ages neither correlate with corresponding U con-
centrations nor with crystal morphology (Table 5).
Differing Th/U ratios among the zircons point to vari-
able Th/U in the source, with the observed range of
28U-206Ph ages possibly reflecting small, but real,
time differences in crystallization ages rather than
cryptic inherited components. Tubular inclusions par-
allel to the c-axis within zircon Z4 are interpreted as
melt inclusions, which argues for Zr supersaturation in
the melt, auto-nucleation and therefore inheritance-
free zircons (Bossart et al. 1986). A mean age of
~31.9 Ma is inferred for the intrusion of dyke PEI69,
which agrees well with other ages of Periadriatic plu-
tons (e.g. Barth et al. 1989; von Blanckenburg et al.
1998). The Peio fault therefore must be older than
~32 Ma, which is in line with ages of mylonites and
pseudotachylytes of ~70 Ma (Fig. 4; see above).

A strongly mylonitized dyke was collected within
the Jaufen mylonites (JAU32; Figs. 2h, 3c) and its
intrusion age places an upper limit on the age of duc-
tile deformation along the Jaufen fault. Five single zir-
cons were analysed by U-Pb (Fig. 11b). Zircons Z3,
Z4 and Z6 are discordant and contrast with two con-
cordant zircons Z1 and Z5. This difference is mirrored
by low U concentrations and elevated Th/U ratios of
Z4 and Z6 (< 470 ppm and > 0.37, respectively),
whereas concordant zircons Z1 and Z5 record high U
concentrations and low Th/U ratios (>1522 ppm and
~0.036, respectively). A discordia line connecting all
five zircons has a lower intercept of 31.7+3.4 Ma and
an upper intercept of 527+88 Ma (MSWD=3.1). The
lower intercept agrees well with 23U-20Pb ages of
both Z1 and Z5 (31.7 and 31.8 Ma) and is therefore
interpreted as the intrusion age of JAU32. This age
agrees well with the timing of Periadriatic magmatism
(von Blanckenburg et al. 1998). Consequently, both

sinistral and dextral deformation along the Jaufen
fault postdate ~32 Ma. The MSWD of 3.1 for the dis-
cordia line indicates scatter outside analytical error,
which suggests inhomogeneity among the inherited
components.

Dykes BG169, DAV2A and JP102 record strong
sinistral solid-state ductile deformation related to the
DAV fault (Fig. 10). Two single, large magmatic white
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Fig. 11 U-Pb concordia diagrams for dykes a PEI69 and b
JAU32



micas together with adjacent plagioclase from BG169
yielded a Rb-Sr microsampling age of 30.9+0.2 Ma
(Miiller et al. 2000b). Six single zircons from neigh-
bouring dyke DAV2A were analysed by U-Pb tech-
niques and the corresponding results show scatter in
conventional Concordia representation. Because of
the combined complexities arising from both inher-
itance and (deformationally induced) partial resetting
of U-Pb systems, no precise emplacement age for the
dyke is obtained, but an age of 31-32.5 Ma is most
likely (Miiller 1998). Two large magmatic white micas
and adjacent K-feldspar from the sinistrally deformed
dyke JP102 yielded a Rb-Sr microsampling age of
29.9+0.3 Ma (Miiller et al. 2000b). Similar to BG169,
the age of 29.9 Ma very closely approximates the age
of intrusion of this thin dyke (~0.5 m) into relatively
shallow crustal levels. Taken together, the ages of
these three magmatic dykes suggest that sinistral
DAV-related deformation continued until ~30 Ma
(see Miiller et al. 2000b; Mancktelow et al., this vol-
ume). This is in line with a Rb-Sr microsampling age
of mylonite DAV, collected from the southern con-
tact aureole of the Oligocene Rieserferner intrusion.
Due to sinistral shearing, contact-related andalusite
porphyroblasts are transformed into o-clasts, where
syndeformational growth of white mica occurs. White
mica—andalusite pairs yielded a Rb-Sr microsampling
age of 30.1+4.6 Ma (Miiller et al. 2000b), which is sim-
ilar to the age of intrusion of the Rieserferner pluton
(31+£3 Ma; Borsi et al. 1978b).

Ages of fault rocks collected along various PAF-re-
lated faults (North Giudicarie, Tonale, Mauls, DAYV)
provide direct evidence for Oligocene deformation.
Significant temporal constraints were obtained from
two mylonites (GIU9, GIU11) and one pseudotachy-
lyte (GI) collected along the North Giudicarie fault
(Fig. 10). From low-grade basement mylonite GIU9,
ug-sized synkinematic chlorite (>100 um) grown
between stretched albite together with newly and/or
fully recrystallized white mica (10-20 um) formed as
breakdown product of feldspar were used for Rb-Sr
microsampling dating (Figs. 2a, 12a). Due to fairly
enriched white mica (¥’Rb/*0Sr=23.6), a precise age of
31.6+1.0 Ma was obtained for the chlorite-white mica
pair (Fig. 12b), despite the small amounts of Sr analy-
sed (100 and 650 pg, respectively). Fine-grained chlor-
ite and white mica are in full textural equilibrium and
thus likely to be isotopically equilibrated, for which
the age of 32 Ma is interpreted to reliably date the
time of mylonitization. This age is regarded as a for-
mation age because syndeformational temperatures
from quartz microstructures are in the range of
250-300°C, which is below the temperature required
for diffusional loss of Sr in both chlorite and white
mica (Cliff 1993; Miiller et al. 1999). Calcareous mylo-
nite GIU11 was collected ~4 m below GIU9. Rb-Sr
analyses of three mineral size fractions (4-6, 2-4,
<2 um) were corrected for their initial Sr/3°Sr ratio
using the leachate of the host carbonate. Ages of the
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Fig. 12 a Thick section of thrust-related, basement-derived, low-
grade mylonite GIU9 from the N Giudicarie fault (crossed
polarizers; see Figs. 2a, 3a). White rectangles indicate size of
chlorite and white mica samples after microdrilling and extrac-
tion; microdrilling cuts surrounding the extracted rectangles are
in black. b, ¢ Rb-Sr microsampling isochron diagrams for mylo-
nites GIU9 and GIU11

three fairly radiogenic size fractions were 29.8+0.2 Ma
(4-6 pm), 27.5+02 Ma (2-4 um) and 22.9+0.1 Ma
(<2 um; Fig. 12¢). Ages decrease with grain size and
are therefore regarded as minimum ages for low-
temperature ductile deformation along the North
Giudicarie fault. Petrographically, GIU11 is a pure
calcareous mylonite and significant detrital/inherited
components (e.g. feldspar) can be excluded, as is also
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Fig. 13 a ““Ar/*Ar stepwise-heating spectra, b corresponding
mineral chemical discrimination diagram based on Ar isotopes,
and c isochron plot for pseudotachylyte GI from the N Giudi-
carie fault

indicated by the low Sr concentrations of the mineral
size fractions (25-28 ppm). Similarly, the K concentra-
tion of 6.1% calculated from “°Ar/°Ar analyses of
both coarser-grained size fractions argues for fairly
pure white mica with some admixture of chlorite
and/or quartz. Significant diffusional Sr loss after min-

eral growth is considered to be unlikely given the low
temperatures (<300 °C) of deformation estimated from
cogenetic basement mylonites (cf. GIU9). Hence, the
most likely explanation is protracted deformation (e.g.
Miiller et al. 2000a) along the North Giudicarie fault,
which has led to later mineral growth and/or alteration
within the calcareous mylonites. Such effects would be
best seen in the smallest mineral size fraction (<2 um),
which in fact records the youngest age (Fig. 12c¢).

Pseudotachylyte GI was dated by stepwise-heating
YAr/PAr and yielded a discordant apparent age spec-
trum. Steps 1 and 2 show ages >50 Ma, followed by a
flat portion with ages around 31 Ma (35% of released
¥Ar) and a final increase to ages >100 Ma (60% 3°Ar;
Fig. 13a). Apart from steps 1 and 2, which are most
likely related to later alteration associated with excess
argon, two distinct chemical reservoirs are distin-
guished on the basis of Ar isotope-based chemistry.
Low Ca/K and CI/K ratios characterize the lower-tem-
perature steps, whereas high CI/K and Ca/K ratios are
recorded at higher temperatures. When plotted on a
CI/K-Ca/K diagram, two main mixing trends are
evident (Fig. 13b). One trend points towards altera-
tion-related high Ca/K and low CI/K phases (steps
2-4), the other indicates high Ca/K and high CI/K
phases, i.e. inheritance (clasts). Steps 5-7 lie near the
intersection between these mixing trends and are
therefore regarded as the best approximation of the
pristine pseudotachylyte matrix (melt). They yield an
apparent age of 31.2+2.4 Ma, which remains similar, if
all “flat” steps (4-10) are considered (31.1+0.6 Ma;
35% ¥Ar released). Regressing matrix/melt-related
steps 5-7 in an isochron diagram yields an age of
28.6+2.7 Ma (20, ) with a **Ar/*®Ar intercept of 351+
61 (MSWD=1.5), basically overlapping in error with
air (Fig. 13c). The result remains identical if extended
to steps 4-10 (28.9+1.5 Ma, “Ar/°Ar=341+41,
MSWD=1.7). The 28.9+1.5-Ma pseudotachylyte age is
therefore considered to be reliable and agrees well
with ages for North Giudicarie fault mylonites dis-
cussed above.

Pseudotachylyte TO27 was collected along an anti-
thetic Riedel fault immediately north of and cogenetic
with the eastern Tonale fault (Figs. 3b, 10). It yielded
a laser-ablation “’Ar/*Ar age of 32.1+3.5 Ma (W.
Miiller et al., submitted). This age provides direct and
independent control for Oligocene dextral defor-
mation along the Tonale fault, which is consistent with
submagmatic to high-temperature solid-state defor-
mation within the various Oligocene Periadriatic plu-
tons along the PAF s. str. (e.g. Martin et al. 1993;
Berger et al. 1996; Sprenger 1996; Nemes 1997). Sim-
ilarly, the northern contact aureole of the Adamello-
Presanella pluton (Fig. 1) records ductile dextral
strike-slip deformation related to the northerly adja-
cent Tonale fault (Werling 1992).

Two pseudotachylytes sampled along the Mauls
and DAYV faults (JP82 and DAVS, respectively) were
analysed by stepwise-heating “*Ar/*?Ar. Host rock of
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well-preserved pseudotachylyte JP82 (Fig. 2f) is the
Oligocene Mauls tonalite (~29-31 Ma; Stockli 1995;
Elias 1998) which provides a maximum age for the
pseudotachylyte formation. The age spectrum of JP82
records apparent ages between 10 and 55 Ma. Ages
vary between 25 and 30 Ma over ~75% *°Ar released
(Fig. 14a). Low CIK and Ca/K ratios of low-temper-
ature steps indicate later alteration. The highest CI/K
ratio recorded during step 13 may correlate with the
breakdown of matrix biotite (Fig. 2f). The remaining
Ar is most likely released from matrix feldspar (step
14; Fig. 2f) and inherited clasts (steps 15-17). The
fairly homogeneous composition of steps 8-14 allows
the calculation of an age of 26.9+0.8 Ma (~55% 3°Ar
released). The limited spread in *’Ar/*’Ar ratio among
the steps and residual scatter precludes an age calcula-
tion using an isochron. Apparent ages of steps 16 and
17 exceed the Oligocene age of the hosting tonalite. If
recoil loss of ¥Ar caused the elevated ages, then cor-
responding Ca/K ratios would decrease concomitantly
since 3’Ar shows a more than twice as large recoil
distance compared with °Ar (Onstott et al. 1995).
Since increasing Ca/K ratios are recorded at highest
temperatures, excess “°Ar associated with plagioclase
clasts is considered as the source for the old ages
(Villa 1983).

Pseudotachylyte DAV8 was collected from the
same outcrop as DAVS88lb (~60 Ma; Fig. 6) S of
DAV fault (Fig. 10). The age spectrum of DAVS rec-
ords ages between 15 and 60 Ma, with a flat middle
portion ranging between 24 and 28 Ma (~90% *Ar
released; Fig. 14b). CI/K ratios are slightly positively
correlated with apparent age, with the highest CI/K
ratios and concomitantly oldest ages released during
steps 7 and 8 (breakdown of biotite?). Apart from old

ages due to inherited clasts at highest temperatures,
the remaining ~70% 3°Ar are characterized by fairly
similar ages, from which an age of 25.5+0.9 Ma can be
calculated.

Early to Middle Miocene (22-15 Ma)

Only pseudotachylytes record the more brittle move-
ments along the PAF during the Miocene (Fig. 15).
Results of stepwise-heating **Ar/*?Ar analyses of pseu-
dotachylytes from the Tonale (INS4, TO26; Fig. 16)
and Passeier faults (JAU13; Fig. 17) are discussed
together with ages of pseudotachylytes from the
Jaufen (JAU10, JAU34) and Pustertal faults
(PAL35B) presented by W. Miiller et al. (submitted).
Pseudotachylyte INS4 from the westernmost Ton-
ale fault records a relatively flat stepwise-heating *°Ar/
¥Ar age spectrum over ~85% released ¥Ar (except
steps 1, 2, 9 and 10; Fig. 16a). On the basis of uniform
Ca/K and CI/K ratios, a weighted mean age of 16.4+
0.8 Ma can be calculated. Old ages and high Ca/K
ratios at the highest temperatures are attributed to
older clasts, whereas the first two steps are explained
by alteration along cracks, since chlorite fillings are
visible in thin section (high CI/K ratio during step 1).
Pseudotachylyte TO26 yielded a complex staircase age
spectrum with apparent ages increasing from 17 to
>80 Ma (Fig. 16b). Limited variation in CIK is in
contrast to pronounced differences in Ca/K ratios, in
particular for high- and low-temperature increments.
Steps 5-10 are characterized by uniform compositions
(Fig. 16¢). The positive correlation of most steps in a
SAr/?Ar-Ca/K plot indicates increasing amounts of
trapped (inherited) Ar derived from high-Ca/K
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Fig. 15 Simplified tectonic
sketch map of the central sec-
tor of the PAF. Locations and
ages of Miocene pseudotachy-
lytes are indicated. See Figs. 1
and 4 for abbreviations. Sp
Speikboden fault

Fig. 16 “°Ar/*’Ar stepwise-
heating spectra for pseudo-
tachylytes a INS4 and b TO26,
¢ corresponding mineral
chemical discrimination
diagrams based on Ar isotopes
and d isochron plot for
pseudotachylyte TO26

phases, most likely plagioclase (clasts). Incompletely
degassed clasts and/or significant incorporation of
inherited “’Ar into the melt therefore mask the age
information of TO26. Plotted on an isochron diagram,
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chemically fairly homogeneous steps 5-10 yield an
imprecise age of 20.6+5.5 Ma and a “°Ar/*Ar ratio of
2366+742 (MSWD=8.4; Fig. 16d). When steps 3 and 4
are also included, the age becomes 22.5+3.4 Ma (*°Ar/
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Fig. 17 ““Ar/*’Ar stepwise-heating spectra for pseudotachylyte
JAU13

BAr ratio=2191+250, MSWD=14.9). Stepwise-heating
and laser-ablation analyses were performed from both
fault and injection vein of pseudotachylyte PAL35B.
Despite complex internal systematics, an age of
~20-22 Ma is inferred (Miiller 1998). A pseudotachy-
lyte from the Speikboden mylonite zone, which is
interpreted as an antithetic Riedel structure to the
coeval Pustertal fault, yielded a stepwise-heating “*Ar—
FAr age of 20.4+1.1 Ma (Mancktelow et al., this vol-
ume).

Pseudotachylyte JAU13 was collected along the
Passeier fault, which transfers the sinistral strike-slip
displacement of the North Giudicarie fault to the
north (Fig. 15; Viola 2000). The apparent age spec-
trum of pseudotachylyte JAU13 records ages between
9 and 510 Ma and a relatively flat middle portion with
ages between 15 and 20 Ma (~70% 3°Ar released;
Fig. 17). The chemical discrimination plots clearly
indicate the presence of inherited clasts in steps 11-15
associated with high Ca/K, high CI/K ratios and old
ages. Step 1, and possibly step 2, reveals the effects of
later alteration. For the remaining ~70% Ar, a slightly
negative correlation between CI/K ratios and ages and
no trend between Ca/K ratios and ages is observed.
The former correlation may indicate incipient signs of
alteration. From steps 3-10, an age of 17.3+1.1 Ma
can be calculated. The Jaufen fault shares a common
late brittle dextral kinematic history with the adjacent
Mauls faults to the south (Glutz 1997; Meier 1997;
Parolini 1997). Two pseudotachylytes from the Jaufen
fault (JAU10 and JAU34; Fig. 17) yielded stepwise-
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heating and laser-ablation “°Ar/*’Ar ages between 17
and 21 Ma (W. Miiller et al., submitted).

Discussion and interpretation

The new geochronological data on fault rocks, avail-
able for the first time for the broadly defined Periadri-
atic fault system, establish a long history of fault activ-
ity, lasting from (at least) the Late Cretaceous to the
Middle Miocene (Figs. 4, 8, 10, 15, 18). These fault
ages allow for a better understanding of the central
sector of the PAF.

Oligocene ages (29-32 Ma) of mylonites and pseu-
dotachylytes demonstrate that top-to-(E)SE thrusting
along the North Giudicarie fault occurred contempo-
raneously with dextral strike-slip movements along the
Tonale and Pustertal-Gailtal faults (Fig. 1). The
observed thrust geometry with a down-dip lineation
along the southern part of the North Giudicarie fault
(Figs. 3a, 10, 12) cannot be produced by later rotation
of an existing dextral strike-slip fault and, in contrast,
there is no indication for a significant thrust compo-
nent along the eastern Tonale fault (e.g. Werling
1992). Consequently, the combination of established
kinematics and direct age control presented here indi-
cates that at least part of the sinistral stepover rep-
resented by the North Giudicarie fault formed a coge-
netic restraining bend in the dextral PAF (Fig. 1). It
could be proposed that the Periadriatic fault was off-
set in a two-stage process, first by broad bending and
then by discrete sinistral strike-slip; however, this does
not explain the observed difference in kinematics (co-
eval dextral strike-slip and (E)SE-directed thrusting)
discussed previously. The new ages of fault rocks are
consistent with Oligocene biotite Rb-Sr ages of thin
tonalite “lamellae” along the North Giudicarie fault,
which record magmatic flow and solid-state defor-
mation processes (Martin et al. 1993). Based on differ-
ent Mesozoic sedimentary facies on either side of the
Giudicarie fault, Castellarin and Vai (1981), Picotti et
al. (1995) and Prosser (1998) argued that the Giudi-
carie fault represents an inherited structure formed by
inversion of an old, Mesozoic synsedimentary normal
fault. Reconstructions of the southern European plate
margin by, for example, Weissert and Bernoulli (1985)
also suggest the presence of Mesozoic sinistral step-
overs. After restoration of ~30-km sinistral strike-slip
deduced from the amount of shortening in the kine-
matically linked Val Trompia thrust belt (e.g. Prosser
1998) and the distribution of the tonalite “lamaelle”
along the Giudicarie fault (for discussion see Viola
2000), the transpressive sinistral stepover represented
by the North Giudicarie fault still remains as a domi-
nant structural feature of the pre-Miocene PAF.

The primary, i.e. Oligocene or even older (e.g.
Picotti et al. 1995), sinistral stepover represented by
the North Giudicarie fault places restrictions on the
amount of dextral strike-slip accumulated along the
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Tonale and (less dramatically) along the Pustertal-
Gailtal faults. Previously, the Oligocene Tonale-Pus-
tertal fault was often considered as a straight dextral
strike-slip fault with up to 300 km dextral movement
that was offset sinistrally during the Middle to Late
Miocene (e.g. Laubscher 1988; Ratschbacher et al.
1991; Werling 1992; Frisch et al. 1998). Detailed struc-
tural analysis of the North Giudicarie fault by Prosser
(1998, 2000), however, established the presence of
ductile mylonites with thrust geometry of inferred
Late Oligocene to Early Miocene age, which have

been dated here at 29-32 Ma (Fig. 12). Syndefor-
mational temperatures of =<300°C within both base-
ment-derived and calcareous mylonites in the hanging-
wall and ~160-170°C within the underlying
Cretaceous Insubric flysch (Hennig 1991; Martin et al.
1993; Prosser 1998) indicate a jump of ~100-150°C in
metamorphic conditions across the North Giudicarie
fault. If converted to depth using an average geother-
mal gradient of 30°C/km, the footwall would have
been buried under an ~4- to 6-km-thick hangingwall
slab composed of Austroalpine unit rocks. Using an



average dip of the North Giudicarie mylonites of ~30°
towards NW (315°) as recorded in the sampled sec-
tion, the 6-km vertical component of displacement can
be converted to ~11-km horizontal component during
thrusting. Even if the mylonites had shallower dip
angles of, for example, ~10°, the horizontal compo-
nent would still be only ~35 km. All these estimates
are affected by various, not readily assessable sources
of error, which include the uncertainty of metamor-
phic temperatures, the original dip angle of the North
Giudicarie fault, and the amount of shortening within
both footwall and hangingwall, among others. Howev-
er, the moderate jump in metamorphic grade across
the North Giudicarie thrust is well established and
does not allow for more than ~30-km horizontal dis-
placement. This also limits the horizontal displace-
ment along the kinematically linked Tonale fault to
less than ~30-40 km, which is significantly less than
the values commonly assumed (e.g. 100 km; Schmid
and Kissling 2000). This result bears comparison with,
for example, Ahrendt (1980), who deduced approx-
imately 20- to 40-km dextral displacement from the
position of the Bergell pluton and related boulders in
molasse deposits to the S (Fig. 1, “Be” and “M”).

The Peio fault located N(W) of the Tonale and
North Giudicarie faults has been suggested as another
possible fault system responsible for transferring dex-
tral movements between the Tonale and the Pustertal
faults (e.g. Laubscher 1970; Schmid et al. 1989). Both
sinistral fault transtensive kinematics (e.g. Martin et
al. 1991; Werling 1992) and the now established Late
Cretaceous age of mylonites and pseudotachylytes
along the Peio fault (74-67 Ma; Fig. 4) are incompati-
ble with this transfer model. These Late Cretaceous
fault ages are in line with K/Ar ages of mineral size
fractions (<2 and <6.3 uym) from Peio fault mylonites
ranging between 70 and 55 Ma (Schifer 1989; Zarske
1989). A dyke crosscutting the Peio mylonites (Berger
1989; Werling 1992) yielded an age of 32 Ma
(Fig. 11a) and provides independent evidence for pre-
Oligocene activity along the Peio fault. A Middle
Eocene pseudotachylyte (46 Ma; Fig. 9) and two K/Ar
ages of mineral size fractions (41+33 Ma; Schifer
1989; Zarske 1989) indicate some later reactivation of
the main mylonite zone of the Peio fault. Shear zones
S of the Peio fault characterized by opposite top-to-
(W)NW thrusting have overlapping mylonite and
pseudotachylyte ages in the range 37 to 35 Ma (Fig. 8;
W. Miiller et al., submitted).

In addition to Late Cretaceous sinistral transtensive
movements along the Peio fault, a few Paleocene
pseudotachylyte ages (~60 Ma) have also been found
for other faults characterized by extensional move-
ments (Fig. 4, Rumo fault, S of DAV fault, basal Silv-
retta nappe). These data suggest pronounced latest
Cretaceous—Paleocene extension within the Austroal-
pine unit following Eoalpine (i.e. mid-Cretaceous,
90-85 Ma; Frank et al. 1987; Thoni 1999) metamor-
phism and thrusting (e.g. Fiigenschuh 1995; Neubauer
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et al. 1995). Froitzheim et al. (1997) suggest that Late
Cretaceous extension is related to westward rollback
of the subduction boundary, leading to ESE-dipping
normal faults in the Austroalpine nappes, and sinistral
shearing along forerunners of the Tertiary PAF.

The Jaufen fault has had a complex history of mul-
tiple reactivation (Fig. 15). Late Cretaceous amphibo-
lite facies metamorphism to the N 1is juxtaposed
against Alpine weakly metamorphic units to the S sug-
gesting significant post-late Cretaceous north-side-up
displacement (e.g. Spiess 1995). However, the dis-
placement kinematics determined from the ~200-m-
thick mylonitic belt show first a sinistral, south-side-up
deformational event followed by dextral low-grade
mylonites and cataclasites (Glutz 1997; Parolini 1997).
The Oligocene age (32 Ma) of the mylonitized dyke
within the Jaufen mylonites (Fig. 11b) demonstrates
that both sinistral and dextral deformation are
younger than 32 Ma. No evidence for earlier defor-
mation responsible for the observed jump in ages is
seen along the present Jaufen fault, possibly because
of strong overprint during post-32 Ma deformation.
The youngest, brittle, dextral deformation is kinemati-
cally linked to the PAF s. str. as deduced from both
similar kinematics and pseudotachylyte ages between
17 and 21 Ma (Figs. 15, 17).

Comparison with the sedimentary record

Late Cretaceous sedimentary basins (Gosau Group)
occur within the Upper Austroalpine Northern Cal-
careous Alps and as isolated occurrences on the meta-
morphosed Austroalpine basement E of the Tauern
window (Fig. 1, “Go”; Wagreich and Faupl 1994; Neu-
bauer et al. 1995). Late Turonian to Early Campanian
fluviatile to shallow marine deposits (~90-82 Ma)
unconformably seal older thrust-related structures,
which are in turn overlain by deep-water facies, tur-
biditic sediments of Late Campanian to Paleocene age
(~75-60 Ma). The deep-water facies is initiated by a
pronounced subsidence pulse occurring diachronously
from NW to SE between the Turonian/Coniacian to
the Maastrichtian (~89 to ~68 Ma; Wagreich and
Faupl 1994). Gosau basins located upon the Austroal-
pine basement (“Centralalpine” Gosau) show a
slightly different evolution starting with a Santonian/
Campanian transgression followed by Maastrichtian
deep-water sediments (Neubauer et al. 1995). The sec-
ond, major subsidence of the Gosau Group to deep-
water facies may be correlated with Late Cretaceous
extensional faults, as suggested by Neubauer et al.
(1995) for the eastern Centralalpine Gosau. The tim-
ing for such normal faults established during this study
(74-67 Ma for the Peio fault and Paleocene activity
elsewhere; Fig. 4) fits well with this tectonic scenario
(see also Froitzheim et al. 1997).

Early to Middle Miocene pseudotachylyte for-
mation along the PAF can be correlated with contem-
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poraneous sedimentation at fault-bound basins. Dur-
ing the Early to Middle Miocene, orogen-parallel
extension is known from both the Central and Eastern
Alps (e.g. Mancktelow 1992; Behrmann 1988; Selver-
stone 1988; Neubauer and Genser 1990), for the latter
by a process of “lateral extrusion” (Ratschbacher et
al. 1991). The laterally extruding wedge of the Eastern
Alps is bounded by a northern sinistral fault system
comprising the Salzachtal-Ennstal fault and the Mur-
Miirz fault, with pull-apart basins frequently occurring
along releasing stepovers (Fig. 1). The dextral PAF s.
str. and related faults, such as the Lavanttal fault, rep-
resent the southern border of the extruding wedge.
Two independent observations provide constraints on
the timing of this orogen-parallel extension (Rat-
schbacher et al. 1991; Decker and Peresson 1996;
Frisch et al. 1998). Firstly, syndeformational basins
along the faults related to this system initiated during
the Early-Middle Miocene (Karpatian; ~17 Ma). Sec-
ondly, extension-driven exhumation of metamorphic
domes, such as the Lepontine dome and the Tauern
window, started ~20-18 Ma ago, as modelled from
mineral cooling ages (von Blanckenburg et al. 1989;
Mancktelow 1992; Grasemann and Mancktelow 1993;
Fiigenschuh et al. 1997). The “°Ar/*°Ar ages of pseu-
dotachylytes in the range of 22-16 Ma (Fig. 17) along
the Tonale, Pustertal and the kinematically linked
Jaufen and Passeier faults provide the first direct
evidence from fault rocks for widespread Early Mio-
cene faulting consistent with the model for lateral
extrusion.

Conclusion

The application of microsampling techniques (Rb-Sr
and “*Ar/*Ar) for the dating of mylonites and pseudo-
tachylytes is capable of reliably constraining the age
of faulting. For the different faults that comprise the
Periadriatic fault system, a long-lasting history from
Late Cretaceous to Middle Miocene was established
using these methods.

For the central sector of the PAF, Oligocene
thrust-related mylonites and pseudotachylytes along
the North Giudicarie fault (29-32 Ma) place a limit on
the extent of dextral strike-slip along the kinematically
linked Tonale fault. Contrary to previous estimates, a
maximum of ~ 30 km of dextral displacement follows
from this interpretation. The Tonale and Pustertal
faults did not originally form a straight dextral fault
zone, but were connected via a dextrally transpressive
restraining bend, represented by the North Giudicarie
fault. The Peio fault is not part of a dextral transfer
system between the Tonale and Pustertal faults
because of its Late Cretaceous age of faulting and sin-
istral sense of shear. Together with Paleocene pseudo-
tachylytes along other PAF-related faults, a major
extensional phase is directly dated to be Late Creta-
ceous—Paleocene in age. The sedimentary record of

contemporaneous Gosau Group sediments suggests a
genetic link between sedimentation and normal fault-
ing. Miocene pseudotachylytes along the PAF coincide
with the timing for lateral extension (extrusion) of the
Central and Eastern Alps as deduced from syndefor-
mational sedimentary deposits.

Appendix A: Sample description

Detailed locations of the samples presented are listed
in Table 1. Locations of other samples discussed
herein are in Miiller et al. (2000b), Miiller (1998) and
in a forthcoming article by W. Miiller et al.

Tonale-Pustertal fault

Four pseudotachylytes were collected from different
locations along the Tonale and Pustertal faults
(Figs. 1, 15). Pseudotachylyte INS4 was collected from
an impressive outcrop along the westernmost Tonale
fault, where many thick (up to 10 cm) pseudotachy-
lytes intrude a high-grade paragneiss of the Ivrea
zone. It is a dark-grey, ~10 cm-thick fault vein, which
also intrudes the host rock along thin injection veins
(0.5-1 cm wide). Numerous rounded clasts composed
of quartz and lithic fragments show different degrees
of resorption by the melt and are embedded in a fine-
grained matrix. The matrix is too fine grained to be
optically resolved, but ~10 um-long laths of ore miner-
als are identified.

Pseudotachylyte TO26 was sampled from the
~100-m-wide cataclasite zone of the eastern Tonale
fault N of the Adamello-Presanella intrusion (Figs. 1,
15). The outcrop is strongly overprinted by brittle
faults and joints, which made sample preparation and
drilling difficult. TO26 is a ~1 cm-thick fault vein with
small injection veins. The brown matrix displays litho-
logical banding parallel to the margins. Melt inflow
into the injection veins is locally observed. Variably
rounded quartz and a few feldspar clasts (<150 pum)
occur. The matrix is too fine grained to be optically
examined. Pseudotachylyte TO27 was collected along
an antithetic Riedel fault immediately north of and
cogenetic with the eastern Tonale fault (Fig. 3b). It is
a <4 mm-wide injection vein hosted by a retrogressed
paragneiss of the Tonale unit. (Details will appear in a
forthcoming article by W. Miiller et al.).

Pseudotachylyte PAL35B was collected from a
spectacular outcrop of the Pustertal fault, where green
volcanics are intercalated with ?Ordovician-Silurian
shales (for details see Miiller 1998). PAL35B is an ~2-
to 3 cm-thick, black fault vein with ~0.5 cm-wide
injection veins along en echelon feather cracks (Riedel
geometry).



North Giudicarie fault and Mauls fault

Two mylonites were sampled in the Proveis/Proves
section of the North Giudicarie fault (Prosser 1998).
Due to intense mylonitization with a top-to-(E)SE
thrust sense of movement (Fig. 3a), the pre-Alpine
high-grade Tonale basement is characterized by a
strong low-grade retrogression in a zone ~10-20 m
above the Giudicarie fault. The fault itself is marked
by carbonate mylonites in the Proveis profile. Mylo-
nite GIU9 was collected from low-grade basement
mylonites ~2 m above the contact to the underlying
calcareous mylonites (Figs. 1, 10). In response to the
mylonitization, new chlorite and quartz fibres grow in
between the separated feldspar fragments (Fig. 2a).
Such chlorite, together with immediately adjacent,
newly formed white mica, was used for dating of
mylonitization. Deformation occurred at the lower
limit of quartz ductility, as shown by incipient recrys-
tallization via subgrain rotation, for which syndefor-
mational temperatures of 250-300 °C are estimated. A
band of 50- to 100 m-thick calcareous mylonites
occurs in the immediate footwall of the basement
mylonites (Prosser 1998). Calcareous mylonite GIU11
was taken ~2 m below the contact, and has a similar
geometry with regard to foliation and lineation as
GIU9. Top-to-(S)E sense of shear can be inferred
from macroscopic a-type clasts (Fig. 2b).

A pseudotachylyte, referred to as GI, was collected
along the southern part of the North Giudicarie fault
(near Castello di Altaguardia). The pseudotachylyte
forms both fault and injection veins; the latter (~1 cm
wide) were used for stepwise-heating *°Ar/*°Ar analy-
sis. The pseudotachylyte exhibits a sharp and very
fine-grained margin with matrix minerals <10 pm that
gradually becomes coarser towards the centre of the
vein with randomly oriented, ~30 pm sized minerals.
The matrix contains abundant clasts composed of pla-
gioclase, epidote or lithic fragments (~500 um), which
are often partially resorbed. No amphibole -clasts
occur. Apart from later cracks filled with epidote/cli-
nozoisite, no alteration of the pristine matrix is
observed.

Along the Mauls fault, a thin (<400 m wide) foli-
ated Oligocene tonalite lamella occurs along the
northern boundary of the Permian Brixen intrusion
(Fig. 1; Stockli 1995; Meier 1997; Elias 1998). The
tonalite is strongly faulted, resulting in both frequent
cataclasites and rare pseudotachylytes. Pseudotachy-
lyte JP82 is a black and 2- to 3 cm-thick fault vein,
which does not show significant veining into the host-
ing tonalite. In thin section, a textbook example of
pseudotachylyte texture is observed (Fig. 2f). The
tonalite is strongly cataclastically deformed along a 2-
to 5 mm-wide zone between the pseudotachylyte and
the undeformed host rock (grain size >1 mm). This
cataclasite contains angular clasts (~100 pm) com-
posed of all tonalite minerals (including biotite and
hornblende) that are all embedded in a fine-grained
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matrix. The margin of the pseudotachylyte (~2 mm) is
black, very fine grained (<1 pm) and resembles a
chilled margin. Many rounded and partially resorbed
clasts with concave grain boundaries indicative for
melt contact occur within the pseudotachylyte margin.
Cataclasite clasts demonstrate preceding brittle defor-
mation. Towards the interior of the pseudotachylyte
vein, fewer clasts occur (mostly quartz and some pla-
gioclase) and the matrix becomes gradually coarser
grained. Tiny (<40 um) biotite needles (microlites)
nucleate at clasts, forming radial textures. Rare plagio-
clase and biotite microlites (grain size <120 pm) grow
into lithic clasts and form amygdales (Fig. 2f; Mad-
dock et al. 1987). From the occurrence of plagioclase
microlites coexisting with biotite and the overall tex-
ture of JP82, it is concluded that the matrix has crys-
tallized from a melt. This microlite domain was used
for stepwise-heating “°Ar/*?Ar analyses. Apart from a
few joints no significant alteration is observed.

Rumo fault

Two pseudotachylytes (RU23 and RU24) were col-
lected at one spectacular outcrop of the Rumo fault,
which contains several thick pseudotachylyte veins
forming an anastomosing pattern of fault and injection
veins (Fig. 2g). They are hosted by a strongly retro-
gressed paragneiss. Macroscopically, flow structures
within the ~5cm thick pseudotachylyte veins are
evident. The brownish matrix of both pseudotachy-
lytes is microcrystalline and forms a fine-grained net-
work (<3 pm) of presumably mica and plagioclase in
which strongly undulose, resorbed quartz clasts are
embedded. Chilled margin-like structures are devel-
oped along the wall-rock contacts of thin injection
veins.

Peio fault (s.1.)

Two pseudotachylytes (PEI49, PEI52) and one ultra-
mylonite (PEIS3) were sampled from a single outcrop
within the immediate footwall of the Peio fault
(Figs. 1, 4). Because of the methodological implica-
tions for dating pseudotachylytes, the results of this
peculiar association of fault rocks will be presented
elsewhere (W. Miiller et al., submitted) and only their
regional implications are discussed herein.

Another pseudotachylyte (PEI74) was collected
from the “Forcellina di Montozzo” section (Werling
1992) within the immediate footwall of the Peio fault.
It is an ~3 cm thick fault vein parallel to the mylonitic
foliation, from which several injection veins branch
off. They crosscut the mylonitic foliation and do not
show any signs of later deformation. Structures indica-
tive of melt inflow into the injection veins are
observed macroscopically. The matrix contains rel-
atively few, rounded clasts (quartz and albite;
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<100 um) showing variable degrees of resorption by
the melt and a few, millimetre-sized lithic clasts
mainly composed of recrystallized quartz. In the cen-
tre of the pseudotachylyte vein, a very fine-grained
(<3 um) pristine matrix occurs, which along the con-
tact to the host rock appears to be slightly recrystal-
lized. The thick section for laser-ablation *’Ar/°Ar
analyses was taken from the interior, pristine part of
the pseudotachylyte.

Dyke PEI69 was sampled N of Alplanersee
(Figs. 1, 10). It clearly crosscuts the Peio fault related
mylonites and thus provides a lower limit for the age
of mylonitization (Figs. 2e, 3d; Berger 1989; Werling
1992). Open folding affects both dyke and adjacent
mylonites and postdates both intrusion and mylonitiza-
tion.

Two pseudotachylytes (PEI12, PEI26) and two
mylonites (PEI27, PEI33), all showing similar fault
geometries, were sampled along slightly more steeply
dipping, discrete low-temperature shear zones immedi-
ately to the south of the Peio fault. Results and details
of these four faults rocks are presented in a forthcom-
ing article by W. Miiller et al., and only their regional
implications are discussed herein.

Jaufen and Passeier faults

During field work for this study, several magmatic
dykes were discovered within the mylonite zone of the
Jaufen fault (Fig. 3d). Because of their strong myloni-
tization (Fig. 2h), their magmatic age provides a maxi-
mum age for pervasive, sinistral ductile deformation
(i.e. the first observable deformation phase) along the
Jaufen fault. Similar dykes within the Jaufen mylonites
~2 km further to the W are strongly mylonitized, with
a NW-plunging lineation and moderately N(N)W dip-
ping foliation. Sense of shear is sinistral and S-side-up
(Fig. 3c). Although no direct evidence for sinistral
deformation was found for the dated dyke JAU32,
the similarity in geometry and composition argues
that JAU32 was deformed with the same kinematics.
Both host rock and dyke JAU32 are strongly over-
printed by semiductile to brittle N(NE)-dipping dex-
tral faults.

Two pseudotachylytes, JAU10 and JAU34, were
collected from one outcrop along the Jaufen fault, and
are closely associated with cataclasites and low-grade
mylonites, all showing dextral sense of shear similar to
the Mauls fault ~7 km further to the SE (Figs. 1, 15).
The pseudotachylytes are both fairly thin (<10 mm)
and clast laden and hosted by an orthogneiss. Pristine
matrix is found mainly in the centre of the veins,
whereas incipient recrystallization takes place along
the contacts to the wall rock (Details will appear in a
forthcoming article by W. Miiller et al.).

Pseudotachylyte JAU13 was collected from an out-
crop ~350 m W of the Passeier fault (Figs. 1, 15).
JAU13 is a thin injection vein hosted by a coarse-

grained paragneiss. The brown matrix contains many
rounded clasts composed of quartz and cataclastic
lithic clasts, which show different degrees of resorp-
tion by the melt. The matrix is fine grained (<5 um)
and appears to be slightly recrystallized along the mar-
gins, but flow structures are still recognized. In addi-
tion, thin cataclasites occur along the margins of the
pseudotachylyte.

DAYV fault

Two pseudotachylytes, DAV881b and DAVS, were
collected from one large outcrop ~1.5km S of the
DAV fault (Figs. 1, 4, 10). Sample DAV881b was sup-
plied by Schulz (1989) and no information on its
orientation is available. DAV881b is a ~5 mm thick,
clast-laden fault vein showing small injection veins
which intrude the host rock. The second pseudotachy-
lyte DAVS was generated along moderately S(E)-dip-
ping fault planes parallel to the foliation of the hosting
orthogneiss. DAVS8 consists of two distinct pseudota-
chylyte generations. The analysed sample was taken
from the second, younger generation (Fig. 2i).
Petrographic details of DAV-related dykes and
mylonites (BG169, DAV2A, JP102; BG55, DAVY)
discussed herein are given by Miiller et al. (2000b).

Appendix B: Methodology

Fault rocks, i.e. mylonites and pseudotachylytes, were
dated using microsampling techniques. These include
Rb-Sr microsampling dating of synkinematic mica
from mylonites and both laser-ablation and stepwise-
heating “°Ar/*’Ar dating of pseudotachylytes; for the
latter, ~1 mm drill cores were used. Analytical details
of these recently developed/improved techniques are
in Miiller et al. (2000b), Miiller (1998) and in a forth-
coming article by W. Miiller et al..

Calcareous mylonites from the North Giudicarie
fault were reduced to small pieces with a hammer and
dissolved in dilute acetic acid (~3 M) for ~2 weeks.
Subsequent grain-size separation of the insoluble resi-
due into size fraction of 4-6, 2—4 and <2 um was per-
formed using standard sedimentation techniques (At-
terberg cylinder, centrifuge). Part of the same sample
(<300 um) was ultrasonically dissolved in ~3 M acetic
acid (3 h), subsequently centrifuged and used for
initial %Sr/%Sr-ratio correction of the mineral size
fractions.

Both undeformed (PEI69) and mylonitized
(JAU32, DAV2A) magmatic dykes within the Peio,
Jaufen and DAYV fault zones were dated by single-zir-
con U-Pb techniques. Samples were crushed, sieved
and a zircon concentrate was obtained using a Wilfley
table, heavy liquids and a FRANTZ magnetic sep-
arator. After preselection under the binocular micro-
scope, zircon crystals were examined by transmitted



light microscopy. Whenever possible, euhedral, clear
grains devoid of indications for optically visible cores
(e.g. three-dimensional arrays of bubbles) or cracks
were chosen for analysis. Selected zircons were classi-
fied after Pupin (1980), photographed and subjected
to stepwise air abrasion. U-Pb chemical and mass
spectrometric procedures followed Meier and Oberli
in Wiedenbeck et al. (1995). Isotopic analyses of U
and Pb were performed with both a Varian MAT
Tandem mass-spectrometer using an SEM operated in
analogue mode and with a MAT 262 RPQ,, mass
spectrometer using a RPQ-SEM operated in ion-
counting mode. Pb runs were corrected for mass frac-
tionation using a factor of 0.7+0.4%., whereas U frac-
tionation was corrected using a double-spike
procedure. Pb blanks were 4.3+1.0 pg (n=6, 2%Pb/
206pb=2.063+0.012, 27Pb/?"°Pb=0.8475+0.0067, >**Pb/
206pb=0.05401+0.0009) for JAU32 zl, z3, z4, z5, 26,
PEI69 z1, z3 and 1.1+0.2 pg (n=2; 2%Pb/2%Pb=2.054+
0.012, 297Pb/2%Pb=0.8427+0.0067, 2**Pb/?*Pb=0.05378=+
0.0009) for PEI69 z4 (errors are 1o). Correction for
sample common Pb was based on: 2*Pb/?%*Pb=38.828,
207pb/24Pb=15.668,  2°Pb/*MPb=18.771, T=32 Ma
(Cumming and Richards 1975; model III).

Constants used are those from Steiger and Jiger
(1977). The time scales used for chronostratigraphic
correlations are from Gradstein et al. (1994) for the
Mesozoic and Berggren et al. (1995) for the Cenozoic.
All quoted errors are 95% c.l..,., except when other-
wise stated. Abbreviations of mineral names follow
Kretz (1983) with the addition of “wm” to indicate
“white mica”.
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