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Abstract Three different geochronological techniques
(stepwise-heating, laser-ablation 40Ar/39Ar, Rb–Sr mi-
crosampling) have been evaluated for dating fault-gen-
erated pseudotachylytes sampled along the Periadriatic
Fault System (PAF) of the Alps. Because pseudotachy-
lytes are whole-rock systems composed of melt, clast and
alteration phases, chemical control from both Ar iso-
topes (Cl/K, Ca/K ratios) and EMPA analyses is crucial
for their discrimination. When applied to stepwise-
heating 40Ar/39Ar analyses, this approach yields accu-
rate melt-related ages, even for complex age spectra. The
spatial resolution of laser-ablation 40Ar/39Ar analyses is
capable of contrasting melt, clast and alteration phases
in situ, provided the clasts are not too fine grained, the
latter of which results in integrated ‘‘mixed’’ ages with-
out geological information. Elevated Cl/K and Ca/K
ratios were found to be an invaluable indicator for the
presence of clast admixture or inherited 40Ar. Due to
incomplete isotopic resetting during frictional melting,

Rb–Sr microsampling dating did not furnish geologi-
cally meaningful ages. On the basis of isotopic disequi-
libria among pseudotachylyte matrix phases, and
independent Rb–Sr microsampling dating of cogenetic
(ultra)mylonites, the concordant 40Ar/39Ar pseudot-
achylyte ages are interpreted as formation ages. The
investigated pseudotachylytes altogether reveal a Cre-
taceous to Miocene history for the entire PAF, consis-
tent with independent geological evidence. Individual
faults, however, consistently reveal narrower intervals of
enhanced activity lasting a few million years. Electronic
supplementary material to this paper can be obtained by
using the Springer LINK server at http://dx.doi.org/
10.1007/s00410-002-0381-6

Introduction

Pseudotachylytes are common rocks in upper crustal
fault zones. They are interpreted to represent products
of frictional melting, generated mostly during (co-)seis-
mic faulting at the brittle ductile transition (for a review
see Magloughlin and Spray 1992; Sibson 1975; Spray
1995). Additionally, pseudotachylytes can be generated
as shock melts during meteorite impacts (Martini 1991;
White 1993) and (rarely) under eclogite facies conditions
(Austrheim and Boundy 1994).

In contrast to other fault rocks within (semi-)brittle
fault zones such as cataclasites or fault gouges, pseu-
dotachylytes are generated during short-lived, high-
temperature processes. As outlined by Spray (1992),
pseudotachylyte formation can be considered in terms of
the melting and comminution properties of the minerals
constituting the pseudotachylyte host rock. When con-
sidering the K–Ar system, the major K-bearing minerals
micas, amphiboles and, to a lesser extent, also K-feld-
spar and low-Ca plagioclase are characterised by rela-
tively low melting points, low values for their respective
hardnesses and yield strengths, and also low thermal
conductivities (cf. Fig. 5 in Spray 1992). These K-bear-
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ing minerals are most easily comminuted by both
abrasion and thermal shock and will form fine-grained
aggregates which are most susceptible to frictional
melting, given their low melting points and high water
contents. Petrographic observations of surviving clasts
within the pseudotachylyte matrix support this model,
since clasts are never composed of micas or amphiboles
but mostly of quartz and high-Ca plagioclase, both
characterised by high melting points.

Because of this peculiar formation mechanism, it can
be expected that phases newly crystallised from a de-
gassed melt may incorporate no initial Ar and therefore
give correct K–Ar (40Ar/39Ar) ages. However, given the
short time involved during frictional melting (Sibson
1975; Kelley et al. 1994), Ar may only incompletely es-
cape from the pseudotachylyte melt, resulting in the
presence of inherited 40Ar which additionally compli-
cates the dating of pseudotachylytes.

For the Rb–Sr system, the Sr isotopic resetting beha-
viour following frictional melting appears to be less
favourable (e.g. Hammouda et al. 1996). Plagioclase, the
major reservoir for Sr, is not always completely resorbed
by the melt and complete Rb–Sr isotopic (re)homogeni-
sation by frictional melting cannot be expected. Diffusion
of Sr in plagioclase is slow at the temperatures of frictional
melting (Gilletti and Casserly 1994) and no equilibrium
will be reached during a short-lived melting event.

It follows that dating of pseudotachylytes is feasible
mainly utilising the 40Ar/39Ar technique(s), although
some apparently successful applications of Rb–Sr dat-
ing to pseudotachylytes have been reported (Reimold
and Oskierski 1987; Thöni 1988; Petermann and Day
1989). By contrast, other types of brittle fault rocks
such as cataclasites and fault gouges pose great diffi-
culties for dating (e.g. van der Pluijm et al. 2001). An
increasing number of publications on dating both
impact and fault-related pseudotachylytes has been
published recently. The methods applied include step-
wise-heating 40Ar/39Ar (Reimold et al. 1990, 1992;
Trieloff et al. 1994), laser-ablation 40Ar/39Ar (Kelley
et al. 1994; Spray et al. 1995; Kelley and Spray 1997;
Magloughlin et al. 2001; Sherlock and Hetzel 2001),
K–Ar (Andriessen et al. 1979; Thöni 1981), Rb–Sr
(Reimold and Oskierski 1987; Thöni 1988; Petermann
and Day 1989) and fission track on the glassy matrix
(Seward and Sibson 1985).

This paper aims to compare and evaluate the po-
tential of stepwise-heating and laser-ablation 40Ar/39Ar
and Rb–Sr microsampling analyses for dating pseudot-
achylyte samples with different compositions and tec-
tonic origin. Particular emphasis is given to the
combination of 40Ar/39Ar chronological information
and pseudotachylyte chemistry derived from both Ar
isotopes and EMPA analyses. This approach is funda-
mental for a discrimination between melt, clast and al-
teration phases and a successful interpretation of
pseudotachylyte ages.

The pseudotachylytes investigated were collected
along various faults related to the Periadriatic (Insubric)

Fault System (PAF) of the Alps (Fig. 1). Independent
control on the pseudotachylyte ages presented here is
provided by Rb–Sr microsampling ages of (ultra)mylo-
nites from the same fault zones.

Experimental methods

Stepwise heating 40Ar/39Ar

After initial sample selection by petrographic microscopy, 1.2-mm
cores were drilled out of optically clast-free matrix areas from in-
terior parts of the veins in �1-cm-thick rock slices using a diamond
core drill. Drills with diameters <1 mm did not permit the recovery
of cores. The cores were ultrasonically cleaned in acetone, alcohol
and deionised water and checked for clasts, cracks and other in-
homogeneities under a binocular microscope. As far as possible,
only cores free of visible heterogeneities were weighed (�10–
100 mg), wrapped in aluminium foil and irradiated at the TRIGA
reactor in Pavia (Italy), except for sample PEI12 which was irra-
diated at the Risø reactor (Denmark). Variations of neutron fluxes
along the length of the irradiation assembly were monitored using
the interlaboratory standards FCT (27.95 Ma; Renne et al. 1994)
and (rarely) MMhb-1 (520.4 Ma; Samson and Alexander 1987).
Although Renne et al. (1998) provided updated values for the ages
of those neutron flux monitors (�0.2–0.5% higher), we utilise the
older calibration in order to maintain integrity with Müller (1998)
and Müller et al. (2001). Using the newer calibration would not
change any conclusion drawn in this paper. Samples were incre-
mentally heated in a double-vacuum resistance furnace using
identical heating schedules as far as possible in order to compare
the differential gas release. Analytical procedures followed Villa
et al. (2000). Cd shielding was avoided during irradiation so as not
to lose the information on release of Cl-derived 38Ar. The released
gas was purified using SAES C50 and AP10 getters, and the argon
isotopic composition was measured on a Faraday cup using an
MAP 215-50B mass spectrometer, operated in peak-jumping mode
between masses 35.5 and 40.6. Peak heights were extrapolated back

Fig. 1. Simplified tectonic sketch map of the Alps showing the
Periadriatic fault system and related major faults (based on Bigi
et al. 1990, modified after Spiess 1995; Glutz 1997; Parolini 1997;
Froitzheim et al. 1997; Fügenschuh et al. 2000). Sample locations
are marked. Fault (segments): MR Mortirolo, T-C Trento-Cles,
DAV Defereggen-Anterselva/Antholz-Valles/Vals. Plutons: Be
Bregaglia/Bergell, Ad Adamello-Presanella, MS Monte Sabion,
Bx Bressanone/Brixen,ReRensen,RiVedrette di Ries/Rieserferner.
EW Engadine window
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to inlet time. Final data were corrected for mass spectrometer
background, blank, mass discrimination (0.12%/a.m.u.), post-ir-
radiation decay of 37Ar and neutron-induced interferences
((39Ar/37Ar)Ca=0.00067, (36Ar/37Ar)Ca=0.000255, (40Ar/39Ar)K=

0.015, (38Ar/39Ar)K=0.013, (38Ar/37Ar)Ca=0.000027). Ar-isotope
in Table 2 (electronic supplement) data were corrected only for
blank, discrimination and post-irradiation decay of 37Ar. Average
blanks were 2 pl 40Ar below 1,000 �C and rose to 6 pl 40Ar in the
final extraction step; they were higher than in Villa et al. (2000).
Step duration was between 20 and 40 min. Ca/K ratios were cal-
culated from 37ArCa/

39ArK ratios using a production efficiency
correction factor of 1.98, whereas Cl/K ratios were calculated from
38ArCl/

39ArK ratios using a correction factor of 0.23. Only PEI26
was irradiated in a different reactor position and had a correction
factor of 0.44. The Cl production rate was determined from wet
chemical analyses of the irradiation monitor FCT biotite (Villa et al.
2000). For laser-ablation 40Ar/39Ar, the factors for Ca/K and Cl/K
ratio calculation were 2.01 and 0.23 respectively.

Laser-ablation 40Ar/39Ar

Laser-probe and stepwise-heating experiments enable comparison
of the different information provided by the two techniques,
namely, high spatial-resolution analyses for the laser probe vs.
differential gas release from chemically/mineralogically distinct
phases during stepwise heating. The close association of non-re-
sorbed clasts and intervening matrix within pseudotachylytes de-
mands a high spatial-resolution technique in order to contrast the
isotopic signature of older clasts from visually clast-free melt zones.
In order to perform in-situ analyses, thin slices of each sample
(�7·7·0.1 mm) were prepared and polished on one side. Except for
samples JAU34A and PEI26, SEM backscattered electron image
maps were acquired prior to irradiation to provide detailed control
for the location of future analyses. Before being wrapped in alu-
minium foil, the carbon coating was polished off and the samples
were ultrasonically cleaned in methanol. The samples were irradi-
ated without Cd shielding at the Risø reactor (Denmark), along
with biotite GA1550 (97.9 Ma; McDougall and Roksandic 1974)
and biotite ‘‘tinto’’ (410.3 Ma; Rex and Guise 1986). Following
irradiation, the samples were loaded into an ultra-high vacuum
laser port with polished sides up and heated using a heat lamp
overnight to reduce atmospheric argon from sample surfaces; pre-
ablation was not used. The laser system consisted of a Spectron
SL902 TQ CW Nd YAG laser (1,064 nm) running at 15–17 W
connected to an external computer-controlled shutter. The sample
was observed using a CCD camera mounted on a Leica Metallux 3
microscope, through which the laser beam was also directed onto
the sample surface. In order to avoid heating of adjacent clasts and
excessively deep penetration into the pseudotachylyte sample and
consequent loss of resolution, 5 to 15 individual shots of 5- to 20-
ms duration were performed, generally ablating less than �0.5 mm2

for each analysis. Depth of IR laser pits was 50–100 lm. The size of
the area ablated was not limited by the spatial resolution of the IR
laser but by the amount of released argon necessary to ensure a
precise measurement for the relatively young samples considered.
The gas released was purified using two SAES AP10 getters (one
held at 450 �C and one at room temperature) for 5 min and ex-
panded into an MAP 215-50 mass spectrometer utilising a Balzers
SEM operated in analogue mode. Masses 35 (chlorine), 36–40, and
41 (hydrocarbon) were measured ten times by peak jumping; peak
heights were extrapolated back to inlet time. Blanks were run after
every two sample analyses. Blank corrections for all Ar isotopes
were mainly based on daily averages or sometimes also linear curve
fits, when a slight increase in blank levels was observed during the
course of the day. In general, blank levels varied little (8–20%, 1r
s.d.) and averaged 2.5·10–12, 0.04·10–12 and 0.05·10–12 ml for
40Ar, 39Ar and 36Ar respectively. Final data in Table 3 (electronic
supplement) were corrected for mass spectrometer discrimination,
37Ar decay and neutron interferences ((39Ar/37Ar)Ca=0.00067,
(36Ar/37Ar)Ca=0.000255, and (40Ar/39Ar)K=0.045 determined
from pure CaF2, K2SO4, and KCl).

Rb–Sr microsampling

As (sub)-mm lithological banding resembling features in Thöni
(1988) was observed in some investigated pseudotachylytes (PEI12,
JAU10), Rb–Sr microsampling was used to analyse individual
layers directly extracted from polished thick sections (�60 lm)
using a microdrill (Müller et al. 2000a). Sample weights ranged
from �50 to �500 lg, except for JAU10/1, 10/2 and 10/4 (5–15 mg)
which were initially prepared using the same core drill as for
stepwise-heating 40Ar/39Ar samples. Analytical details of Rb–Sr
microsampling techniques are in Müller et al. (2000a).

Constants used are those from Steiger and Jäger (1977). All
quoted errors are 95% c.l., unless where otherwise stated.

Electron microprobe analyses (EMPA)

Quantitative chemical analyses of pseudotachylyte matrix and
clasts were performed on separate thin sections using a Cameca
SX-50 electron microprobe equipped with five crystal spectrome-
ters and operated with 15-kV accelerating voltage and 20-nA
sample current. Samples were coated with �20 nm of carbon.
Standards were both natural and synthetic silicates and oxides.
Raw data were corrected for drift, dead time and background; the
ZAF correction of Pouchon and Pichoir (1984) was applied to
the data. Given the small grain size of pseudotachylyte matrices,
the location of analyses was determined using BSE images to avoid
mixed analyses as far as possible. Raster analyses were often per-
formed to obtain an average value for a chosen area.

Scanning electron microscope (SEM)

A CamScan CS44 SEM equipped with a LaB6 filament and oper-
ated with 15-kV accelerating voltage was used to obtain BSE im-
ages for laser 40Ar/39Ar work. Working distance was 15 mm for
images and 35 mm for EDX qualitative analyses.

Geological framework and sample description

The samples analysed were collected from the Peio,
Jaufen and Tonale faults, all part of the Periadriatic
(Insubric) Fault System (PAF; e.g. Schmid et al. 1989;
Müller et al. 2001). The PAF dissects the whole Alps in
an approximately E–W direction for over �700 km
(Fig. 1). It forms a first-order tectonic boundary between
Penninic and Austroalpine units characterised by vari-
able degrees of Alpine, i.e. Cretaceous or Tertiary,
metamorphism to the north(west), and South Alpine
units to the south(east) which are virtually unaffected by
Alpine metamorphism (e.g. Schmid et al. 1989). Several
models have been published for the evolution of this
complex fault system, depending on the assigned age of
fault activity of the various faults involved (for a review
see Müller et al. 2001). Clearly, accurate ‘‘fault ages’’ of
the above mentioned faults are needed in order to es-
tablish an internally consistent tectonic model.

The Peio and Jaufen faults are both intra-Austroal-
pine faults located immediately north of the Periadriatic
fault s. str. (Fig. 1). Both faults separate northern
basement units characterised by Eo-Alpine (Cretaceous)
metamorphism from Alpine, weakly overprinted high-
grade gneisses to the south (Thöni 1981; Del Moro et al.
1982; Martin et al. 1991; Werling 1992; Spiess 1995).
The Peio fault separates the Campo crystalline unit
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characterised by heterogeneous, low-grade Cretaceous
greenschist facies metamorphism from weakly over-
printed, pre-Alpine high-grade gneisses of the Tonale-
Ulten unit. From the distribution of mylonites,
pseudotachylytes and cataclasites, the dip of foliation
planes and stretching lineations as well as various
kinematic indicators, sinistral normal faulting along the
Peio fault has been deduced (e.g. Werling 1992).

Pseudotachylyte and ultramylonite samples PEI49,
PEI52 and PEI53 were collected from one outcrop
within the immediate foot wall of the Peio fault (Fig. 1).
The two pseudotachylyte fault veins and the mylonitic
foliation of PEI53 are parallel to the main Peio fault
plane. The three samples are spaced by only �5 m in
altitude. Dark ‘‘pseudotachylyte clasts’’ which resemble
sigma-type porphyroclasts can be observed within the
mylonites of the Peio fault (Müller et al. 2001). They
indicate top-to-ESE displacement consistent with other
shear criteria for the Peio fault. Contemporaneity be-
tween mylonites and pseudotachylytes is thus inferred
on the basis of mutual overprinting relationships.
Pseudotachylyte PEI49 is a black, 2–3 cm thick fault
vein (Fig. 2a; see Table 1 for further petrographic de-
tails). Pseudotachylyte PEI52 is a �7-cm-thick, dark

grey pseudotachylyte fault vein with pronounced, �0.5-
cm-thick, black finer-grained margins resembling chilled
margins (Fig. 2b, Table 1). When sampled in the field,
ultramylonite PEI53 was also considered to represent a
pseudotachylyte vein because of its black vein-like ap-
pearance. However, in thin section it turned out to be a
very fine-grained ultramylonite–phyllonite, generated by
virtually complete, hydrolytically induced breakdown
(e.g. Kronenberg et al. 1990) and recrystallisation of the
original mineral assemblage (Fig. 2c, Table 1).

Immediately to the south of the Peio fault, slightly
more steeply dipping (>25�), discrete, low-temperature
shear zones are characterised by pseudotachylytes and
fine-grained mylonites to phyllonites which were origi-
nally interpreted to be cogenetic with the Peio fault
(Werling 1992). On the basis of top-to-(W)NW kine-
matics, which is effectively opposite to the main Peio
fault, and recently obtained fission-track ages, these
thrusts must be regarded as a separate kinematic event
(Martin et al. 1991; Viola 2000). Pseudotachylytes PEI12
and PEI26 andmylonites PEI27 and PEI33were collected
along these low-grade shear zones south of the Peio fault
in order to establish the age of this distinct kinematic
event relative to the main Peio fault. Pseudotachylyte

Fig. 2a–f. Photomicrographs
of samples related to the Peio
fault (s.l.). a High-resolution
SEM backscattered image of
PEI49. Tiny biotite laths (bio)
are randomly oriented and em-
bedded in a plagioclase (plag)
matrix, resembling magmatic
textures. Quartz (qtz) clasts
have thin rims of ?K-feldspar
(kfsp). b Up to 7-cm-thick
pseudotachylyte fault vein
PEI52 showing characteristic
chilled margins. c Ultramylo-
nite PEI53 showing small-scale
layering of dynamically recrys-
tallised quartz, fine-grained
plagioclase and white mica. d
Quartz (qtz) clasts showing
strong resorption phenomena
(arrows) within pseudotachylyte
PEI12. e Specimen of fault and
injection vein of pseudotachy-
lyte PEI26. Fault veins are
parallel to the mylonitic folia-
tion. f Similar layering as in c
for orthogneiss mylonite PEI33
(crossed polarisers)
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Table 1. Summary of petrographic features and related chemistry of analysed pseudotachylytes (pst) and (ultra)mylonite (myl ) samples

Sample Location Macroscopic
description

Clast
mineralogy

Matrix mineralogy
and texture
(partly revealed
using high-
resolution
BSE imaging)

EMPA-derived
matrix chemistry

40Ar/39Ar-derived
matrix chemistry

PEI49
(pst)

Peio fault,
Le Cocchiole

Black fault vein
parallel to strike
of Peio fault,
2–3 cm thick

Numerous,
variably
rounded and
partially resorbed
quartz, low-
Ca plagioclase,
lithic clasts
(include also rare
biotite, <50 lm);
size of clasts
between <50 lm
and rarely �1 mm

Randomly oriented,
tiny biotite
laths (<2 lm)
embedded in a
very fine-grained
plagioclase matrix,
resembling a
magmatic texture
(Fig. 2a); quartz
clasts contain thin
rims of plagioclase
which tend to seal
resorption bays

Ca/K: 0.2–0.55,
clustering 0.3–0.4;
Cl/K: �0.005;
K: 3.6%
(5·5 lm raster)

Ca/K: mostly
0.3–0.4 (0.2–0.55);
Cl/K: 0.004–0.007;
K: 3.2% (stepwise-
heating; effect of
clasts has to be
taken into
account)

PEI52
(pst)

Peio fault,
Le Cocchiole

Dark grey fault
vein parallel to
strike of Peio
fault, 7 cm thick
with 0.5-cm black,
finer-grained
margins
resembling chilled
margins (Fig. 2b),
thin undeformed
injection veins
along host-rock
contact

Numerous, variably
rounded and
partially resorbed
clasts, mostly
100–400 lm, rarely
up to 2 mm,
composed
of dynamically
recrystallised
quartz fragments
(?mylonitic
precursor) and
rare plagioclase

Brown, crystalline
matrix, parallel fabric
(?flow structure)
along chilled
margins, textureless
towards the centre
of the vein; 5–10 lm,
randomly oriented
biotite needles
(partly spherulites
nucleating at small
clasts) within non-
resolvable matrix
(?feldspar); along
cracks, incipient
bleaching

n.a. Pristine melt: Ca/K:
0.1–0.25; Cl/K:
0.002–0.003;
K: 3.2%

PEI53
(myl)

Peio fault,
Le Cocchiole

5-cm thick
(ultra)mylonite,
black; in outcrop
resembling a
pseudotachylyte
fault vein

Only very few,
large white mica
and albite clasts
(>100 lm)

Layers mm-thick,
alternatingly
composed of fine-
grained (<5 lm)
white mica, quartz,
albite; generated
by hydrolytically
induced breakdown
of the precursor
mineralogy (large
albite, white mica
and quartz; Fig. 2c)

n.a. n.a.

PEI12
(pst)

Shear zones S
of Peio fault,
Forcellina
di Montozzo

£ 1 cm thick,
black injection
veins intruding
the host rock, a
low-temperature
protomylonite
(plagioclase,
K-feldspar,
strongly
dynamically
recrystallised
quartz ribbons
(<10 lm),
clinozoisite,
±white mica)

Mylonitic quartz
ribbons and
plagioclase
(<100 lm); strong
resorption of quartz
clasts by the
pseudotachylyte
melt (Fig. 2d), a
significant increase
of matrix SiO2

and a concomitant
decrease of K2O
is observed in
resorption bays
of quartz clasts

Two different
matrix domains:
(1) channel-like
structures with
no textural
heterogeneity
even at the
(sub-)lm-scale,
having K-feldspar
composition; (2)
K-feldspar
matrix with small
(<4 lm),
randomly oriented
Si-Al-Fe-Mg-laths
(?chlorite)

Ca/K: average
0.035 (0–0.08,
the latter
close to clasts);
Cl/K: �0.0003–
0.0008; K: 10.3%,
mineral chemical
composition
resembling K-feld-
spar (Table 1 in
electronic supple-
mentary material)

Ca/K: 0.02–0.026;
Cl/K: 0.00015–
0.0003; K: 9.5%
(effect of clasts
has to be taken
into account)
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Table 1. (Contd.)

Sample Location Macroscopic
description

Clast
mineralogy

Matrix mineralogy
and texture
(partly revealed
using high-
resolution
BSE imaging)

EMPA-derived
matrix chemistry

40Ar/39Ar-derived
matrix chemistry

PEI26
(pst)

Shear zones S
of Peio fault,
Forcellina
di Montozzo

�7-mm-wide and
20-mm-long
injection vein
crosscutting
(ultra)mylonite/
phyllonite PEI27;
pseudotachylyte
is generated
as fault vein
along a thin
(<0.3 mm),
foliation-parallel
fault plane
(Fig. 2e)

Rounded and
partially resorbed
clasts of
dynamically
recrystallised
quartz ribbons
(<500 lm), rare
albite and epidote

Textures indicative of
melt flow; 0.5–1 mm
wide chilled margins;
along these margins,
the matrix appears to
be more strongly
(re-)crystallised to a
network of fine-
grained white mica
and plagioclase
(�10 lm) whereas
fewer and smaller
(<5 lm) white mica
(?) laths are present
in the centre
of the vein

Ca/K: average
�0.12 (0.02–0.25);
Cl/K ratios:
0.006–0.05 (?);
raster mode K:
average �4.5%
(10·10 lm raster);
matrix areas with
significantly
lower K levels
also occur

Ca/K: �0.03–0.25;
K: 2.8% (stepwise-
heating 40Ar/39Ar);
Cl/K ratios:
�0.002–0.008

PEI27
(myl)

Shear zones S
of Peio fault,
Forcellina
di Montozzo

Host rock of
pseudotachylyte
PEI26; very
strongly foliated,
resembling an
ultramylonitic
or phyllonitic
fabric

Only very few,
large white mica
(>100 lm), no
albite clasts in
(ultra)phyllonitic
domains; porphy-
roclasts were
avoided during
microsampling

Original paragenesis
of medium- to fine-
grained white mica,
albite and quartz is
locally completely
retrogressed
(hydrolytically
weakened) to very
fine-grained (<5 lm)
white mica and quartz-
rich layers

n.a. n.a.

PEI33
(myl)

Shear zones S
of Peio fault,
Forcellina
di Montozzo

Strongly foliated
orthogneiss–
mylonite with
dynamically
recrystallised
quartz ribbons
and fine-grained
biotite and
white mica

Porphyroclasts:
plagioclase,
K-feldspar, biotite
and white mica, all
showing variable
degrees of partial
breakdown
(clinozoisite needles
in plagioclase,
sericitisation of
feldspars and
exsolution of
oriented TiO2

lamellae in biotite)

Very localised,
virtually complete
breakdown of the
magmatic mineral
assemblage into fine-
grained quartz, biotite
and white mica, which
has been utilised for
Rb–Sr microsampling
(Fig. 2f)

n.a. n.a.

JAU10
(pst)

Jaufen fault,
creek
�1.5 km
SW Jaufen
pass

Brown, clast-
laden, �5 mm
thick fault vein
with minor
injections into
the host rock;
host rock is
retrograde,
quartz-rich
orthogneiss
(quartz, K-
feldspar,
plagioclase,
white mica
and biotite)

Numerous, rounded
clasts showing
different degrees
of resorption by
the melt; clasts
composed of
strongly undulose
quartz, with
subordinate lithic
clasts (quartz
aggregates) and
feldspar (grain
sizes<800lm);
quartz from the
pseudotachylyte–
wall rock contact
is partially resorbed
and shows concave
grain boundaries
towards the
matrix/melt

Shows (melt) flow
textures; matrix
is composed of
an anastomosing
network of fine-
grained (<3 lm)
biotite (?) along
the contact
to the host rock,
interpreted
to reflect incipient
recrystallisation;
finer-grained
and pristine
matrix occurs in
the centre of the
veins

n.a. Two different
sample aliquots:
K: 3.6 and 3.1%
respectively; Ca/K:
�0.02–0.04; Cl/K:
�0.0005
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PEI12 shows black,<1 cm thick injection veins intruding
the host rock, which is a low-temperature protomylonite
(Fig. 2d, Table 1). PEI12 has the highest potassium con-
centration of any of the samples (�10%) and a chemical
composition which resembles K-feldspar (see Table 1 in
electronic supplementary material). Pseudotachylyte
PEI26 is an �7-mm-wide and 20-mm-long injection vein

(Fig. 2e, Table 1) crosscutting an (ultra)mylonite–phyll-
onite, referred to as PEI27 (see below) and which shows
top-to-WNW sense of shear. Since the pseudotachylyte is
generated along a narrow (<0.3 mm), foliation-parallel
fault plane, both mylonites and pseudotachylytes are in-
terpreted to be contemporaneous and to reflect similar
kinematics. Low-grade mylonite–phyllonite PEI27 was

Table 1. (Contd.)

Sample Location Macroscopic
description

Clast
mineralogy

Matrix mineralogy
and texture
(partly revealed
using high-
resolution
BSE imaging)

EMPA-derived
matrix chemistry

40Ar/39Ar-derived
matrix chemistry

JAU34A
(pst)

Jaufen fault,
creek
�1.5 km
SW Jaufen
pass

Black fault vein,
�8 mm thick;
host rock: retro-
grade, quartz-rich
orthogneiss
(quartz,
K-feldspar,
plagioclase,
white mica
and biotite),
similar to
JAU10

Mainly rounded
quartz (<400 lm)
and subordinate
plagioclase clasts

Less strongly (re-)
crystallised matrix
when compared
to JAU10, except
along the wall-rock
contact (Fig. 3a);
in the centre of the
vein, the pristine
matrix is very fine-
grained and cannot
be resolved optically;
secondary bleaching
of the pseudotachylyte
matrix along joints is
common; a second
thin pseudotachylyte
generation intrudes
the matrix of the first,
presumably indicating
recurrent seismic (?)
activity

Ca/K: 0.03–0.08
(10·10 lm raster);
Cl/K: low,
0.001–0.002, with
Cl close or at the
detection limit;
K: 4.7%

Ca/K: �0.05–0.15;
Cl/K: �0.0010–
0.0016 (step);
–0.005 (laser); K:
3.1% (stepwise-
heating 40Ar/39Ar
analyses)

TO27
(pst)

Anti-Riedel
N of eastern
Tonale
fault,
Pellizano

Injection vein,
<4 mm wide
(Fig. 3b), hosted
by a retrogressed,
relatively fine-
grained paragneiss
(Tonale unit),
consisting of
sericitised plagio-
clase, white mica,
quartz, chlorite,
minor biotite
and apatite

Predominantly
quartz (or lithic
clasts comprised
of ribbon quartz)
and rare
plagioclase;
virtually all
show resorption
phenomena
along their
contacts to
the melt

Melt inflow into the
injection vein is
recorded by aligned
matrix minerals
subparallel to the
pseudotachylyte
margins (Fig. 12a);
fully crystallised
matrix with a
relatively coarse-
grained assemblage
of predominantly
albite, chlorite (?) and
rare biotite (average
grain size �10 lm),
all having interlocking
textures which
resemble magmatic
textures; matrix
minerals are more
randomly oriented
towards the centre of
the vein, interpreted
as primary
crystallization feature;
along the sharp wall-
rock contacts, an
�100 lm wide, finer-
grained matrix
occurs (chilled
margins?;Fig. 3c)

Analyses of
primary chlorite
(?) and albite
with interlocking
‘‘magmatic’’
textures (Table 1
in electronic
supplementary
material)

Only laser-ablation
40Ar/39Ar; Ca/K:
�0.2–3; Cl/K:
�0.0005–0.0025
(correlated with
apparent age)
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sampled at a distance of �0.5 m from PEI26. An original
paragenesis of medium- to fine-grained white mica, albite
and quartz is locally completely retrogressed to very fine-
grained (<5 lm) white mica and quartz resembling an
ultramylonitic or phyllonitic fabric. The second sample
from the southern mylonite zone is a strongly foliated
orthogneiss mylonite, referred to as PEI33, which shows a
deformationally induced, localised (mm-scale), virtually
complete breakdown of the original magmatic mineral
assemblage into fine-grained quartz, white mica and
biotite (Fig. 2f, Table 1).

The boundary between the Ötztal crystalline unit
characterised by Upper Cretaceous, amphibolite facies
metamorphism to the north and the Alpine weakly
metamorphosed Meran-Mauls basement to the south is
represented by the Jaufen fault (Fig. 1; Spiess 1995).
Two major kinematic events have been recognised along
the Jaufen fault according to Glutz (1997) and Parolini
(1997): (1) a steeply NW-dipping mylonitic foliation
with sinistral and south-side-up sense of displacement
discordantly cuts a Late Cretaceous foliation; tempera-
ture conditions of deformation have been estimated to
be �300–350 �C; (2) a second, dextral, semiductile to
brittle deformation occurred along steeply dipping fault
planes with subhorizontal lineations, producing low-T
mylonites, pseudotachylytes and cataclasites. Two
pseudotachylytes from one large outcrop hosted by an
orthogneiss (JAU10 and JAU34A) related to the second
kinematic event have been investigated (Fig. 3a; Table 1).

The Tonale and Pustertal faults represent roughly E–
W-trending segments of the Periadriatic fault s. str.,
connected via the N(N)E-trending Giudicarie-Mauls
fault (for a review see Schmid et al. 1989; Müller et al.
2001; Fig. 1). Along the eastern Tonale fault, dextral
strike-slip displacement prevails (Werling 1992), in
contrast to the western section where also vertical
movements related to the exhumation of the northern
Penninic zone occur (e.g. Schmid et al. 1989). Frequent
Oligocene plutons and thin intrusive ‘‘lamellae’’ (�30–
32 Ma; e.g. Bregaglia/Bergell, Adamello-Presanella,
Samoclevo-Rumo, Mauls, Lesachtal) represent excellent
time markers for the evolution of the Tonale-Pustertal
faults and demonstrate syn- to post-intrusive formation
of mylonites and rare pseudotachylytes. One pseudot-
achylyte, TO27, was collected at an outcrop immediately
north of the eastern Tonale fault (Fig. 1). Because of the
(N)NW-trending orientation of these fault planes and
their sinistral sense of shear, these faults are interpreted
as antithetic Riedel shears to the dextral Tonale fault
(Table 1; Müller et al. 2001). The pseudotachylyte was
generated along thin fault planes subparallel to the fo-
liation (fault vein), and intrudes the host rock effectively
perpendicular to its foliation (injection vein, Fig. 3b, c).

Results

Results obtained from seven pseudotachylytes and three
cogenetic (ultra)mylonites are listed in Tables 1, 2, 3 and

4 in electronic supplementary material and displayed in
figures below (see Table 1 for petrographic descriptions
as well as chemical characteristics, and the Appendix for
sample locations). Most pseudotachylytes have been
analysed by more than one dating technique in order to
compare results of different techniques, thereby con-
trolling the validity of results. Combined stepwise-
heating and laser-ablation 40Ar/39Ar analyses are
reported for pseudotachylytes JAU34A, PEI26, and
PEI49, whereas combined stepwise-heating 40Ar/39Ar
and Rb–Sr microsampling analyses have been per-
formed on JAU10 and PEI12. PEI52 and TO27 have
been analysed only by stepwise-heating and laser-abla-
tion 40Ar/39Ar analyses respectively. Regarding the
comparison of results obtained by different techniques,
it is important to keep in mind that pseudotachylytes are
likely to show some chemical heterogeneity on the mm-
scale (e.g. Kelley and Spray 1997), due to their short-
lived formation process. This inevitably poses a limit for
direct comparison, especially of chemical information,
as the different techniques operate on different scales

Fig. 3a–c. Photomicrographs of pseudotachylytes from the Jaufen
and Tonale faults. a Photomicrograph of pseudotachylyte JAU34A
showing thin zones of incipient recrystallisation of the pristine
pseudotachylyte matrix along the host-rock contacts. b Outcrop
photograph of fault and injection vein TO27, the latter crosscutting
the host-rock foliation. c Photomicrograph of the contact of the
pseudotachylyte injection vein to the host rock of TO27 where fine-
grained chilled margins are developed. White mica (w. mica) of the
host rock is preferentially resorbed compared with adjacent albite
(ab; crossed polarisers)
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and places of the same samples (e.g. drill cores for step
heating vs. in-situ laser spots). Ar (and hence ages) are
likely to be reset by volatile loss (see below), whereas
diffusional equilibration of non-volatile species follow-
ing frictional melting is too slow to achieve chemical
homogeneity for an entire pseudotachylyte.

Rb–Sr microsampling analyses of (ultra)mylonites
from the same outcrops (PEI53 in the case of pseudot-
achylytes PEI49 and PEI52) or fault zones (PEI27 and
PEI33 in the case of pseudotachylytes PEI12 and PEI26)
help to independently evaluate the pseudotachylytes
ages. Eleven additional pseudotachylyte ages from the
PAF have been presented in Müller et al. (2001).

Jaufen fault

Two pseudotachylytes (JAU10 and JAU34A) were col-
lected in close mutual proximity (�100 m distance) in
the same sector of the Jaufen fault; JAU10 was sampled
in situ and JAU34A was a loose block. Pseudotachylyte
JAU34A was analysed both by stepwise-heating and
laser-ablation 40Ar/39Ar. A staircase age spectrum with
ages mostly between 20 and 40 Ma (extremes ranging
between 6 and 500 Ma) was recorded during step heating
(Fig. 4a). Distinct peaks in Ca/K and Cl/K spectra at
low and intermediate temperatures suggest argon release
from specific, young mineral phases, which we attribute
to alteration and which may have been contained in
microscopic cracks of the drill cores. Steps 10–13 record
older ages. It is important to make a rigorous distinction
between data presentation formats. Age, Ca/K and Cl/K
spectra, such as those displayed in Fig. 4a, are more
readily understandable, but they may mislead on the
detailed identification of the different Ar reservoirs. The
only way to ascertain the chemical identity of an Ar
reservoir is via correlation diagrams, such as Fig. 4b, c.
In the following all our identifications of melt-related
steps will be based on the corners of polygons in such
diagrams (e.g. Villa 2001). When plotted into a Ca/K–
Cl/K diagram, two clusters of steps are visible (Fig. 4b).
Low Ca/K–Cl/K ratios characterise melt-related steps,
which is in line with EMPA analyses, whereas elevated
Ca/K–Cl/K ratios are indicative of clasts and/or alter-
ation-related phases. This also matches laser-spot ana-
lyses performed on melt or clast areas (see below). One
corner of the polygon defined by the data points is
closest to step 6 (and 10), which are therefore identified
as closest representatives of the original melt; their ages
are 19.4 (and 21.4) Ma. Two divergent mixing trends
pointing towards both clast and alteration phases are
revealed in an apparent age–Ca/K diagram, with the
melt composition (step 6) lying on their intersection
(Fig. 4c).

Fifteen individual laser-spot ages were analysed from
a thick section prepared from the least altered, interior
parts of JAU34A (Fig. 3a). When plotted on an isochron
diagram, two tight clusters of analyses can be distin-
guished (Fig. 4d). Limiting ourselves to analyses on

Ca-poor spots (Fig. 4b), the weighted mean age of an-
alyses performed within dark matrix domains lacking
clasts (#3–11) is 19.7±0.5 Ma, with no indication of any
non-atmospheric 40Ar/36Ar component. Ca/K ratios of

Fig. 4a–d. Jaufen fault pseudotachylyte JAU34A. a 40Ar/39Ar
stepwise-heating spectra. b Cl/K–Ca/K plot; shaded areas denote
the range of corresponding, melt-related EMPA analyses. c Age–
Ca/K plot of both step-heating and laser-spot 40Ar/39Ar analyses.
d Laser-spot isochron plot (for a discussion of the discrimination
plots, see Villa et al. 2000, and Villa 2001). The pseudotachylyte
melt lies at the intersection of mixing trends towards clasts and
alteration. The errors of the step-heating Cl/K and Ca/K ratios are
often smaller than the size of the plot symbol
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these spots calculated from reactor-produced isotopes
range from 0.025 to 0.05 (mean 0.04), which is in line
with Ca/K ratios of matrix domains measured with the
microprobe. Corresponding Cl/K ratios (0.0017–0.0046)
are mostly higher than those of matrix-related steps and
EMPA analyses, but neither reveal any correlation with
age or Ca/K. Hence, the slab used for laser-spot dating
most probably contained more Cl but none of the few,
alteration-filled cracks which were unavoidably present
in the step-heating sample. Cl contamination due to
polishing can be ruled out, since not all samples show
this effect but were prepared in the same way. Similar
chemical inhomogeneities on the <10 mm scale have
been observed by Kelley and Spray (1997) and appear to
be a characteristic feature of pseudotachylytes. Six other
laser-spot analyses have been performed on big clasts
(quartz, feldspar) or very close to the host rock (#13,
16), and they show low 39Ar/40Ar ratios. They record
apparent ages between 60 and 430 Ma and varying Ca/K
ratios (up to 0.75). They match clast-related steps from
step-heating experiments and demonstrate the capability
of high spatial-resolution analyses in resolving different
ages and chemical components within one thick section.

Both stepwise-heating 40Ar/39Ar and Rb–Sr micro-
sampling analyses were performed on JAU10. Since
�90% 39Ar was unexpectedly released during the first
three steps of the first stepwise-heating experiment, a
second analysis of an independently irradiated sample
was conducted to achieve a better resolution (JAU10/II).
The two age, Ca/K and Cl/K spectra are very similar
(Fig. 5a). Low- to intermediate-temperature steps are
characterised by very low Ca/K ratios, whereas a sig-
nificant increase in Ca/K is observed at highest experi-
mental temperatures. This coincides with both
increasing Cl/K ratios and older ages, and points to
partially resorbed plagioclase (and quartz?) inherited
from the host rock. Very low Cl/K ratios and younger
ages, possibly indicating the presence of a later altera-
tion phase, consistently characterise the first steps of
both age spectra. Because steps 2 to 5 of JAU10/II (63%
39Ar released) plot closest to the intersection between the
alteration and clast-related mixing trend, they can be
used to calculate a weighted mean age of 16.5±0.8 Ma.
Unlike JAU34, young alteration minerals have low Cl/K
ratios in this sample. One should view aqueous altera-
tion processes from the perspective of fluid-inclusion
research, because the latter can provide the sequence as
well as the chemistry of fluids which have circulated
through a given rock. Fluid-inclusion studies show that
there is no one-for-all rule, and late inclusions can be
both more saline and less saline than early ones. It ap-
pears to be unpredictable whether a fluid forming an
alteration mineral has a higher or a lower Cl/K ratio
than the predecessor minerals.

Rb–Sr (microsampling) analyses were conducted on
three drill cores similar to those used for stepwise-heat-
ing experiments, and four microsamples prepared from
adjacent, lithologically different layers in thick section
(sample weights between 49 and 358 lg, altogether

comprising an area of �15 mm2). The overall variation
in 87Rb/86Sr among the seven samples is 10.4 to 25.9,
and is more limited among the four microsamples (10.4–
16.3; JAU10/4–7). Plotted on an isochron diagram
(Fig. 5b), all seven samples scatter around a reference
line whose slope corresponds to an ‘‘age’’ of
10.2±5.8 Ma (MSWD=38.9). If only the four, spatially
close microsamples are regressed together, an ‘‘age’’ of
8±11 Ma (2rext.) is indicated. Because of the strong
scatter of the data points even on a scale of �5 mm, all
these ‘‘ages’’ are geologically meaningless, due to the
lack of Sr isotopic homogenisation during pseudot-
achylyte formation and additional later alteration.

Shear zones south of the Peio fault

Pseudotachylytes PEI12 and PEI26 as well as mylonites
PEI27 and PEI33 were collected from shear zones in the
hanging wall immediately south of the Peio fault.
Pseudotachylyte PEI12 was analysed both by stepwise-
heating 40Ar/39Ar and Rb–Sr microsampling. The
apparent age spectrum of PEI12 shows smoothly
increasing ages from 35 to 41 Ma at low- to intermedi-
ate-temperature steps (Fig. 6a). Because of the obvious
positive correlation between ages, Ca/K, and Cl/K
(Fig. 6b), the linear trend in all three correlation

Fig. 5a, b. Jaufen fault pseudotachylyte JAU10. a 40Ar/39Ar
stepwise-heating spectra (two separate irradiations); Cl/K values
have been set to zero, where Cl values calculated from 38Ar were
(slightly) negative. b Rb–Sr (microsampling) isochron diagram
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diagrams is identified as due to a mixture between
matrix-related material and clast/alteration material.
The lowermost Ca/K and Cl/K ratios coincide with
EMPA analyses of the melt, whereas higher ratios rep-
resent clast/alteration phases. Using the corner-point
criterion, step 6 most closely represents the melt, with an
age of 37.02±0.04 Ma. If one more conservatively
identifies the melt composition as the cluster of four
points representing steps 5–8, one obtains a weighted
mean age of 36.9±0.6 Ma. EMPA analyses reveal a
wider range of Ca/K and Cl/K ratios than that derived
from Ar systematics. Both types of analyses have been
performed on different pieces of sample (thin sections vs.
drill cores) and, in the light of observed inhomogeneities
on the mm-scale (cf. Kelley and Spray 1997), no perfect
chemical match between the two can be expected.

High-temperature steps record slightly older ages which
coincide with higher Ca/K and Cl/K ratios, most
probably related to incompletely degassed plagioclase/
quartz clasts. Ages older than �50 Ma recorded in the
first two steps are possibly the result of degassing of
alteration-related excess-40Ar-bearing minerals.

Rb–Sr microsampling dating was attempted because
PEI12 shows weakly developed lithological layering on
the (sub-)mm scale. Four samples (1–4) devoid of clasts
or cracks were cut out parallel to the layering adjacent to
each other (see inset in Fig. 6c; sample weights between
178 and 512 lg, altogether comprising �6 mm2). Both
their Rb and Sr concentrations and 87Sr/86Sr ratios are
very similar, precluding any age determination but
demonstrating that the pseudotachylyte-forming event
produced a homogeneous melt with respect to Rb and Sr
at the mm2-scale (Fig. 6c). In order to check whether any
variation occurs on the scale of a thick section, two
additional microsamples were analysed. Sample 5 was
excised from a narrow injection vein enclosed by the
host rock. The resulting 87Rb/86Sr and Sr isotopic ratios
are slightly different from those recorded for samples #1–
4. However, the limited spread in Rb/Sr ratios, and the
fact that sample 5 stems from a narrow injection vein
which is likely to be out of equilibrium with the main
vein preclude a reliable age calculation. The ‘‘age’’ of
�55 Ma is geologically meaningless.

Pseudotachylyte PEI26 was analysed by both step-
wise-heating and laser-ablation 40Ar/39Ar. It shows a
staircase stepwise-heating age spectrum with ages rang-
ing from 11 to 70 Ma (Fig. 7a). A Ca/K–Cl/K diagram
displaying both stepwise and laser-spot analyses (Fig. 7b)
exhibits a cluster at low Ca/K and Cl/K ratios, and
mixing trends towards both high Cl/K and Ca/K ratios.
In the case of spatially controlled laser-spot data (and by
inference also for the stepwise data), the different res-
ervoirs can be identified to represent either melt
(‘‘dark’’) or clast/alteration (‘‘cloudy’’) phases. Excep-
tions are most likely the result of gas release from ad-
jacent or underlying melt/clast phases within the fairly
inhomogeneous section. Low Ca/K ratios for melt areas
obtained from EMPA analyses are in line with this as-
signment. As seen in the age–Ca/K plot, the corner point
representing the pristine melt lies closest to heating
steps #5 and 6 and to laser spot #14. It is located at the
intersection of alteration and clast-dominated mixing
lines (Fig. 7c). Steps 5 and 6 have discordant ages av-
eraging 40±2 Ma, whereas laser spot #14 yields
34±2 Ma (Fig. 7d). EMPA analyses for melt areas have
yielded both low and high Cl/K values (up to 0.04) and
indicate that Cl is heterogeneously distributed (within
the detectability of the EMP) at a scale smaller than the
spatial resolution of the electron beam. Recrystallisation
phenomena are visible in thin section along the host-
rock contacts and are interpreted to be responsible for
the rejuvenation visible at low-temperature steps 1–4.

Phyllonitic mylonite PEI27 forms the host rock
of pseudotachylyte PEI26 (Fig. 2e). Two adjacent
layers from thin, very fine-grained and completely

Fig. 6a–c. Pseudotachylyte PEI12, collected along a shear zone
south of the Peio fault. a 40Ar/39Ar stepwise-heating spectra.
b Corresponding Cl/K–Ca/K plot based on Ar isotopes. c Rb–Sr
microsampling isochron diagram; the inset shows a sketch of the
thick section used for the preparation of the microsamples, whose
location is indicated by open numbered areas (see text for details)
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recrystallised ultramylonitic domains were microsam-
pled (PEI27/1 and 2; sample weights 53 and 73 lg).
Their different 87Rb/86Sr ratios allow the calculation of
an age of 35.0±1.1 Ma (Table 4 in electronic supple-
mentary material) which, within error, is similar to the

laser 40Ar/39Ar age of pseudotachylyte PEI26. Because
of the small grain size, the mineralogy of the samples
analysed could not be determined optically. Based on
Rb and Sr concentrations, PEI27/1 is likely to be rich in
white mica whereas PEI27/2 contains significant
amounts of feldspar. Rb–Sr microsampling analyses of a
second mylonite, PEI33, were used to provide addi-
tional, independent age control on the pseudotachylyte
ages obtained. Six adjacent layers were cut out of adja-
cent, recrystallised white mica- (PEI33/3, 4, 5, 6) or
quartz/feldspar-bearing (PEI33/1, 2) domains from a
total area of �6 mm2. Their 87Rb/86Sr ratios range be-
tween 0.48 and 4.3, and the resulting, poorly defined
errorchron indicates an age of 36.8±5.1 Ma
(MSWD=20.3; Fig. 8). The high scatter indicates that
Sr isotopic equilibration during mylonitisation was not
entirely achieved.

Peio fault

Pseudotachylytes PEI49 and PEI52 and ultramylonite
PEI53 were sampled from the same outcrop of the Peio
fault. All three samples gave Late Cretaceous ages.

Both stepwise-heating and laser-ablation 40Ar/39Ar
analyses (25 individual laser spots) were performed on
pseudotachylyte PEI49; drill cores for step heating and
the slab for laser-spot dating were taken close to the
centre of the vein but several mm to cm apart. The
stepwise-heating age spectrum shows increasing appar-
ent ages from 50 to �250 Ma, and a flat middle portion
with ages varying between 71 and 78 Ma (�80% 39Ar
released; Fig. 9a). Except for the first and last three
steps, Ca/K and Cl/K ratios coincide with correspond-
ing values of the pseudotachylyte matrix established
using the EMPA raster mode. The Cl/K ratio initially
decreases, suggesting the breakdown of a Cl-rich phase
during the first steps. By plotting data in a Ca/K–ap-
parent age diagram (Fig. 9b), two divergent mixing
trends can be observed. Increasing Ca/K ratios are
correlated with slightly increasing apparent (step-heat-
ing) ages, pointing towards high-temperature steps
14–16, which is attributed to the degassing of partially
resorbed plagioclase clasts inherited from the host rock.
A similar trend is indicated by, for example, laser

Fig. 7a–d. Pseudotachylyte PEI26, collected along a shear zone
south of the Peio fault. a 40Ar/39Ar stepwise-heating spectra, b
Cl/K–Ca/K, and c age–Ca/K plots of step-heating and laser-spot
analyses. Shaded areas denote the range of corresponding, melt-
related EMPA analyses. Melt steps and laser spots are located at
the intersection of different mixing trends. d Laser-spot isochron
plot

Fig. 8. Rb–Sr microsampling isochron diagram for orthogneiss
mylonite PEI33, collected along a shear zone south of the Peio fault
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spots #1 and 10. A second trend is revealed by most laser
spots and steps 4 and 5, and displays apparent ages
negatively correlated with Ca/K; this trend points to-
wards laser spots #20 and 21 (large quartz clasts).
Steps 5–8, located at the intersection of these mixing
lines, most closely approximate the pristine pseudot-
achylyte melt and indicate an age of 71.5±0.8 Ma (18%
39Ar released; if steps 3–13 are used, ignoring chemical
signatures, the average age still remains in the same
range, at 73.8±1.7 Ma). All apparent ages of optically
melt-related laser spots (84.6–158.5 Ma) exceed the melt-
related stepwise-heating ages. Both Ca/K-age and Cl/
K-age correlation plots reveal positive correlations, es-
pecially for the laser-ablation analyses (Fig. 9b, c). The
laser-spot analyses with the highest Cl/K ratios (higher
than any corresponding stepwise data) also record the
highest apparent ages, with laser analyses of clasts being
one end member (#20, 21). Steps 5–8, representing the
pristine pseudotachylyte melt, form the other, low-Cl/K
end member. The spatial distribution of old and young
laser-spot ages is patchy and changes over distances less
than �1 mm. This demonstrates that varying admixtures
of clasts can explain some of the old ages. However,
areas which visually appear clast-free (e.g. #2, 18) also
show high Ca/K and Cl/K ratios as well as high ages, i.e.
they have the typical signature of clasts. Although this
could also be explained by some of the trapped/inherited
Ar residing in matrix minerals, it is more likely that
many of the clasts are smaller than the optical detection

limit of the video camera system. Further support for the
latter conjecture comes from the isochron plot (Fig. 9d).
In the case of a clearly resolved clast population such as
that of JAU 34 (Fig. 4d), clasts plot significantly below
and to the left of the isochron defined by matrix points.
On the contrary, for PEI49 all optically melt-related
laser-spot analyses form a single array (Fig. 9d) which
lies to the lower left (without overlap) of the step-heating
points which we identified as matrix-related due to their
chemical signature. It also lies to the right of clast-re-
lated steps (15, 16) and laser spots (#20, 21). This
strongly indicates that laser shots did not achieve a clear
separation between the two populations. Regressing all
analyses except those having large clasts yields an er-
rorchron indicating an age of 84.1±4.5 Ma and a
40Ar/36Ar ratio of 587±49. The MSWD of 4.7 indicates
scatter outside analytical error due to the presence of
small, not fully outgassed clasts. The behaviour of
PEI49 is exceptional compared to all other pseudot-
achylytes we analysed. The differences between both
types of 40Ar/39Ar results will be discussed in the para-
graph on complementarity of techniques (see below). At
this stage, we will attribute PEI49 an age of 71–72 Ma.

The discordant stepwise-heating 40Ar/39Ar age spec-
trum of PEI52 yields apparent ages between 29 and
>500 Ma, which range between 60 and 70 Ma for
�75% 39Ar released (Fig. 10a). These ages can be
evaluated when plotted on a Ca/K–Cl/K diagram,
in which all steps form either a tight cluster or two

Fig. 9a–d. Peio fault pseudot-
achylyte PEI49. a 40Ar/39Ar
stepwise-heating spectra, b age–
Ca/K, and c age–Cl/K plots of
both step-heating and laser-ab-
lation analyses. d Isochron plot
of step-heating and laser-abla-
tion analyses; note that the
39Ar/ 40Ar ratio has been di-
vided by J in order to facilitate
comparison between the two
techniques (see text for details)
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divergent mixing trends towards both higher Ca/K and
Cl/K ratios (Fig. 10b). The Ca/K-age and Cl/K-age di-
agrams show similar patterns, and mixing of three
chemically and chronologically different phases can be
inferred. These include alteration-related minerals
characterised by low Cl/K and high Ca/K ratios as well
as young ages (steps 1–4), inherited clasts indicated by
high Ca/K ratios, high Cl/K ratios and older ages
(steps 11–15), and the pseudotachylyte matrix (melt)
composition located at the intersection of both mixing
trends (steps 5–10). Ages of the latter are interpreted to
reflect the pseudotachylyte-forming event, dated at
67±3 Ma. No indication for non-atmospheric, trapped
Ar is derived from the isochron plot.

From ultramylonite PEI53, eight adjacent, foliation-
parallel layers were prepared using the microdrill (sam-
ple weights were between 12 and 125 lg, altogether
comprising a square of �12 mm2). These layers have
different mineralogical compositions and are devoid of
optically resolvable porphyroclasts. Layers 3, 4 and 8
are rich in fine-grained albite and quartz with minor
white mica whereas layers 1, 2, 5, 6 and 7 are essentially
composed of very fine-grained white mica (Fig. 2c). All
eight samples reveal a limited range of 87Rb/86Sr ratios
of 0.76 to 1.81 and form an errorchron indicating an age
of 72.2±9.8 Ma (MSWD=3.5; Fig. 11). This age is
similar, within error limits, to the 40Ar/39Ar ages
of pseudotachylytes PEI49 and PEI52 from the same

outcrop. It argues for contemporaneous formation of
both pseudotachylytes and mylonites during Late Cre-
taceous times along the Peio fault.

Tonale fault

Pseudotachylyte TO27 was thinner than the microdrill
used to core samples for step-heating 40Ar/39Ar analysis,
and it was therefore analysed by the laser probe only
(Fig. 3b). Two profiles across the pseudotachylyte–host
rock contact have been analysed, which were precisely
located using the BSE image (Fig. 12a). Profile 1 covers
a distance of �5 mm and comprises nine individual spot
analyses, lacking clasts in the case of pseudotachylyte
matrix analyses (Fig. 12a, b). Apparent ages within the
host rock (spots #10, 11, 9, 5) are 38 Ma at the contact
and �42 Ma further away. A pronounced peak in ap-
parent ages of 82 Ma is observed within the pseudot-
achylyte melt at �1 mm away from the host-rock
contact (spot #3). Ages again decrease to 43 Ma at
�2.5 mm away from the host-rock contact. A strikingly
similar picture is observed for the Cl/K ratio calculated
from 38Ar and 39Ar, which also peaks within the first
mm of pseudotachylyte. The Ca/K ratio is inversely
correlated with both apparent age and Cl/K in the case
of profile 1. Profile 2 resembles profile 1, with the ex-
ception of a near-monotonous increase of apparent ages
within the pseudotachylyte matrix, and both Ca/K and
Cl/K ratios being positively correlated with apparent
age. The youngest apparent age, 29.3 Ma, is measured
for spot #17 located within the host rock, £ 0.5 mm
away from the contact (profile 2). Taking all analyses
together, Cl/K ratios are strikingly positively correlated
with apparent ages, with the oldest apparent age
(103 Ma) also recording the highest Cl/K ratio (0.0036;
profile 2). Plotted on an isochron diagram, all data
points scatter around a reference line, which indicates a
non-atmospheric, trapped 40Ar/36Ar ratio (Fig. 12c). A
regression through all pseudotachylyte matrix-related
analyses (#2, 3, 4, 6, 7, 8, 12, 13, 16, 18) yields an age of
31.7±8.2 Ma and a 40Ar/36Ar ratio of 556±69. If all
data points are regressed together, which may be justi-
fied considering the apparent resetting of the host rock
at the pseudotachylyte contact, a similar age of

Fig. 10a, b. Peio fault pseudotachylyte PEI52. a
40Ar/39Ar

stepwise-heating spectra, b corresponding Cl/K–Ca/K plot based
on Ar isotopes

Fig. 11. Rb–Sr microsampling isochron diagram of Peio fault
ultramylonite PEI53
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32.1±3.5 Ma and trapped 40Ar/36Ar value of 602±81
are indicated. On the other hand, Kelley et al. (1994)
have demonstrated that pseudotachylyte formation is
ineffective in resetting ages in the host rock, even on the
mm-scale. Biotite Rb/Sr and K/Ar ages from a wide area
of the hosting Tonale unit are essentially older than
100 Ma (Thöni 1981; Del Moro, unpublished data) and
record very weak Alpine (<90 Ma) metamorphic over-
print, which contrasts the young host-rock ages at the
contact to the pseudotachylyte TO27. Local, fluid(?)-
induced resetting in the immediate vicinity of the fault
may be a feasible resetting mechanism for the host rock.
However, lacking detailed geochronological data from
the host rock of TO27, no definitive conclusion can be
drawn here. The �32 Ma age is corroborated by a
pseudotachylyte age reported from the adjacent North
Adamello area south of the Tonale fault, with a well-
defined age of 29–30 Ma (Pennacchioni and Villa, un-
published data). Considering an uncertainty of 8 Ma for
the ‘‘pseudotachylyte only’’ spots, a younger age of
�25 Ma for TO27 cannot be entirely ruled out.

Discussion and interpretation

Suitability of pseudotachylytes for 40Ar/39Ar dating

Because of potassium concentrations lying between
those for amphiboles and micas (mean of 3.7±1.7%,
n=20, variation between 0.8 and 9.5%; see also Müller
et al. 2001), pseudotachylytes are well-suited and in-
creasingly utilised targets for 40Ar/39Ar dating (Reimold
et al. 1990, 1992; Trieloff et al. 1994; Kelley et al. 1994;
Spray et al. 1995; Kelley and Spray 1997; Magloughlin
et al. 2001; Sherlock and Hetzel 2001). Significant vari-
ation in K concentration can exist within the same

sample (PAL35B; Müller 1998), where the injection vein
shows a potassium concentration almost twice as high as
the level documented in the adjacent fault vein (3.2 vs.
1.7%). Since injection veins also contain fewer inherited
clasts, they are generally better suited for dating than
fault veins. The high Ca and Cl concentrations of
pseudotachylytes make them ideal materials to fully
exploit phase discriminations based on element correla-
tion systematics.

Stepwise-heating 40Ar/39Ar analysis
of pseudotachylytes

The chemical information provided by reactor-produced
37Ar (Ca), 38Ar (Cl) and 39Ar (K) together with EMPA
analyses of the pseudotachylyte matrix and clasts is an
important key to the interpretation of resultant
40Ar/39Ar ages. Chemically distinct mineral phases
which release Ar at different stages during the step-
heating experiment can be identified using Ca/K and Cl/
K spectra, which has been used for the interpretation of
the resulting age spectra. It allows a qualitative dis-
crimination of mineral phases constituting the pseudot-
achylyte. Petrographic observations from these samples
demonstrate that clasts, alteration phases and magmatic
minerals all coexist next to each other. Alteration phases
are often characterised by elevated Cl/K ratios and
release argon at low temperatures. Inherited clasts
comprise plagioclase with high Ca/K ratios and/or fluid-
inclusion-bearing quartz with elevated Cl/K ratios. The
determination of matrix-related Ca/K and Cl/K ratios
using microprobe analyses (raster mode) is a prerequisite
to identifying those steps during which Ar is released
from matrix minerals (e.g. PEI12, PEI49; Figs. 6, 9). For
the samples presented here, Ca/K and Cl/K ratios

Fig. 12a–c. Tonale fault
pseudotachylyte TO27. a SEM-
BSE image showing the loca-
tions of the two analysed pro-
files and other laser spots.
b Profile 1: laser-ablation
40Ar/39Ar age, Cl/K and Ca/K
plots, and c corresponding
isochron plot
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frequently show divergent mixing trends towards alter-
ation and clast phases, with the pristine matrix/melt
composition being located at the intersection of those
trends (e.g. Figs. 4, 6, 9, 10). In order to evaluate the
significance of apparent ages, the results of stepwise-
heating analyses must be checked for the presence of
non-atmospheric, trapped Ar compositions using iso-
chron plots on isochemical steps. Most stepwise-heating
analyses, however, show no evidence of non-atmo-
spheric, trapped Ar components (PEI49, PEI12, JAU10,
JAU34A), and thus the resulting apparent ages are in-
terpreted to be geologically significant.

Considering the small grain sizes (>1–3 lm) of some
of the newly crystallised pseudotachylyte matrix miner-
als (e.g. biotite), recoil of the reactor-produced Ar iso-
topes 37Ar and 39Ar may cause effects to be seen in the
40Ar/39Ar analyses. 39ArK and 37ArCa have mean recoil
distances of �80 and �300 nm respectively, whereas
38ArCl recoils only negligibly (<1 nm; Onstott et al.
1995; Villa 1997). The overall pattern of most stepwise-
heating age spectra presented, namely, young ages at
low temperatures and old ages at highest temperatures,
could in principle be explained by recoil 39Ar loss out of
a mineral finally degassing at highest temperatures. If
recoil of 39Ar caused the old ages at highest tempera-
tures, then the corresponding Ca/K ratios would con-
comitantly decrease because 37Ar shows an
approximately fourfold recoil distance. All age spectra,
however, record increasing Ca/K ratios at highest tem-
peratures which rule out significant recoil loss and/or
redistribution. This supports the interpretation that in-
herited old plagioclase porphyroclasts degas at highest
experimental temperatures. Magloughlin et al. (2001)
investigated 39Ar recoil in pseudotachylyte by vacuum
encapsulation and found low recoil losses between 0.2 to
8.4%. Trieloff et al. (1994) reported a 39Ar recoil redis-
tribution in their pseudotachylyte samples of at most
1.6%. In our case, the similarity of ages of kinematically
similar mylonites and pseudotachylytes, and the internal
consistency of ages between step-heating and laser-ab-
lation 40Ar/39Ar analyses support the interpretation that
no significant recoil loss of 39Ar occurred within the
pseudotachylytes investigated.

In order to assess whether the old apparent ages re-
corded at highest temperatures of stepwise-heating ex-
periments are geologically meaningful, these ages are
compared with corresponding ages of laser-spot analyses
of big clasts (feldspar or quartz) and ages of the country
rocks. Two laser-spot ages of big clasts from PEI49 are
185 and 351 Ma, whereas highest-temperature steps of
the corresponding age spectrum record ages of 249 and
272 Ma. Laser-spot ages of clasts from pseudotachylyte
JAU34A range between 111 and 434 Ma and compare
with the 500 Ma recorded at highest temperatures dur-
ing the stepwise-heating experiment. In both samples,
the range of ages observed for both laser-spot analyses
of clasts and highest-temperature steps precludes any
accurate derivation of ages of the precursor rock. It
appears that even clasts larger than >500 lm are at least

partially reset. However, the oldest ages for both pseu-
dotachylytes compare favourably with typical Variscan
(�330 Ma) and/or Caledonian ages (�450 Ma) which
have been described in the western Austroalpine unit
(e.g. Hoinkes and Thöni 1993; Spiess 1995).

Laser-melting 40Ar/39Ar analysis of pseudotachylytes

The striking advantage of the laser probe is its spatial
resolution, which in many cases allowed discrimination
between Ar residing within matrix minerals and clasts.
This is best illustrated by sample JAU34A which shows
two well-resolved clusters of spot analyses belonging to
either clasts or matrix (Fig. 4d). A similar, tight cluster
of matrix-related laser-spot analyses was measured for
pseudotachylyte RU23 (Müller et al. 2001). No indica-
tion for non-atmospheric, trapped argon is found for
JAU34A. The age difference between JAU10
(16.5±0.8 Ma) and JAU34 (19.7±0.5 Ma) reflects fault
activity lasting for a few million years (cf. Müller et al.
2000b). The spatial resolution of the laser probe could
also be successfully utilised for partially recrystallised
pseudotachylytes (e.g. PEI26; Fig. 7). In the case of
PEI26, some laser-spot analyses of the dark matrix
chemically resembled melt-related steps 5–8 and yielded
an age concordant with cogenetic fault rocks (mylonites
PEI27, PEI33).

The most interesting results with respect to Ar syst-
ematics in pseudotachylytes were obtained from samples
PEI49 and TO27. When plotted on isochron diagrams,
both revealed the presence of elevated amounts of non-
atmospheric, trapped Ar (Figs. 9d, 12c). In these cases,
the chemical information provided by the laser-spot Cl/
K and Ca/K ratios and the textural information from
BSE images (clast, matrix or host rock) was crucial for a
reliable interpretation. Pseudotachylyte PEI49 showed a
positive trend between chemical indicators (Cl/K, Ca/K
ratios) and apparent age (i.e. 40Ar). The highest age
derives from clasts having the highest Ca/K and Cl/K
ratios (Fig. 9c). We therefore propose that not only Ca-
rich plagioclase but also quartz with high 40Ar/36Ar ra-
tios (Cumbest et al. 1994) and high Cl concentrations in
fluid inclusions derived from Cl-rich brines (McCaig
1997) are responsible for this positive correlation. The
Ca/K and Cl/K ratios may thus be used to monitor the
presence of inherited 40Ar (Villa 1991; Esser et al. 1997).
It appears to be possible that Cl-rich fluid inclusions
shielded in quartz porphyroclasts may survive an ex-
tremely short-lived, pseudotachylyte-forming event with
temperatures above their decrepitation temperature
(<600 �C, Villa 2001). Because of the abundance of
small clasts within PEI49, incompletely re-equilibrated
quartz and plagioclase clasts retaining old Ar and high-
Cl signatures are interpreted to be one source for the old
apparent ages. However, visually clast-free analyses ir-
regularly distributed within the matrix also show old
ages associated to high Cl/K ratios. This may be the
result of both (1) a clast size distribution in sample
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PEI49 which could not be fully assessed by optical ex-
amination using the laser-probe camera and/or (2) high
40Ar/36Ar signatures liberated locally from degassed old
clasts during short-lived frictional melting, and which
were subsequently (partly) retained by crystallising ma-
trix minerals. In principle, it would be desirable to
achieve a distinction between inherited Ar and excess
Ar. Inherited Ar is unequilibrated Ar located in mineral
relics. Each individual clast underwent a different partial
resetting and no correlation of 40Ar with 36Ar is ex-
pected (indeed, none was found, e.g. in sample JAU34;
Fig. 4d). Excess Ar is generally assumed to be externally
derived from fluids (Cumbest et al. 1994) and should
therefore be isotopically equilibrated. In the case of
PEI49, laser extractions define an isochron, regardless of
the chemical signature of the regressed points (Fig. 9d).
Taken at face value, this would require a simple binary
mixing between one radiogenic end member with an age
of 84 Ma and a well-homogenised, trapped Ar, common
both to ‘‘matrix’’ and ‘‘clast’’ laser spots, implying that
clasts and matrix were in isotopic equilibrium. This in-
terpretation poses two paradoxes, since the age conflicts
with the step-heating results, and the equilibration of the
clasts with the matrix conflicts with the presence of un-
equilibrated clasts in all other samples. We therefore use
the term inherited Ar to denote any 40Ar component
unsupported by decay of 40K after formation of the
respective samples.

From sample TO27, two laser-spot age traverses
across the pseudotachylyte–host rock boundary revealed
the oldest apparent ages within the pseudotachylyte
matrix �1 mm away from the contact, and surprisingly
young apparent ages within the host rock £ 0.5 mm
away from the contact (Fig. 12). Old apparent ages
within the pseudotachylyte adjacent to the host rock are
interpreted to reflect localised high concentrations of
40Ar released from the host rock during frictional
melting. These gradients in Cl, Ca and inherited 40Ar
appear to resemble a reaction front which was immedi-
ately frozen in by the crystallising matrix minerals, as
revealed by interlocking ‘‘magmatic’’ textures. The
chemical indicators (mainly Cl/K, partly Ca/K) and
apparent age again correlate positively (without visually
noticeable clasts), supporting the interpretation that
they can be used as an indicator of inherited 40Ar
components (Fig. 12b).

Effects of alteration of the pristine pseudotachylyte
are mainly seen in low-temperature increments of step-
wise-heating experiments, as indicated by anticorrelated
age vs. Cl/K ratio relationships. Although carefully se-
lected, the effects of cracks or joints bearing, e.g.
brownish, secondary Fe-hydroxides or clays cannot be
excluded for at least some of the mg-sized samples used
for stepwise-heating analyses. On the contrary, the lo-
cations of individual laser-spot analyses were carefully
chosen on the basis of observations using reflected light
and BSE images, which reduces the chance of hitting
strongly altered parts or at least helps with their iden-
tification. However, weakly negatively correlated ap-

parent ages and Cl/K ratios of laser-spot analyses of
RU23 indicate that alteration may also be present in
carefully chosen laser-spot analyses (Müller et al. 2001).

Complementarity of 40Ar/39Ar techniques

In our young (Tertiary–Cretaceous) samples, sample size
requirements were such that the spatial resolution of the
laser microprobe was limited to 0.5 mm2 (e.g.
�700·700 lm), but theoretically it is below 100 lm. In
most cases, this was sufficient to identify different areas
of the sample in their microstructural context. On the
other hand, step-heating exploits a different mechanism
of Ar release, namely, sequential in-vacuo breakdown.
Villa et al. (2000) have argued that they were able to
discriminate Ar deriving from <20 lm amphibole relics
based on the Ca–Cl–K correlations. The present study
has successfully identified 100-lm-sized clasts as carriers
of inherited Ar by laser microprobe dating, and in so
doing has attributed a distinctive Ca–Cl–K signature to
the clasts and a different one to the matrix. The identi-
fication of clasts at even smaller length scale is straight-
forward basing on their Ca–Cl–K signature in the course
of a step-heating analysis, as it is seen that this signature
is associated to delayed breakdown at furnace tempera-
tures >�1,200 �C. This parallel approach to clast–
matrix discrimination allows to fully exploit the potential
of step heating to selectively break down minerals. In
principle, it would seem possible to be able to discrimi-
nate between mineral phases which are intergrown or
mixed at scales <<100 lm. In practice, it must be kept
in mind that 39Ar and 37Ar undergo irradiation recoil of
0.1 and 0.3 lm respectively (Onstott et al. 1995), and any
Ar reservoir <0.5 lm is smeared out by recoil.

The different scales and Ar release mechanisms of
both laser-spot and stepwise-heating 40Ar/39Ar dating
affect the K–Ar clock in different ways. The results of
the two experimental approaches for two samples con-
verge (JAU34A, PEI26), whereas in the case of PEI49
they do not provide concordant ages. In the former
cases, the resulting age estimates are internally but also
externally strengthened by comparison to other coge-
netic pseudotachylytes or mylonites. The unusual be-
haviour of PEI49 is best revealed by the laser-spot
analyses plotting below the isochron defined by the step-
heating data which points towards atmospheric, trapped
40Ar/36Ar. In order to reconcile these observations, it is
necessary to note that the individual laser spots are
characterised mainly by higher Cl/K (and partly also
Ca/K) ratios when compared to the step-heating data
(Fig. 9b, c). We argue that the laser spots essentially
always (albeit in varying proportions) sampled both melt
and optically unresolvable clasts, and the resultant ages
are therefore offset to higher Cl/K ratios, with the Cl
residing also in fluid inclusions in quartz. The presence
of high amounts of non-atmospheric, trapped Ar ap-
pears to be a local and rare phenomenon only, as hinted
by the very patchy distribution of high trapped-40Ar
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locations which are averaged out for the �100 mg
sample used for the stepwise-heating analysis. As a re-
sult, the laser analyses of PEI49 yield no accurate age
information. However, they can readily be reconciled
with the Upper Cretaceous age (71–72 Ma) provided by
the step-heating analyses, if one takes into account the
different scale at which the two complementary methods
operate (see above).

Rb–Sr microsampling vs. K–Ar dating
of pseudotachylytes

Although sampled on the mm2-scale of a thick section,
Rb–Sr analyses of the two samples investigated (PEI12,
JAU10) did not yield chronological information. Al-
though sample JAU10 revealed remarkable differences
with respect to Rb–Sr ratios, the severe scatter of data
points even on the mm-scale precluded the derivation of
reliable chronological information. It seems that in-
complete resorption of plagioclase during frictional
melting prevents the liquid pseudotachylyte melt from
equilibrating with respect to Rb–Sr over distances of
several mm to cm before solidification. In addition,
JAU10 also shows incipient alteration.

The lack of Rb–Sr isotopic homogenisation on the
10–15 mm scale contrasts with the resetting of the K–Ar
chronological system for �100 mg (matrix) samples.
Different resetting mechanisms appear to be operating
for the two chronometers. Sr isotopic homogenisation in
rhyolitic melts by diffusion is �1–2 orders of magnitude
slower than Ar diffusion in similar melts (see Perez and
Dunn 1996; Behrens and Zhang 2001), although in detail
this difference depends on composition, water content,
pressure, temperature, etc. However, when considering
the short time scales during which pseudotachylytes are
formed, diffusional equilibration may be relatively un-
important. Instead, segregation of a vapour phase dur-
ing melt generation will accumulate most Ar released
during frictional melting because of the extreme in-
compatibility of Ar (e.g. Brooker et al. 1998). This
mechanism may be responsible for the complete K–Ar
resetting of most samples. Ar gradients appear also to be
frozen into the newly formed melt (e.g. TO27), possibly
related to fast quenching.

Formation vs. cooling ages

Reimold et al. (1990) extrapolated diffusion parameters
for their Vredefort pseudotachylytes from stepwise-
heating experiments, and proposed that Ar is nearly
quantitatively lost for a pseudotachylyte kept at 250 �C
for �10 Ma. However, pseudotachylytes are partially
composed of hydrous minerals such as biotite which
structurally decompose during stepwise-heating at tem-
peratures >600 �C (Lo et al. 2000). Deducing diffusion
parameters from such experiments is likely to yield
misleading results for the Ar resetting behaviour of
pseudotachylytes.

The presence of matrix phases with slight but sig-
nificant chemical and chronological heterogeneities,
and clasts in mutual isotopic disequilibrium implies
that diffusive homogenisation played a negligible role.
The ‘‘closure age’’ concept is not applicable in cases
where mineral zones retain their distinct chemical and
isotopic signature. The coexistence of several dia-
chronic mineral generations allows at most one of them
(the oldest one) to be a ‘‘cooling age’’, whereas all
younger heterochemical zones necessarily correspond to
formation ages. In this context, it is essential to bear in
mind that staircase-shaped 40Ar/39Ar step-heating
spectra do not reflect any sort of ‘‘diffusive gradients’’
(e.g. Hodges et al. 1994; Villa et al. 1997); on the
contrary, to the extent that staircases can be correlated
with Ca/K and/or Cl/K, they represent heterochemical
mineral zones precisely lacking diffusive re-equilibra-
tion.

In addition to this argument, there is empirical sup-
port for the interpretation that the presented pseudot-
achylyte ages are formation ages. In two cases, 40Ar/39Ar
analyses of pseudotachylytes have been compared with
ages of cogenetic mylonites obtained by Rb–Sr micro-
sampling of thin, fully dynamically recrystallised layers.
Peio fault-related ultramylonite PEI53 yielded a rather
imprecise age of 72.2±9.8 Ma because of limited spread
in the Rb/Sr ratios. It compares well with the stepwise-
heating ages of pseudotachylytes PEI49 and PEI52
(71.5±0.8Ma and 67±3Ma respectively) collected from
the same outcrop. The laser-ablation isochron age of
>80 Ma for PEI49 is likely to be affected by the ubiq-
uitous presence of submicroscopic clasts, as discussed
above. In one outcrop along shear zones south of the Peio
fault, phyllonitic ultramylonite (PEI27) forms the host
rock of pseudotachylyte (PEI26). Both yielded indistin-
guishable ages of 35.0±1.1 Ma (PEI27) and
34.7±2.1 Ma (PEI26, laser). Samples from other loca-
tions along these shear zones yielded ages of 36.9±0.6Ma
(pseudotachylyte PEI12) and 36.8±5.1 Ma (mylonite
PEI33). The clustering of ages between 35 and 37 Ma
argues both for contemporaneity of mylonites and
pseudotachylytes and for the reliability of the 40Ar/39Ar
pseudotachylyte ages obtained. These mylonites were
formed at low syndeformational temperatures in the
range of 250 to 300 �C, for which the Rb–Sr isotopic
system of fine-grained white mica records formation
ages. By inference, the similar ages of cogenetic pseu-
dotachylyte are also interpreted to represent formation
ages.

Relationship between pseudotachylyte ages
and tectonics

The ages of the pseudotachylytes collected along differ-
ent faults range from 72 to 17 Ma but they are self-
consistent among the individual faults. A detailed
assessment of their tectonic implications can be found in
Müller et al. (2001) and only a brief summary is given
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here. The Miocene ages established for Jaufen fault
pseudotachylytes (JAU10, 34A) coincide with overall
Neogene extension of the Alps. This is independently
dated by Early–Middle Miocene sedimentary basins
(�17 Ma; Karpatian) bound to extension-related faults
(Ratschbacher et al. 1991; Decker and Peresson 1996)
and the contemporaneous exhumation of the Lepontine
dome and the Tauern window (e.g. Von Blanckenburg
et al. 1989; Grasemann and Mancktelow 1993). An Ol-
igocene age of TO27 agrees well with the deformation of
the Periadriatic plutons (32–30 Ma). Late(st) Eocene
fault ages (PEI12, 26, 27, 33) represent a so-far undoc-
umented top-to-(W)NW thrusting event immediately
south of the Peio fault, whereas Late(st) Cretaceous ages
along the Peio normal fault (PEI49, 52, 53) coincide with
a period of enhanced normal faulting (Fügenschuh et al.
2000) and Late Cretaceous–Palaeocene sedimentation
(Gosau group; Wagreich and Faupl 1994), and are in
line with the Peio fault being cut by an Oligocene dyke
(Müller et al. 2001).

Conclusions

The integration of chemical and chronological infor-
mation provided by electron microprobe, SEM and
geochronological methods enables accurate dating of
pseudotachylytes if the results are carefully and indi-
vidually assessed. However, the small grain size of newly
grown matrix minerals, the presence of both inherited
clasts and secondary alteration phases, and the existence
of inherited argon components cause difficulties for
geochronological investigations of pseudotachylytes.

1. Age spectra of 40Ar/39Ar stepwise-heating analyses of
pseudotachylytes have to be interpreted together with
chemical information from reactor-produced Ar iso-
topes from K, Ca and Cl, and independent chemical
data provided by EMPA and/or SEM. This approach
allows identification of steps related to the pseudo-
tachylyte melt and thus pseudotachylyte formation.
Complex stepwise-heating age spectra result from
two competing effects: preservation of undegassed
clasts and recrystallisation/alteration of the pseudo-
tachylyte matrix.

2. Pseudotachylytes (locally) contain significant
amounts of inherited 40Ar, derived from incomplete
degassing of precursor minerals which is facilitated
by the short time scale of frictional melting. Apparent
ages should be considered with caution and should be
evaluated using isochron plots limiting to steps/laser
spots having the Ca–Cl–K signature of the matrix
consistent with EMPA data. Cl/K ratios may be
raised or lowered as an effect of alteration, depending
on the chemistry the secondary fluid relative to the
unaltered material. In either case, Cl/K ratios are
useful to identify extraneous minerals, potential car-
riers of inherited 40Ar, especially when used in con-
nection with the Ca/K ratio.

3. The spatial resolution of laser-ablation 40Ar/39Ar
analyses is in most cases sufficient to discriminate
between newly formed melt and surviving clasts.
However, it fails in the case of very fine-grained clasts
(PEI49). In this case, old apparent ages are often
associated with high Cl/K ratios and thus readily
identified as due to clast contamination. Laser ana-
lyses further allow to ascertain the Cl–Ca–K signa-
ture of clasts, validating the inferences of step-heating
analyses.

4. The complementary use of laser analyses (which
spatially allow to identify Ar reservoir minerals) and
step-heating analyses (which exploit the differential
thermal breakdown of these reservoirs) allows to
greatly increase the spatial resolution of the 40Ar/39Ar
method. As an example, clasts do not need to be
visible under a microscope in order to be identified by
their Ca–Cl–K signature; the limit of our approach is
the recoil distance of 37Ar and 39Ar.

5. Rb–Sr microsampling dating of pseudotachylyte does
not yield reliable chronological information which can
be related to pseudotachylyte-forming events. This
results from incomplete Sr equilibration because pla-
gioclase is often a restite in the pseudotachylyte melt.

6. Concordant ages between cogenetic mylonites and
pseudotachylytes, as well as the preservation of iso-
tope disequilibria within pseudotachylytes indicate
that pseudotachylyte 40Ar/39Ar ages date the fric-
tional melting process itself and are not perturbed by
subsequent open-system behaviour.
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Appendix

Sample locations

The co-ordinates (right, down) refer to the sheets given
in brackets of the Italian (and Austrian) national maps,
scale 1:50.000.

JAU10

pseudotachylyte: SE ridge of small creek, 250 m east
of Leitebenalm, between first and second bend of
Jaufenpass/Pso. di M. Giovo road in direction St.
Leonhard in Passeier (S. Leonardo in Passiria, Italy), alt.
1,900 m; co-ordinates 224900, 189000 (Austrian map
#174, Timmelsjoch).
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JAU34A

pseudotachylyte: same locality as JAU10 but loose
block, �100 m away from JAU10.

PEI12

pseudotachylyte: loose block (with Tonale unit af-
finity) collected at Forcellina di Montozzo, alt. 2,613 m,
7 km north-east of Ponte di Legno (Val di Sole, Italy);
co-ordinates 621350, 5129500 (#41, Ponte di Legno).

PEI26

pseudotachylyte, PEI27 – ultramylonite/phyllonite:
100 m south of Passo Cercena, 1 m west of crest, alt.
2,632 m, 4.5 km east-north-east of Pejo (Italy); co-or-
dinates 632750, 5138100 (#42, Malè).

PEI33

mylonite: road cut along forest road in Val Coma-
sine, west side of Valle di Pejo (Italy), �400 m south of
Malga Val Comasine, alt. �2,050 m; co-ordinates
628400, 5132800 (#042, Malè).

PEI49

pseudotachylyte: eastern crest of Cocchiole, alt.
�2,620 m, �250 m east of main peak, small ‘‘valley’’
with military tunnels (WWI Italy), 3 m above highest
military tunnel; 8 km (west)south-west of Pejo (Italy);
co-ordinates 622750, 5130850 (#041, Ponte di Legno).

PEI52

pseudotachylyte: same as PEI49, alt. �2,617 m, 0.5 m
above highest military tunnel.

PEI53

ultramylonite: same as PEI49, alt. �2,615 m, at the
level of the highest military tunnel.

TO27

pseudotachylyte: outcrop (excavation site) in Pellizz-
ano, direction Cusiano, Val di Sole (Italy); co-ordinates
635300, 5130350 (#42, Malè).
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