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ABSTRACT New single-grain-fusion muscovite and paragonite 40Ar ⁄ 39Ar data from eclogite and blueschist units
exposed in the Tauern Window, Eastern Alps yield a range of apparent ages from 90 to 23 Ma. These
apparent ages are generally older than expected for 40Ar ⁄ 39Ar cooling ages, given constraints from other
geochronological systems such as Rb–Sr and U–Pb. Numerical Ar-in-muscovite diffusion models for
Tauern Window nappe P–T paths in an open system suggest that 40Ar ⁄ 39Ar ages should lie between 29
and 24 Ma, and that they should constrain cooling and decompression following the post-high pressure
Barrovian overprint. The measured ranges of apparent 40Ar ⁄ 39Ar dates suggest that the assumption of
open system behaviour is not valid for this region. The local and ⁄ or regional generation of fluid during
exhumation promoted pervasive recrystallization of high pressure lithologies throughout the Tauern
Window to greenschist and amphibolite facies assemblages. The old apparent 40Ar ⁄ 39Ar white mica
dates in all lithologies are therefore interpreted as being due to inefficient removal of grain boundary Ar
by the grain boundary fluids during the Barrovian overprint, due to high Ar concentrations or limited
connectivity or both. This caused spatially (mm-scale) and temporally variable fluxes of Ar out of, and
probably into, white mica in both metasedimentary and metabasic lithologies.
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INTRODUCTION

The cooling rate of metamorphic rocks, inferred from
differences between the times recorded by a variety
of thermochronometers, helps to place constraints
on exhumation rates, and, by association, tectonic
evolution. Due to relatively fast diffusion rates under
common metamorphic conditions, 40Ar ⁄ 39Ar dating of
muscovite is regularly used to infer cooling rates in
metamorphic terranes. As cooling rates underpin many
tectonic models, a robust assessment of which part of
the Pressure-temperature-time (P–T–t) path is repre-
sented by the 40Ar ⁄ 39Ar data is critical. 40Ar ⁄ 39Ar
muscovite dates have traditionally been interpreted
under the assumptions that (i) Ar concentration in the
grain is governed by the laws of volume diffusion and is
dependent only on temperature; (ii) that muscovite
crystallizes with no initial Ar in its lattice; and (iii) that
the (local) rock volume behaves as an open system, that
is, that any Ar diffusing out of muscovite is efficiently
removed from the grain boundary and hence that the
grain boundary concentration is effectively zero
(McDougall & Harrison, 1999). These assumptions
imply that the solubility of Ar in muscovite is low and
that the partition coefficient of Ar between the grain
and the grain boundary fluid is high (Kdmin-fluid = 10)3

to 10)4; Kelley, 2002). Under these assumptions,

muscovite should yield 40Ar ⁄ 39Ar ages that are younger
than the timing of its crystallization if it crystallized at,
or later experienced, temperatures sufficiently high for
efficient Ar diffusion for a sufficient length of time (e.g.
Wijbrans & McDougall, 1986).

Recently published experimental data place bound-
aries on previously suspected pressure dependence and
show that diffusion of Ar in muscovite is slower than
previously thought (Harrison et al., 2009). These new
data, coupled with improved knowledge of the time-
scales of metamorphic cycles, particularly in high
pressure (HP) terranes (Rubatto & Hermann, 2001;
Parrish et al., 2006), suggest that the P–T space and
time-scales in which, and over which, the simple ana-
lytical closure temperature (Tc) concept (Dodson,
1973) is valid needs re-evaluating.

The 1973 Dodson Tc concept is still popularly used
by the Ar dating community to relate 40Ar ⁄ 39Ar dates
to cooling through a specific temperature. Whilst
elegant, the Tc concept is strictly valid only for cooling
from high temperatures at a rate proportional to
1 ⁄ time (Dodson, 1973). Importantly, embedded in the
mathematics is the implicit assumption that the
40Ar ⁄ 39Ar dates are assumed to be independent of the
P–T history before reaching Tc (Dodson, 1973).
Moreover, diffusion is assumed to be efficient enough
to �instantly� expel any Ar from the grain at T � Tc.
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Some of these assumptions are unrealistic for meta-
morphic rocks formed in tectonic settings such as
subduction zones, due to short metamorphic time-
scales, low peak metamorphic temperatures and high
peak pressures (e.g. Wijbrans & McDougall, 1986;
Lister & Baldwin, 1996; Ganguly & Tirone, 1999), all
of which act to hinder efficient Ar diffusion. Given the
increasing precision of available geochronological data
and the computationally undemanding nature of sim-
ple diffusion models, there is now little reason not to
progress beyond the Dodson analytical Tc formulation
in the quest for improving the interpretation of meta-
morphic 40Ar ⁄ 39Ar dates.

Based on the Harrison et al. (2009) diffusion data,
which report a decrease in Ar diffusion at 2 GPa
compared with 1 GPa, sluggish diffusion is expected in
white mica crystallizing under the peak conditions
estimated for many HP metamorphic terranes. This
means that in an open system, and assuming that
volume diffusion is the mechanism by which the Ar
system is influenced, 40Ar ⁄ 39Ar muscovite ages from
HP metamorphic rocks should be expected to be sim-
ilar to the timing of muscovite crystallization rather
than reflecting the timing of cooling. This relative
timing of muscovite crystallization may be estimated
from textural and chemical evidence, and ⁄ or from
timing constraints from other geochronometers. In
reality, HP rocks commonly yield 40Ar ⁄ 39Ar muscovite
ages that are (much) older than the estimated timing of
muscovite growth (Li et al., 1994; Ruffet et al., 1995;
Sherlock & Arnaud, 1999; Sherlock & Kelley, 2002; Di
Vincenzo et al., 2006) and which do not therefore
constrain the timing of muscovite crystallization or
terrane exhumation. These �old� ages require that 40Ar
decoupled from its parent 40K has been incorporated
into the grain of interest, either during crystallization
in association with an Ar-rich fluid or by diffusion into
the grain from an Ar-rich fluid after crystallization.
This �extra� argon, following the terminology of Dal-
rymple & Lanphere (1969) and Warren et al., (2011)
could be �excess� or �externally derived� argon where
there is no link between the 40K and 40Ar concentra-
tions in the rock volume of interest, or �inherited� or
�internally derived� argon where a parent-daughter link
between 40K and 40Ar in the rock volume of interest is
(partially) retained. In the latter case, in a completely
closed system, the yielded age should be similar to the
age of the original protolith, if the dated mineral is the
only K and Ar hosting mineral (e.g. Foland, 1979). To
some extent this distinction between �types� of extra
argon is only of academic interest, as it is commonly
not possible to identify the source. In both cases, open
system behaviour may clearly not be assumed, which
means that a simple translation between apparent
40Ar ⁄ 39Ar date and absolute geological time cannot be
made.

In the HP Tauern Window in the central Austrian
Alps, a wide range of apparent step-heating 40Ar ⁄ 39Ar
muscovite plateau ages from 42 to 32 Ma has

previously been reported (Zimmermann et al., 1994;
Ratschbacher et al., 2004; Kurz et al., 2008). These
apparent ages are generally too old to fit with timing
constraints on the metamorphic cycle determined
from other geochronological systems such as Rb–Sr
and U–Pb (Inger & Cliff, 1994; Glodny et al., 2005;
Gleissner et al., 2007; Smye et al., 2011), despite peak
metamorphic conditions in the Eclogite Zone (EZ) of
�600 �C and 2.1 GPa, which should be high enough
for efficient Ar diffusion in an open system (Harrison
et al., 2009). Closed system behaviour is therefore
suspected for at least part of the metamorphic cycle.
Warren et al. (2011) showed that Ar may diffuse into
a mica grain (and hence create artificially older
apparent 40Ar ⁄ 39Ar ages) under elevated grain
boundary Ar concentrations and P–T conditions suit-
able for efficient Ar diffusion in muscovite. The range
and distribution of apparent 40Ar ⁄ 39Ar ages within
individual samples and across varying lithologies in a
terrane may therefore provide information about
spatial and temporal variations in grain boundary Ar
concentrations and hence fluid flow, permeability and
deformation (e.g. Baxter et al., 2002).
Here, we present a comprehensive new data set of

single-grain-fusion infra-red laserprobe 40Ar ⁄ 39Ar
muscovite and paragonite dates from different litho-
tectonic units within the Tauern Window. We assess:
(1) the range of apparent 40Ar ⁄ 39Ar ages yielded by
individual muscovite and paragonite grains from rocks
of varying composition, preservation of metamorphic
history and structural position,
(2) whether 40Ar ⁄ 39Ar dating of white mica in this re-
gion constrains the exhumation history,
(3) and ⁄ or whether the 40Ar ⁄ 39Ar data provide con-
straints on temporal and spatial variation in fluid flow,
permeability and deformation.

GEOLOGICAL BACKGROUND AND SAMPLES

The Tauern Window in south-central Austria exposes
the metamorphosed remnants of the European
continentalmargin andTethyan oceanic basin that were
subducted and underplated during the Europe-Africa
collision (Kurz et al., 2001a,b; Schmid et al., 2004;
Schuster & Kurz, 2005). Southward-directed subduc-
tion of the Penninic Ocean beneath the Austroalpine
Nappe Complex and subsequent collision with the
European continentalmargin resulted in complex nappe
stacking and imbrication (Kurz & Froitzheim, 2002).
Samples for detailed 40Ar ⁄ 39Ar analysis were collected
from mafic rocks, quartz-mica schists and calc-mica
schists from the European continental continent-
derived Venediger Nappe (VN), EZ and Rote Wand-
Modereck Nappes (RW), and the Penninic Ocean-
derived Glockner Nappe [GN; Kurz et al., (2001b),
Fig. 1, sample locationGPScoordinates inTable 1].For
simplicity, we distinguish here only between muscovite
and paragonite, even though in many samples, the
K-rich white mica may also be referred to as phengite.

6 4 C . J . W AR R E N E T A L .

� 2011 Blackwell Publishing Ltd



Venediger Nappe

Throughout the study area, a regionally pervasive
south-dipping fabric dominates the structure. The
structurally lowest, polymetamorphosed, VN com-
prises a crystalline basement of Variscan granitoids
(the Zentralgneiss) and associated Jurassic–Cretaceous
metasedimentary cover sequence (Kurz et al., 1998b,
2001b). The VN forms an antiformal core within the
Tauern Window and is interpreted as originally
belonging to the edge of the European continental
basement (Kurz et al., 2001b). Alpine metamorphism
reached 1.3–1.4 GPa at 550–600 �C, as evidenced by
the growth of sub-mm scale grossular garnet, epidote
and biotite at the expense of Variscan feldspar in the
Zentralgneiss (Selverstone et al., 1984; Cliff et al.,

1985; Droop, 1985; Selverstone, 1993). Samples col-
lected for 40Ar ⁄ 39Ar dating include albite schist
CWT17 and calc schist ASA28a (Fig. 2).

CWT17 is a greenschist facies folded albite musco-
vite schist containing albite porphyroblasts, muscovite,
quartz, chlorite, Fe-oxides, rutile and apatite. Musco-
vite laths 0.5 mm in length form the main foliation
wrapping the albite porphyroblasts. Smaller 100–
200 lm grains are included in the albite porphyroblasts
and pin quartz grain boundaries in the matrix. The
muscovite contains graphite inclusions, which were
avoided where possible during picking from the
>420 lm fraction.

ASA28a is a greenschist facies calc schist containing
a granoblastic matrix of calcite, dolomite and minor
quartz. Small amounts (<5% vol.) of white mica are

Fig. 1. Geological map and cross-section showing sample localities and regional structure.
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aligned to form a weak foliation. Hematite is present
as an accessory phase within the matrix. Mica was
picked from the 250–420 lm size fraction.

Eclogite Zone

The steeply S-dipping EZ is tectonically imbricated
between the underlying lower metamorphic grade VN
and the overlying RW and GN (Fig. 1). It comprises
mainly Permian to Triassic quartzites, Triassic meta-
carbonates and Jurassic breccias, calcareous mica
schists, metatuffs, metabasalts of mid-ocean ridge
basalt composition and metagabbros (Kurz et al.,
1998a, 2001b). Peak metamorphic conditions of 2–
2.6 GPa and 570–620 �C have been estimated by a
variety of different methods (see Smye et al., 2010 for a
recent summary), followed by poorly constrained
blueschist facies metamorphism at 0.7–0.9 GPa or 1.0–
1.5 GPa and 450 �C (Holland, 1979; Zimmermann
et al., 1994) and regionally pervasive amphibolite–
greenschist facies overprinting at 0.7 GPa at
520 ± 30 �C (Spear & Franz, 1986), Fig. 3. Samples
collected for detailed 40Ar ⁄ 39Ar analysis include schists
CWT8, CWT12, ASA06a and ASA06b, mafic eclogite
CWT13 and amphibolitized eclogite CWT15, Fig. 4.

CWT8 is a carbonate-rich mica schist containing
calcite, quartz, albite, muscovite, paragonite, iron
oxide, tourmaline, rutile and titanite. Albite por-
phyroblasts show rotated inclusion trails. The musco-
vite and paragonite in the foliation wrap around the

porphyroblasts and commonly contain graphite
inclusions. White mica grains containing the fewest
inclusions were picked from the >420 lm fraction. It
was not possible to distinguish between the two white
mica compositions during picking.
CWT12 is a coarse eclogite facies garnet-quartz-mica

schist containing cm-sized rectangular garnet por-
phyroblasts with inclusions of quartz, rutile, muscovite
and kyanite. The foliated and folded matrix contains
quartz, muscovite, kyanite, chlorite, rutile and zircon.
Inclusion-free muscovite was picked from the
>820 lm fraction.
CWT13 is a foliated eclogite containing garnet,

clinopyroxene, quartz, glaucophane, muscovite, epi-
dote, calcite, paragonite, ankerite, rutile and apatite.
Garnet + white mica and clinopyroxene + epidote
layers alternate on a mm-scale. Inclusion-free white
mica was picked from the >420 lm mesh fraction.
On the thin-section scale, paragonite grains were
generally considerably smaller than the muscovite
grains, so we estimate that only muscovite was picked
and analysed.
CWT15 is a strongly amphibolitized former eclogite

containing symplectized hornblende, garnet, remnants
of clinopyroxene, paragonite, chlorite, rutile and
zircon. Paragonite forms large, �0.5 mm long grains
overgrowing the main matrix foliation. Texturally the
paragonite appears to have grown during the green-
schist facies overprint. Many of the paragonite grains
contain inclusions of rutile, zircon, hornblende and

Table 1. Summary data table reporting sample locations, types and apparent 40Ar ⁄ 39Ar age range.

Sample

name Unit

Latitude ⁄Longitude
WGS 84 Lithology Mineralogy

Min 40Ar ⁄ 39Ar age

(Ma)

±1r
(Ma)

Max 40Ar ⁄ 39Ar age

(Ma)

±1r
(Ma)

CWT 17 VN N 47�03¢40.0¢¢
E 12�23¢03.0¢¢

Albite schist Muscovite 31.71 0.34 43.78 4.03

ASA 28a VN N 47�04¢45.1¢¢
E 12�25¢25.2¢¢

Calc schist Muscovite 43.22 0.48 70.78 0.86

CWT 8 EZ N 47�03¢46.9¢¢
E 12�23¢40.5¢¢

Calc schist Muscovite

Paragonite

32.60 0.55 37.37 0.42

CWT 12 EZ N 47�04¢15.1¢¢
E 12�23¢02.7¢¢

Garnet mica schist Muscovite 37.08 0.21 43.94 0.32

CWT 13 EZ N 47�04¢26.1¢¢
E 12�23¢10.5¢¢

Eclogite Muscovite

Paragonite

36.11 0.38 58.95 0.67

CWT 15 EZ N 47�04¢16.6¢¢
E 12�23¢03.0¢¢

Amphibolite Paragonite 31.77 2.09 48.31 1.91

ASA 06a RW ⁄EZ boundary N 47�03¢11.2¢¢
E 12�19¢55.7¢¢

Calc schist Muscovite 31.73 1.04 47.49 0.71

ASA 06b RW ⁄EZ boundary N 47�03¢11.2¢¢
E 12�19¢55.7¢¢

Quartz schist Muscovite 33.02 0.76 49.41 0.62

CWT 5 RW N 47�03¢38.6¢¢
E 12�23¢20.1¢¢

Mafic schist Muscovite 30.51 0.19 38.90 0.40

CWT 7 RW N 47�03¢38.6¢¢
E 12�23¢20.1¢¢

Quartz schist Muscovite

Paragonite

29.55 0.44 75.71 0.91

ASA 05 GN ⁄RW boundary N 47�02¢70.0¢¢
E 12�19¢80.0¢¢

Calc schist Muscovite 30.09 0.73 36.58 0.43

ASA 84b Basal GN N 47�03¢56.0¢¢
E 12�27¢16.9¢¢

Amphibolite Paragonite 23.57 5.82 48.92 0.80

ASA 35b GN N 47�02¢59.6¢¢
E 12�22¢40.7¢¢

Amphibolite Muscovite

Paragonite

33.42 0.38 90.40 1.65

N45b GN N 47�02¢17.7¢¢
E 12�25¢41.2¢¢

Mafic schist Muscovite 35.35 0.37 43.67 0.50

CWT 19 GN N 47�03¢49.2¢¢
E 12�29¢16.1¢¢

Quartz schist Muscovite 33.27 0.23 36.80 0.52

VN, Venediger Nappe; EZ, Eclogite Zone; RW, Rote Wand-Modereck Nappe; GN, Glockner Nappe.
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graphite; inclusion-rich grains were avoided as far as
possible during picking.

ASA06a is a calc schist containing dolomite, calcite,
muscovite, quartz, epidote, chlorite and magnetite.
The rock is coarse grained with mm-scale carbonate
porphyroblasts wrapped by the crenulated muscovite
fabric. Mica defines the foliation and commonly
contains inclusions of carbonate, quartz and minor
epidote. The most inclusion-free mica in the >420 lm
size fraction was picked for dating.

ASA06b is a quartz mica schist dominated by
quartz, muscovite, garnet, chlorite and dolomite. The
rock is strongly foliated with quartz and white-mica
clots forming mm-scale microlithons. Muscovite is
fine-grained (<300 lm), and free from large-scale
inclusions, other than quartz.

Rote Wand and Glockner Nappes

The RW and GN Nappes, comprising distal conti-
nental margin sediments and a dismembered ophiolite

suite, overlie the Eclogite Zone. The RW forms a 10–
50 m wide tectonic sliver in the study area (Kurz et al.,
2008), and the distinction between RW and GN
lithologies is complicated due to imbrication and
thinning of the nappe units. Remnants of eclogite
facies metamorphism have locally been observed
(Na-pyroxene in the Gross Glockner area e.g. Dachs &
Proyer, 2001), but in general these nappes preserve
evidence for peak blueschist facies conditions at
1.0–1.4 GPa and 500 �C (Holland & Ray, 1985; Proyer
et al., 1999; Dachs & Proyer, 2001, 2002; Proyer,
2003), Fig. 5. The subsequent Barrovian overprint, at
conditions of 0.7 GPa at 520 ± 30 �C (Spear & Franz,
1986) documented by ubiquitous prasinite mineral
assemblages, dominates the mineralogy in these nap-
pes. Samples collected for 40Ar ⁄ 39Ar dating include
mafic schists N45b and ASA35b, mafic amphibolites
ASA84b and CWT5, garnet schist ASA05 and quartz
schists CWT19 and CWT7, Fig. 5.

CWT5 is a strongly foliated greenschist facies mafic
schist containing biotite, chlorite, zoned epidote,
muscovite, hornblende, albite, K-feldspar, calcite,
ilmenite, titanite and rare rutile. Coarse >420 lm
inclusion-free fabric-forming mica was picked for
dating. Smaller muscovite grains cross-cut the fabric.

Fig. 2. Photomicrographs of the Venediger Nappe samples. Ab,
albite; Grt, garnet; Mus, muscovite; Qtz, quartz.

Fig. 3. Pressure–temperature–time path for the Tauern
Window. Data from: (1) Glodny et al. (2005); (2) review in Smye
et al. (2010); (3) Smye et al. (2011); (4) Holland (1979); Zim-
mermann et al. (1994); (5) Holland & Ray (1985); Proyer et al.
(1999); Dachs & Proyer (2001, 2002); Proyer (2003); (6) Selver-
stone et al. (1984); Cliff et al. (1985); Droop (1985); Selverstone
(1993); (7) Spear & Franz (1986); (8) Inger & Cliff (1994); Glo-
dny et al. (2005).
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CWT7 is a coarse-grained greenschist facies quartz
schist containing quartz, muscovite, paragonite,
zoisite, calcite, chlorite, rutile, iron oxides and tour-
maline. Mica commonly contains rutile and ilmenite
inclusions which are aligned with the fabric foliation.
Coarse (>420 lm) mica is fabric-forming, whereas
smaller (�150 lm sized) grains pin quartz grain
boundaries in quartz-rich domains. For dating
purposes, >420 lm inclusion-free grains were picked.

ASA05 is a garnet-bearing quartz-dolomite schist.
The schistosity is defined by ribbons of quartz and
muscovite, which wrap poikiloblasts of garnet and
dolomite. Analysed mica was picked from the 250–
420 lm mesh fraction.

ASA84b is a strongly foliated garnet amphibolite
from the base of the GN. Epidote, albite, chlorite,
garnet, amphibole and paragonite form mm–cm scale
bands between more micaceous sub-domains. Parag-
onite forms the main schistosity in the rock. Rare large
(>450 lm) porphyroblasts of paragonite of similar
composition grow obliquely to the foliation. Analysed
mica was picked from the >420 lm fraction.

ASA35b is a fine-grained epidote greenstone con-
taining epidote, amphibole, garnet, albite, chlorite,
paragonite, ferroan calcite and rutile. The sample was
collected from the core of a lineated pillow basalt close
to the base of the GN. Muscovite is relatively rare
compared with paragonite. Analysed mica was picked
from the 250–420 lm mesh fraction. Inclusions of
rutile in mica are common.

N45b is a mafic schist containing quartz, muscovite,
epidote, glaucophane, jadeite, albite, actinolite, hema-
tite and rutile. Muscovite and epidote define the
schistosity, which anastamoses around retrogressed
patches of glaucophane and jadeite. Analysed mica
was picked from the >420 lm size fraction.
CWT19 is a coarse quartz mica schist containing

quartz, muscovite, calcite, chlorite, epidote, titanite,
apatite and iron oxides. Mica was picked from the
420–850 lm size fraction, and is inclusion and strain-
free.

PREVIOUS GEOCHRONOLOGY

Despite extensive effort, the timing of HP metamor-
phism in the EZ and adjacent units has until recently
been poorly constrained, and has been based mainly on
40Ar ⁄ 39Ar chronology (Zimmermann et al., 1994;
Ratschbacher et al., 2004; Kurz et al., 2008).
40Ar ⁄ 39Ar amphibole, muscovite and paragonite step-
heating data yield apparent plateau ages of 42–32 Ma
(Zimmermann et al., 1994; Ratschbacher et al., 2004;
Kurz et al., 2008), generally interpreted as representing
the timing of cooling from peak temperature condi-
tions. Recent U–Pb dating of metamorphic allanite,
however, constrains allanite growth along the prograde
path in an eclogite facies schist at 425–500 �C and
0.8–1.3 GPa to 34.2 ± 3.6 Ma (Smye et al., 2011).
These data corroborate a 31.5 ± 0.7 Ma peak eclog-
ite assemblage age calculated from eclogite facies

Fig. 4. Photomicrographs of the Eclogite Zone samples. Ank, ankerite; Cal, calcite; Cpx, clinopyroxene; Czo, clinozoisite; Ep, epidote;
Fe-Ox, iron oxides; Grt, garnet; Hbl, hornblende; Ky, kyanite; Mus, muscovite; Pg, paragonite; Qtz, quartz.
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assemblage Rb–Sr isochrons and 31–28 Ma Rb–Sr
ages obtained from post-eclogite greenschist facies
assemblages (Glodny et al., 2005). Collectively, the U–
Pb and Rb–Sr data sets show that the EZ was exhumed
at plate tectonic rates to mid-crustal levels during the
Early to Middle Oligocene before being inserted into
the Pennine nappe stack between the VN and GN and
subsequently experiencing a common metamorphic
history.

ELECTRON MICROPROBE ANALYSES

The full data set of mica core-rim analyses from the
analysed samples is presented in Table S1; average
core and rim analyses for each sample are presented in
Table 2, and representative traverses of Si concentra-
tions [Si] are presented in Fig. 6. The Si content of
muscovite is positively correlated with pressure,
although concentrations may only be used as an
absolute barometer when the limiting assemblage
of K-feldspar + phlogopite + quartz is present

(Massonne & Schreyer, 1987). It is therefore a useful
indicator of whether the dated muscovite crystallized
at peak conditions or (partially) recrystallized during
the Barrovian overprint. Most samples yield muscovite
containing 6.7–7.0 Si per formula unit (22 O), although
the mafic eclogite CWT13 contains muscovite with
>7.0 Si p.f.u. Despite the low Si content of the mica,
compared with, for example, mica from rocks of sim-
ilar peak pressures in Oman (Warren et al., 2011),
texturally the mica forms part of the peak eclog-
ite ⁄ blueschist assemblage in most of the samples rather
than the Barrovian ⁄ greenschist facies overprint. Most
samples show a small decrease in Si content at the
muscovite rim (Fig. 6), considered to be indicative
of rim recrystallization or new rim growth during
exhumation. Some samples contain both muscovite
and paragonite and a few samples contain only par-
agonite. In general the white mica preserves only
minor major element zoning in Si and Al; K con-
centrations are mostly uniform across the grains
(Table S1).

Fig. 5. Photomicrographs of the Glockner and Rote Wand Nappe Samples. Ab, albite;
Cal, calcite; Chl, chlorite; Fe-Ox, iron oxides; Mus, muscovite; Pg, paragonite; Qtz,
quartz; Ret. Jd, retrogressed jadeite; Ttn, titanite.
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40Ar ⁄ 3 9Ar ANALYSES

Details of the analytical methods for the 40Ar ⁄ 39Ar
analyses are in Appendix S1. Analyses of individual

muscovite and paragonite grains from the Penninic
nappes of the Tauern Window yield a range of
apparent 40Ar ⁄ 39Ar infra-red laser fusion ages from 90
to 23 Ma (data are plotted in Fig. 7, summary data are

Table 2. Summary mica composition data.

Sample CWT 17 ASA 28a CWT 8 CWT 12 CWT 13 CWT 15

Lithology Albite schist Calc schist Calc schist Grt mica schist Eclogite Amphibolite

Unit VN VN EZ EZ EZ EZ

Mineral Mus Mus Mus Mus Pg Mus Pg matrix Pg garnet Mus Mus Pg

Avg Avg Avg core Avg rim Avg Avg Avg Avg Avg Avg Avg

# analyses 43 22 17 4 3 22 6 3 5 41 19

SiO2 49.30 50.01 49.95 48.76 46.88 49.26 47.63 47.46 52.65 50.59 47.48

TiO2 0.44 0.26 0.29 0.27 0.06 0.27 0.12 0.04 0.20 0.27 0.09

Al2O3 27.85 29.02 29.77 31.06 38.93 29.67 37.63 38.84 22.86 26.02 38.63

Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 3.45 1.31 1.46 1.48 0.17 2.32 0.87 0.95 2.63 2.50 0.56

MnO 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00

MgO 2.13 3.11 2.43 2.10 0.11 2.25 0.26 0.15 4.60 3.61 0.23

CaO 0.01 0.15 0.01 0.06 0.34 0.02 0.18 0.69 0.01 0.02 0.22

Na2O 0.32 0.56 0.61 0.62 6.95 0.76 6.39 7.38 0.18 0.64 7.23

K2O 10.13 9.66 9.43 9.25 0.96 9.91 1.29 0.11 10.90 10.29 0.77

Total 93.64 94.09 93.95 93.59 94.41 94.47 94.37 95.63 94.04 93.95 95.21

Si 6.72 6.69 6.68 6.55 6.04 6.62 6.15 6.05 7.14 6.86 6.08

Ti 0.05 0.03 0.03 0.03 0.01 0.03 0.01 0.01 0.02 0.03 0.01

Al 4.47 4.58 4.69 4.92 5.91 4.70 5.73 5.83 3.65 4.16 5.83

Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 0.39 0.15 0.16 0.17 0.02 0.26 0.09 0.10 0.30 0.28 0.06

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.43 0.62 0.48 0.42 0.02 0.45 0.05 0.03 0.93 0.73 0.04

Ca 0.00 0.02 0.00 0.01 0.05 0.00 0.02 0.10 0.00 0.00 0.03

Na 0.08 0.14 0.16 0.16 1.74 0.20 1.60 1.82 0.05 0.17 1.79

K 1.76 1.65 1.61 1.59 0.16 1.70 0.21 0.02 1.88 1.78 0.13

Total 13.92 13.88 13.82 13.83 13.94 13.96 13.88 13.96 13.98 14.01 13.96

Sample ASA06a ASA06b CWT 5 CWT 7 ASA05 ASA84b ASA35b N45b CWT 19

Lithology Calc schist Quartz schist Mafic schist Quartz schist Calc schist Amphibolite Amphibolite Mafic schist Quartz schist

Unit RW ⁄EZ RW ⁄EZ RW RW GN ⁄RW GN ⁄RW GN ⁄RW GN GN

Mineral Mus Mus Mus Pg Mus Mus Pg Pg Mus Mus Mus

Avg Avg Avg Avg Avg Avg Avg Avg Avg Avg Avg

# analyses 10 30 36 14 28 30 20 16 12 29 36

SiO2 50.91 50.59 50.46 47.48 49.86 49.79 47.04 46.93 49.48 49.73 50.77

TiO2 0.29 0.25 0.23 0.04 0.23 0.27 0.08 0.06 0.26 0.19 0.22

Al2O3 25.87 27.49 26.19 38.36 27.87 27.42 39.16 38.56 27.72 26.65 27.82

Fe2O3 0.01 0.01 0.00 0.00 0.00 0.40 0.00 0.00 0.00 0.02 0.00

FeO 2.88 2.34 2.90 0.49 2.57 3.00 0.52 0.42 2.27 3.91 1.87

MnO 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.02 0.01

MgO 3.79 3.24 3.24 0.15 2.66 3.07 0.18 0.17 3.08 2.95 3.08

CaO 0.07 0.03 0.02 0.14 0.02 0.06 0.33 0.19 0.03 0.02 0.01

Na2O 0.29 0.41 0.37 7.20 0.47 0.50 7.12 7.33 0.81 0.41 0.46

K2O 10.70 10.58 10.56 0.89 10.14 10.43 0.89 0.81 10.04 10.90 10.06

Total 94.82 94.94 93.97 94.75 93.83 94.94 95.33 94.48 93.69 94.79 94.30

Si 6.85 6.78 6.85 6.10 6.75 6.71 6.02 6.05 6.72 6.72 6.81

Ti 0.03 0.03 0.02 0.00 0.02 0.03 0.01 0.01 0.03 0.02 0.02

Al 4.11 4.34 4.19 5.81 4.45 4.36 5.90 5.86 4.43 4.25 4.40

Fe3+ 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00

Fe2+ 0.32 0.26 0.33 0.05 0.29 0.34 0.00 0.05 0.26 0.44 0.21

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.76 0.65 0.66 0.03 0.54 0.62 0.03 0.03 0.62 0.60 0.62

Ca 0.01 0.00 0.00 0.02 0.00 0.01 0.05 0.03 0.00 0.00 0.00

Na 0.08 0.11 0.10 1.79 0.12 0.13 1.77 1.83 0.21 0.11 0.12

K 1.84 1.81 1.83 0.14 1.75 1.79 0.15 0.13 1.74 1.88 1.72

Total 14.00 13.98 13.99 13.96 13.94 14.00 13.92 13.99 14.02 14.02 13.89

VN, Venediger Nappe; EZ, Eclogite Zone; RW, Rote Wand-Modereck Nappe; GN, Glockner Nappe.
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presented in Table 1, full data in Table S2). The
majority of analysed grains yield apparent 40Ar ⁄ 39Ar
ages that are older than a recently reported prograde
metamorphic allanite U–Pb age of 34.2 ± 3.6 Ma
(Smye et al., 2011).

No obvious links may be made between apparent
age range and absolute Si content of the muscovite.
Samples ASA28a, CWT17, CWT8, CWT12 and
ASA05 all yield relatively flat [Si] profiles with
[Si] � 6.7 Si p.f.u. (Fig. 6), yet all show very different
ranges of apparent 40Ar ⁄ 39Ar age (Fig. 7). CWT13, the
mafic eclogite sample, contains muscovite with the
highest Si p.f.u. values, yet shows neither the highest,
lowest, widest or narrowest range of apparent
40Ar ⁄ 39Ar ages, nor the oldest or youngest mean age.

A comparison between age ranges (Fig. 7) and white
mica compositions (Fig. 6) reveals a pattern between
the width of the range of apparent 40Ar ⁄ 39Ar ages and
the mica chemistry. Samples showing a decrease in
muscovite [Si] towards the rim (suggesting that these
rims grew during the retrograde overprint), in general
yield the narrowest range of ages, although the mean
of the range is variable. Samples that show more
consistent [Si] profiles across muscovite tend to yield
more variable ages, even when samples that also con-
tain paragonite have been ignored. N45b is the
exception to this trend.

Samples containing paragonite (CWT8, CWT13,
CWT15, CWT7, ASA84b & ASA35b) yield wider
apparent age ranges with larger associated uncertain-
ties, probably due to smaller quantities of released 39Ar
and 40Ar. For the same grain size, paragonite contains
less 40Ar than muscovite or phengite due to lower K
concentrations. For samples in which both white mica
compositions have been determined by EMP analyses
(ASA35b, CWT17, CWT8 & CWT13), plotting 40Ar
signal v. apparent age shows that older ages are
generally yielded by smaller 40Ar signals. In samples
ASA35b, CWT 7 and CWT 13 the older apparent ages
with larger uncertainties are assumed to be from par-
agonite. Samples that only contain muscovite ⁄ phengite
also yield wide apparent age ranges, so scattered age
populations are not only confined to those samples
containing a mixture of white mica compositions.
Sample ASA84b only contains paragonite yet yields a
wide range of apparently younger ages, so this sample
does not fit with the trend suggested above.

There is also no apparent correlation between mea-
sured apparent age range and grain size, lithology,
metamorphic grade or structural unit (Fig. 7; Tables 1,
S1 & S2). The largest and smallest ranges of apparent
ages are yielded by GN samples ASA35b (a mafic
amphibolite) and CWT19 (a coarse quartz mica schist)
respectively. The youngest apparent ages (although

Fig. 6. Representative rim-rim traverses of Si concentrations in white mica from the different sampled units. Filled symbols represent
muscovite and open symbols represent paragonite. The full data set is presented in Table S1.
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with large uncertainties) are yielded by paragonite
grains in ASA84b (a mafic amphibolite) from the
GN ⁄RW boundary. Mafic samples yield as wide a
range of ages as calc schist or quartz schist samples.
Samples ASA05 (RW garnet quartz mica schist) and
sample CWT12 (EZ garnet quartz mica schist) are
similar in mineralogy, grain size and texture, and show
similar age range, yet at different mean age. Samples
CWT19 (coarse GN quartz mica schist), CWT5
(greenschist facies RW mafic schist) and CWT8 (EZ
calc schist) in general yield the narrowest and youngest
apparent age ranges yet contain different mineralogy,
different mica compositions and are from different
structural units.

In many of the samples, especially the schists, it is
difficult to determine absolute metamorphic grade
because of limiting mineralogy. However, certain
comparisons may be made between the age ranges
yielded by similar rock types, especially the mafic
rocks. CWT13 (fresh EZ eclogite) in general yields
older apparent ages than CWT15 (amphibolitized EZ
eclogite). ASA35b and ASA84b, rocks of similar
amphibolite-to-greenschist mafic assemblage and par-
agonite composition from the GN both yield widely
varying age ranges.
Plotting the data for each sample on 36Ar ⁄ 40Ar v.

39Ar ⁄ 40Ar isotope correlation plots yields a scattered
cluster of data points close to the radiogenic axis.
Intercepts on both axes vary considerably with high
uncertainty and these plots therefore provide no
insight into the composition of excess or inherited Ar
or the �true� radiogenic 40Ar ⁄ 39Ar age of the sample.

DIFFUSION MODELLING

Diffusion modelling was used to provide insight into
expected radiogenic Ar loss from Tauern Window
muscovite based on the estimated thermal and
(de)compression history. A modified version of the
MatLabTM programme DiffArg (Wheeler, 1996),
called DiffArgP, was used for the modelling, using
the most recent experimental diffusion parameters
(Harrison et al., 2009). Further details are in
Appendix S1, and the modified code is available from
the authors on request. The experimental diffusion
parameters used are: activation energy (Ea), 63 ±
7 kcal mol)1 (263.6 kJ mol)1); diffusion coefficient
(D0), 2.3+70

)2.2 cm
2 s)1, and activation volume (V0),

14 cm3 mol)1. We appreciate that the experiments
were conducted on muscovite, and not phengite.
However, phengite is likely to be more retentive
for Ar than muscovite due to the more compact
crystal structure, and the difference in Ar retentivity
is unlikely to significantly change our conclu-
sions. The experimental data were determined from
experiments performed at 1 and 2 GPa and we
appreciate that there are uncertainties in extrapolat-
ing the experimental results to higher and lower
pressures.
Model input parameters (and their uncertainties)

were chosen to best reflect the P–T–t path experienced
by the EZ, the overlying GN and the underlying VN
(Table 3). Results were calculated for cylindrical
diffusion (Giletti, 1974) despite the regression of the
Harrison et al. (2009) muscovite diffusion data for
spherical geometry. We believe that the many experi-
mental proofs of minimal diffusion perpendicular to
the c axis outweigh the simplicity of the spherical
model. Moreover, the difference in results between the
two geometries does not significantly change our con-
clusions. The calculated (model) ages for spherical
diffusion will be younger than those calculated for
cylindrical diffusion and for the samples presented

Fig. 7. (a) Single-grain-fusion40Ar ⁄ 39Ar data, plotted as appar-
ent age against sample number. Each data point represents a
single analysed grain. Colour (online) and gray scale (print
version) match the map and section in Fig. 1. M = muscovite,
P = paragonite. Due to the difficulty of differentiating between
muscovite and paragonite during hand-picking of sample grains,
where M and P are indicated, the scatter in the data may be due
to either or both of the white mica types. The full data set is
presented in Table S2. The three horizontal lines indicate the
timing of allanite growth (black line, U–Pb, Smye et al., 2011);
the best-fit guess for the timing of peak metamorphism (dark
grey line, Rb–Sr white mica-whole rock, Glodny et al., 2005) and
the timing of greenschist facies metamorphism (pale grey line,
Rb–Sr white mica-whole rock, Inger & Cliff, 1994; Glodny et al.,
2005). Squares are mafic samples, circles are schists dominated
by matrix quartz and triangles are schists dominated by matrix
carbonate. (b) Same data as (a) but on a smaller scale to show
the scatter in apparent 40Ar ⁄ 39Ar ages from 45 to 25 Ma.
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here, it is the fact that the analysed ages are older than
expected rather than younger than expected which is
fuelling the discussion.

The following results reflect attempts to model the
most likely apparent age range expected for Tauern
muscovite in an open system given the uncertainty in

the experimental diffusion data, P–T conditions and
effective diffusion radius (grain size). The reference
model for the EZ (Table 3) is based on crystallization
of 0.5 mm muscovite at peak conditions of 600 �C,
2.25 GPa at 31.5 Ma (Glodny et al., 2005), then
cooling and decompressing to the pervasive greenschist

Table 3. DiffArgP results.

Eclogite Zone models

Model name Prograde

T (�C)
Prograde

P (GPa)

Prograde

t (Ma)

Peak

T (�C)
Peak

P (GPa)

Peak

t (Ma)

Greenschist

T (�C)
Greenschist

P (GPa)

Greenschist

t (Ma)

Cooling

rate

(�C Ma)1)

Decomp.

rate

(Gpa Ma)1)

Grain

radius

(mm)

Diffarg

age (Ma)

Diff. to

ref.

age (Ma)

Ref n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 0.75 29 30 0.043 0.5 28.05 0.00

Rate 20 �C Ma)1 n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 0.75 29 20 0.029 0.5 27.14 )0.91
Rate 40 �C Ma)1 n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 0.75 29 40 0.057 0.5 28.46 0.41

Rate 50 �C Ma)1 n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 0.75 29 50 0.071 0.5 28.69 0.64

Peak 625 �C n ⁄ a n ⁄ a n ⁄ a 625 2.25 31.5 525 0.75 29 30 0.043 0.5 28.02 )0.03
Peak 575 �C n ⁄ a n ⁄ a n ⁄ a 575 2.25 31.5 525 0.75 29 30 0.043 0.5 28.08 0.03

Peak 2 Gpa n ⁄ a n ⁄ a n ⁄ a 600 2 31.5 525 0.75 29 30 0.043 0.5 28.04 )0.01
Peak 2.5 Gpa n ⁄ a n ⁄ a n ⁄ a 600 2.5 31.5 525 0.75 29 30 0.043 0.5 28.06 0.01

Barrovian 600 �C n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 600 0.75 29 30 0.038 0.5 25.39 )2.67
Barrovian 550 �C n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 550 0.75 29 30 0.041 0.5 27.13 )0.92
Barrovian 500 �C n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 500 0.75 29 30 0.045 0.5 29.03 0.98

Barrovian 0.5 GPa n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 0.50 29 30 0.029 0.5 27.70 )0.35
Barrovian 1.0 Gpa n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 1.00 29 30 0.057 0.5 28.42 0.37

Barrovian path n ⁄ a n ⁄ a n ⁄ a n ⁄ a n ⁄ a n ⁄ a 525 0.75 29 30 0.043 0.5 27.91 )0.14
Prograde path 430 1.25 34 600 2.25 31.5 525 0.75 29 30 0.043 0.5 28.05 0.00

0.1 mm radius n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 0.75 29 30 0.043 0.1 26.10 )1.95
1 mm radius n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 0.75 29 30 0.043 1.0 29.22 1.17

Model name Ea (J mol)1) D0 (mm2s)1) Diffarg age (Ma) Change from ref. age (Ma)

Ref 263592 230 28.05 0.00

Ea+
a 292880 230 30.93 2.88

Ea)
a 234304 230 25.01 )3.04

D0+
a 263592 930 27.14 )0.91

D0)
a 263592 10 30.44 2.39

Glockner Nappe models

Model name Prograde

T (�C)
Prograde

P (GPa)

Prograde

t (Ma)

T at peak

P (�C)
Peak P

(GPa)

t at peak

P (Ma)

Greenschist

T (�C)
Greenschist

P (GPa)

Greenschist

t (Ma)

Cooling

rate

(�C Ma)1)

Decomp. rate

(Gpa Ma)1)

Grain

radius

(mm)

Diffarg

age (Ma)

Diff. to

ref. age

(Ma)

Ref n ⁄ a n ⁄ a n ⁄ a 425 0.9 30 525 0.75 29 30 0.043 0.5 28.05 0.00

Rate 20 �C Ma)1 n ⁄ a n ⁄ a n ⁄ a 425 0.9 30 525 0.75 29 20 0.029 0.5 27.14 )0.91
Rate 40 �C Ma)1 n ⁄ a n ⁄ a n ⁄ a 425 0.9 30 525 0.75 29 40 0.057 0.5 28.46 0.41

Rate 50 �C Ma)1 n ⁄ a n ⁄ a n ⁄ a 425 0.9 30 525 0.75 29 50 0.071 0.5 28.69 0.64

T at peak P 450 �C n ⁄ a n ⁄ a n ⁄ a 450 0.9 30 525 0.75 29 30 0.043 0.5 28.09 0.04

T at peak P 400 �C n ⁄ a n ⁄ a n ⁄ a 400 0.9 30 525 0.75 29 30 0.043 0.5 28.10 0.05

Barrovian 550 �C n ⁄ a n ⁄ a n ⁄ a 425 0.9 30 550 0.75 29 30 0.041 0.5 27.13 )0.92
Barrovian 500 �C n ⁄ a n ⁄ a n ⁄ a 425 0.9 30 500 0.75 29 30 0.045 0.5 28.94 0.89

Barrovian 0.5 GPa n ⁄ a n ⁄ a n ⁄ a 425 0.9 30 525 0.50 29 30 0.029 0.5 27.73 )0.32
Barrovian 1.0 Gpa n ⁄ a n ⁄ a n ⁄ a 425 0.9 30 525 1.00 29 30 0.057 0.5 28.45 0.40

0.1 mm radius n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 0.75 29 30 0.043 0.1 26.10 )1.95
1 mm radius n ⁄ a n ⁄ a n ⁄ a 600 2.25 31.5 525 0.75 29 30 0.043 1.0 29.22 1.17

Venediger Nappe models

Model name Peak T

(�C)
Peak P

(GPa)

Peak t

(Ma)

Cooling rate

(�C Ma)1)

Decomp. rate

(Gpa Ma)1)

Grain radius

(mm)

Diffarg

age (Ma)

Diff. to ref.

age (Ma)

Ref 600 1.3 29 30 0.065 0.5 26.03 0.00

Rate 20 �C Ma)1 600 1.3 29 20 0.043 0.5 24.14 )1.89
Rate 40 �C Ma)1 600 1.3 29 40 0.087 0.5 26.92 0.89

Rate 50 �C Ma)1 600 1.3 29 50 0.108 0.5 27.43 1.40

Barrovian 625 �C 625 0.75 29 30 0.036 0.5 25.13 )0.90
Barrovian 575 �C 575 0.75 29 30 0.039 0.5 26.93 0.90

0.1 mm radius 525 0.75 29 30 0.043 0.1 24.03 )2.00
1 mm radius 525 0.75 29 30 0.043 1.0 26.99 0.96

aExperimental uncertainties from Harrison et al., (2009); common inputs: 0.5 mm radius, muscovite, cylindrical geometry, Crank Nicholson solver, time step 10 (Wheeler, 1996), Ea

(263592 J mol)1), D0 (230 mm2 s)1) (Harrison et al., 2009). The parameter which has been changed with respect to the reference model is shown in bold.
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facies conditions of 525 �C, 0.75 GPa at 29 Ma (Inger
& Cliff, 1994; Glodny et al., 2005) followed by cooling
and decompressing at 30 �C Ma)1 and 0.04 GPa Ma)1

(Blanckenburg et al., 1989). Decompression mirrors
cooling such that 0 GPa is reached at the same time
as 0 �C. We investigate the reference model sensitivity
to variations in cooling rate, peak temperature
and pressure conditions, Barrovian P–T conditions,
grain size and experimental parameters. Expected ages
are also calculated for cases of muscovite crystallizing
on the prograde path and during the Barrovian
overprint.

Similarly, reference models for the GN and VN
reflect the likely apparent 40Ar ⁄ 39Ar age range
expected for their estimated P–T–t paths given the
uncertainties in the P–T conditions and cool-
ing ⁄ decompression rate. For the GN, the reference
model is based on crystallization of a 0.5 mm radius
muscovite at 425 �C, 0.9 GPa and 30 Ma, followed by
peak conditions of 525 �C, 0.75 GPa at 29 Ma, that
is, equivalent to the greenschist facies overprint
conditions of the EZ (Inger & Cliff, 1994; Glodny
et al., 2005) followed by cooling ⁄ decompression at
30 �C Ma)1 and 0.04 GPa Ma)1 (Blanckenburg et al.,
1989). For the VN, the reference model is based on
crystallization of 0.5 mm radius muscovite at 600 �C
and 1.3 GPa at 29 Ma, that is, that this nappe reached
hotter and deeper metamorphic conditions than the
overlying nappes at the time of their Barrovian over-
print (Smye et al., 2010). Cooling and decompression
at rates of 30 �C Ma)1 and 0.07 GPa Ma)1 follow
growth at peak conditions.

Diffusion modelling results

Eclogite Zone models

The reference model for the EZ yields an apparent
age of 28.1 Ma for muscovite, with changes in cool-
ing rates from the greenschist facies overprint from
50 to 20 �C Ma)1 yielding a ±0.6–0.9 Ma change in
apparent age respectively (Table 3; Fig. 8a). Uncer-
tainties of ±25 �C and ±0.25 GPa in the peak
conditions yield only 0.03–0.01 Ma variation in the
reference model age, whereas a 25 �C uncertainty in
the Barrovian overprint temperature propagates to
a c. 1 Ma uncertainty in age (Table 3; Fig. 8b,c).
The largest source of error in the final model age
is the uncertainty in the timing of the Barrovian
overprint.

A model muscovite growing at conditions of 430 �C,
1.25 GPa on the prograde P–T path in the EZ within
the uncertainty of the U–Pb age (34.2 ± 3.6 Ma) and
thereon following the reference model trajectory yields
a model age which is identical to the reference model
age. Meanwhile a muscovite growing during the Bar-
rovian overprint at 29 Ma would be expected to yield
an age of 27.9 Ma (Table 3) in an open system.

Uncertainty in the grain size (as a proxy for effective
diffusion radius) from 0.1 to 1 mm propagates through
to an uncertainty of +1, )2 Ma on the reference
model age (Table 3; Fig. 8a). Finally, the experimental
uncertainty in the published value of the activation
energy Ea (Harrison et al., 2009) yields an uncertainty
of ±3 Ma on the model age (Table 3; Fig. 8a). The
experimental uncertainty in the diffusivity D0 has a
smaller effect of c. ±1–2 Ma.

Fig. 8. DiffArgP modelling results. (a) The expected range of
ages for a 0.5 mm radius muscovite crystallizing at peak tem-
peratures for the different zones and cooling ⁄ decompressing at
different rates. For simplicity, decompression mirrors cooling
such that 0 GPa is reached at the same time as 0 �C. This has
little effect on the final model age or on the overall conclusions of
this paper; see the text for more details. The error bars on the
data points show the variation in age expected for different grain
sizes. (b) Influence of the change in Barrovian overprint tem-
perature (grey data points) and eclogite temperature (black data
points) on model ages for different units. (c) Influence of the
change in Barrovian overprint pressure (grey data points) and
eclogite pressure (black data points) on Eclogite Zone (EZ)
model age.
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Glockner Nappe models

The reference model for the GN yields an apparent age
of 28.1 Ma for muscovite, with changes in cooling
rates from 50 to 20 �C Ma)1 yielding a ±0.4–0.9 Ma
change in apparent age respectively (Table 3). A vari-
ation of ±25 �C in the temperature at peak pressure
yields only 0.04–0.05 Ma change in reference model
age. Similar to the EZ models, a 25 �C change in the
Barrovian overprint temperature propagates to a c.
1 Ma uncertainty, whilst a 0.25 GPa change in the
Barrovian overprint pressure propagates to 0.3–
0.4 Ma. Variations in the grain radius from 0.1 to
1 mm propagate through to an uncertainty of +1.2,
)2 Ma (Table 3).

Venediger Nappe models

The reference model for the VN yields an apparent age
of 26.0 Ma for muscovite, with changes in cooling
rates from 50 to 20 �C Ma)1 yielding a +0.9 to
)1.9 Ma change in apparent age respectively (Table 3).
A change of ±25 �C in the peak temperature yields a
±0.9 Ma change in reference model age. Variations in
the grain size from 0.1 to 1 mm propagate through to a
final age uncertainty of +1.0, )2.0 Ma (Table 3).

Diffusion modelling discussion

The modelling results show that given a constant grain
radius, variations in peak model temperature have the
largest effect on the final model age. The peak condi-
tions reached by the EZ mean that regardless of
whether muscovite crystallized along the prograde
path or during peak pressure conditions, muscovite of
0.5 mm grain radius or less should yield the same bulk
40Ar ⁄ 39Ar age. Muscovite following the GN P–T–t
path yields the same model ages as the EZ because it is
the Barrovian overprint conditions which control the
model age. The VN reference model yields a younger
age because of the hotter initial conditions. Mica
growing along the prograde path in the VN should
yield identical ages to those growing at peak conditions
because the elevated temperatures allow efficient dif-
fusion.

The variation in grain radius from 0.5 to 0.1 mmhas a
considerable effect on the resulting model age, with Ar
diffusion out of smaller grains being significantly more
efficient than from larger grains. The uncertainty in the
experimentally determined value of Ea also has impor-
tant implications for the interpretation of 40Ar ⁄ 39Ar
data in any metamorphic terrane, as a 1% change could
mean the difference between efficient and inefficient
diffusion at the peak conditions experienced by the
Tauern Window nappes, regardless of open or closed
system behaviour. The uncertainty in these parameters
does not change the overall conclusions of this study.

Overall, the model results suggest that, within
uncertainty, the P–T conditions reached by muscovite

in the Tauern Window suggest that the 40Ar ⁄ 39Ar ages
should reflect the timing of exhumation following the
Barrovian overprint. This is regardless of whether the
muscovite crystallized along the prograde path, at peak
pressure conditions or during the Barrovian overprint,
so long as Ar removal from the local rock volume via
the grain boundary network was efficient throughout
the metamorphic cycle.

DISCUSSION

Measured ages

The single-grain-fusion muscovite and paragonite
40Ar ⁄ 39Ar data from the VN, EZ and GN of the
Tauern Window yield a range of apparent ages from 90
to 23 Ma. Most grains yield apparent 40Ar ⁄ 39Ar ages
>34 Ma, thereby older than timing constraints from
other geochronological systems such as Rb–Sr and
U–Pb (Inger & Cliff, 1994; Glodny et al., 2005;
Gleissner et al., 2007; Smye et al., 2011). The ranges of
ages measured during this study are wider than would
be expected due to analytical uncertainty on a homo-
geneous population. There is no consistent correlation
between apparent age (range), lithology or structural
unit.

Measured 40Ar ⁄ 39Ar age range and muscovite
chemistry are somewhat correlated. Samples in which
[Si] profiles show a decrease at the rim show a nar-
rower range of apparent ages than samples in which
the [Si] profiles are flat. The decrease in [Si] at the rim
suggests (re)crystallization at lower P–T conditions.
The narrower range of apparent ages in samples
showing this [Si] decrease suggests that there is a more
homogeneous local grain boundary Ar concentration
than in samples that yield more homogeneous
muscovite. This suggests higher mobility of Ar through
the local rock volume at the time of muscovite rim
crystallization. Samples in which [Si] profiles are flat in
general yield a much more scattered range of apparent
ages, suggesting a more heterogeneous Ar distribution
within the local rock volume. In these cases, fluid
permeability and availability appears to have been low
for the majority of the metamorphic cycle. The local
availability and interconnectivity of fluid during the
Barrovian overprint appears to have been important
for both mediating Ar distribution and assisting
muscovite crystallization. However, even in the sam-
ples with the narrowest and youngest age ranges, there
appears to not have been enough fluid of sufficiently
low Ar concentration to completely flush out the grain
boundaries and allow the samples to yield the
40Ar ⁄ 39Ar cooling ages expected in accordance with
the available Ar-in-muscovite diffusion data.

Samples that contain both muscovite and paragonite
(CWT13, CWT7, ASA35b & CWT8) generally yield a
wider range of apparent ages with older means than
samples that contain only muscovite or paragonite.
Paragonite and muscovite were not separated from
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each other during mineral picking, so it is not possible
to relate individual analyses to mineral chemistry with
complete certainty in these samples. However, lower
40Ar signals in general relate to older apparent ages, so
the older analyses with larger uncertainties are tenta-
tively correlated with paragonite. In sample CWT8,
although paragonite was determined by EMP analysis,
the grains were very small compared with the musco-
vite, and it is unlikely that these small grains were
picked for analysis. The small apparent age range
yielded by CWT8 by comparison with other parago-
nite-bearing samples may therefore be due to analysis
of muscovite only. Samples that only contain
paragonite (CWT 15, ASA84b) yield wide apparent
age ranges but with very different means. Together,
these data suggest that paragonite may have a greater
affinity for Ar over muscovite, but without further
experimental data on Ar diffusion parameters for
paragonite, firm conclusions cannot yet be made.

Samples in which muscovite is volumetrically only a
minor component of the total mineralogy generally
yield a wider range of apparent 40Ar ⁄ 39Ar ages than
samples in which muscovite is a major rock-forming
mineral. In these rocks, muscovite is the only K-bearing,
and hence Ar-producing, mineral, although may not be
the only Ar host. Sherlock & Kelley (2002) showed
that blueschist facies HP rocks from the Tavşanlı Zone
in Turkey yielded a positive correlation between bulk
rock [K2O] and apparent 40Ar ⁄ 39Ar ages. They sug-
gested that higher bulk [K2O] is correlated with higher
radiogenic argon production in a given rock volume.
In a closed system, where the produced Ar cannot
escape, Ar will partition between host minerals and the
intra-granular fluid, and hence samples with higher
[K2O] yield older apparent 40Ar ⁄ 39Ar ages. A similar
relationship was recorded in biotite from relatively
anhydrous granulite facies charnockites in the Appa-
lachian piedmont (Foland, 1979). In the Tauern
Window, samples the opposite relationship is recorded:
rocks containing volumetrically more muscovite
appear to show a narrower range of younger apparent
ages than rocks with less muscovite. This may be
explained by dilution: for a given concentration of Ar
in a bulk rock, a larger volume of host mineral means
that each grain takes in less �excess� Ar. An alternative
explanation could be that rocks with higher mica
concentrations may be more permeable thereby
allowing more efficient Ar removal by grain boundary
fluids. Third, pelites, which contain more mica than
metabasites, create more fluid during prograde meta-
morphism – the escaping fluid may therefore flush
away Ar in the grain boundary network.

Of all the sampled structural units, the samples from
the RW consistently yield younger apparent ages than
samples from the other nappes. These samples may
have experienced more deformation and ⁄ or fluid
throughput due to their position at the boundary of the
EZ and GN and hence have experienced more open
system behaviour.

Model v. measured ages

The majority of analysed 40Ar ⁄ 39Ar ages are older than
those predicted from numerical diffusion modelling of
rocks experiencing Tauern Window P–T–t paths in an
open system. The modelling shows that diffusion of Ar
out of muscovite should be efficient in an open system
across the range of experienced peak P–T conditions.
The difference between the apparent 40Ar ⁄ 39Ar ages
from this and previously reported studies (Zimmer-
mann et al., 1994; Kurz et al., 2008) and both the
model ages and the timing constraints from U–Pb and
Rb–Sr systems suggests that the assumption of open
system behaviour is invalid both on the sample (cm)
and structural unit (km) scale in the Tauern region.
Consequently, the majority of the reported 40Ar ⁄ 39Ar
muscovite ages do not represent the timing of exhu-
mation of the Tauern region.

Implications for fluid flow during the metamorphic cycle

The yielded 40Ar ⁄ 39Ar ages are not only older than
expected from the numerical modelling results, they
are also generally (considerably) older than the
recently determined constraint on the timing of
prograde metamorphism in the EZ at 34.2 ± 3.6 Ma
(Smye et al., 2011). As the white mica appears to have
crystallized during the peak pressure to peak temper-
ature part of the cycle, the old ages suggest that
significant amounts of extra 40Ar must have been
incorporated into the crystal structure, either during
crystallization in an Ar-rich fluid or by diffusion into
the grain from an Ar-rich fluid after crystallization.
This extra 40Ar may have been sourced from within the
rock volume of interest and not been able to escape
(inherited or internally derived 40Ar) or may have been
sourced from outside the rock volume of interest and
have been brought in dissolved in a fluid (excess or
externally derived 40Ar). Despite samples ASA 06a and
06b being collected from �10 cm apart on the outcrop,
they show similar age ranges, although dissimilar age
means. This suggests that fluid in at least this outcrop
was very locally derived and that mixing of fluids and
homogenization of Ar concentration did not take place
on greater than the cm scale.
Ar is usually considered to be efficiently removed

from the grain boundary by solution into an infinite
grain boundary fluid network (Kelley, 2002). In a rock
in which little fluid is present, or one in which the
permeability is low, Ar concentrations in the fluid will
rise to the point at which they are in equilibrium with
the Ar concentration inside the grain, resulting in a
(locally) closed system. Data from quartzite and car-
bonate permeability experiments using H2O–CO2-rich
fluids suggest that P–T conditions, fluid composition
and the amount of deformation all play a key role in
temporal variations in rock permeability (Holness,
1993; Holness & Graham, 1995). Pure quartzites are
permeable only at low temperatures, whereas pure
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carbonates are permeable only at low pressures
(Holness, 1993; Holness & Graham, 1995). The per-
meability of rocks of mixed mineralogy would
presumably depend on the P–T conditions, the amount
of deformation and any changes in mineral assem-
blage. The width of the ranges of apparent 40Ar ⁄ 39Ar
ages yielded by individual samples as well as the vari-
ability in the mean of the ranges suggests that there
must have been variability in fluid availability and
permeability through different samples during the
metamorphic cycle. Ar diffusion out of muscovite in an
open system should be efficient at >550 �C at the
estimated pressures for the Tauern Window, and in
theory therefore, all the samples should have yielded
the same (narrow) range of (young) post-Barrovian
overprint 40Ar ⁄ 39Ar ages.

Warren et al. (2011) showed that in theory, addi-
tional 40Ar might diffuse from the grain boundary fluid
into muscovite, as well as from muscovite into the
grain boundary fluid if the grain boundary concen-
tration is sufficiently high and the P–T conditions are
suitable for efficient Ar-in-muscovite diffusion. The
amount of additional 40Ar that may diffuse into a
grain, and hence the variation in apparent age, there-
fore depends on the P–T conditions, the grain radius,
the grain boundary Ar concentration (linked to
permeability and fluid flow), the fluid composition and
the partition coefficient (which may be fluid composi-
tion-, mineral composition- and ⁄ or P–T-dependent).
These factors may vary within and across different
samples and also may vary with time. Absolute
correlation between age range and lithology across the
Tauern Window are not apparent at the sampling
resolution in this study, although higher resolution
studies (Baxter et al., 2002) have shown changes in
apparent 40Ar ⁄ 39Ar age with distance across litholog-
ical and deformation boundaries. Nevertheless, grain
to grain variability in apparent 40Ar ⁄ 39Ar age within
each sample is on the mm-scale, and is much smaller
than the length scale of lithological variability (cm to
tens of m). Core-rim mica age traverses and detailed
maps of Ar within different minerals would be needed
for multiple samples in order to map Ar concentrations
in detail. The analytical resolution needed to resolve
differences in laserprobe ages outside uncertainty in c.
30 Ma mica is not yet achievable.

At least three generations of fluid-mediated veins
have been reported from the Tauern region (Bickle &
Hawkesworth, 1978; Cesare et al., 2001). The earliest
are syn-burial and are commonly isoclinally folded.
They suggest fluid was mobile during the earliest stages
of burial and metamorphism, which implies (at least
partial) open system behaviour during that time. This
may explain why no apparent ages approaching the
age of the protolith [spanning Late Palaeozoic (Vari-
scan) basement to Cretaceous cover sedimentary rocks]
have been measured during this study.

The second set of veins and pods contains coarse-
grained metamorphic mobilisates, formed during HP

metamorphism and host-rock devolatilization in the
EZ (Holland, 1979; Thomas & Franz, 1988; Kurz
et al., 1998a; Brunsmann & Erzinger, 2000). These
mobilisates are reported to be syn-to post kinematic
with regards to the host (HP) foliation, and imply that
fluid was locally present during HP metamorphism.
Fluid activity calculations show that variations in fluid
composition existed between different mineralogical
layers and suggest that fluid transport was locally
limited with no large-scale mixing of fluids at peak
metamorphic conditions (Selverstone et al., 1992). A
detailed study comparing Rb–Sr and 40Ar ⁄ 39Ar data
from phengite in quartz veins from similar peak-pres-
sure fluid veins in the HP Bergen Arcs region of
Norway showed that the Rb–Sr dates yielded an age
close to the eclogite facies metamorphic age, whereas
the 40Ar ⁄ 39Ar dates are considerably older (Schneider
et al., 2008). This implies that the fluid behaved as a
closed system for Ar during eclogite facies metamor-
phism, whilst allowing the re-equilibration of Rb–Sr
systematics. Similarly, in the Tauern EZ, available
fluid was probably locally derived, contained high Ar
concentrations and was unable to escape. These fluids
were therefore unable to remove Ar efficiently from the
local (grain-scale) system. A detailed study of white
mica specifically associated with the HP fluid mobili-
sates would shed further light on the Ar concentrations
in the fluid available during HP metamorphism.

Finally, post-tectonic quartz veins cut across all the
peak- to exhumation-related fabric in the Tauern
Window, suggesting that fluid was once again mobile
during the later stages of uplift and exhumation. This
fits with the experimental evidence that permeability
increases during cooling and decompression (Holness,
1993). This fluid may have been locally derived from
within the lithological unit (Cesare et al., 2001) and
could therefore have contained high Ar concentrations
resulting from the earlier closed system conditions.
Individual samples with smaller and younger age ran-
ges, for example, CWT19 (GN quartz mica schist),
CWT5 (RW quartz mica schist) and CWT8 (EZ quartz
mica schist) may have experienced locally higher per-
meabilities; these allowed greater quantities of Ar to be
flushed out of the grain boundary network. All of these
samples yield muscovite with distinct core and rim
compositions, suggesting additional crystallization
during cooling and decompression.

CONCLUSIONS

New single-grain-fusion muscovite and paragonite
40Ar ⁄ 39Ar data from eclogite and blueschist units ex-
posed in the Tauern Window, Eastern Alps yield a
range of apparent ages from 90 to 23 Ma. Despite
chemical and textural evidence that the white mica
forms part of the peak-to-retrograde assemblage in
the majority of the dated rocks, the bulk of the cal-
culated apparent ages are older than recently reported
U–Pb allanite (34.2 ± 3.6 Ma) and Rb–Sr phengite
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(31.5–28 Ma) ages that constrain the timing of pro-
grade to retrograde metamorphism in the Tauern
Window. Numerical modelling of (open system) Ar
diffusion in muscovite following the reported P–T–t
paths suggest that 40Ar ⁄ 39Ar ages yielding the timing
of exhumation should lie between 29 and 24 Ma. The
majority of analysed 40Ar ⁄ 39Ar dates therefore do not
provide temporal constraints on the exhumation
history. Instead, this variability suggests that the
grain boundary network Ar concentration was nei-
ther uniform nor negligible during cooling and
decompression.

The majority of the apparent 40Ar ⁄ 39Ar dates are the
consequence of extra 40Ar being incorporated into
the analysed grains, either during crystallization in an
Ar-rich fluid or by diffusion into the grain from
an Ar-rich fluid after crystallization. The wide range of
�old� apparent 40Ar ⁄ 39Ar ages is explainable in terms
of closed system behaviour at HP conditions due to
limited fluid availability and permeability, followed by
addition of an Ar-rich fluid and ⁄ or incomplete
removal of grain boundary Ar during fluid influx at
lower pressures. This fluid both promoted the recrys-
tallization of higher grade to lower grade assemblages
in the Tauern Window and promoted spatially and
temporally variable removal and addition of Ar to the
grain boundary network in different lithologies.
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