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Abstract The U-Pb SHRIMP age determinations of
zircons from the Habach terrane (Tauern Window,
Austria) reveal a complex evolution of this basement
unit, which is exposed in the Penninic domain of the
Alpine orogen. The oldest components are found in
zircons of a metamorphosed granitoid clast, of a mig-
matitic leucosome, and of a meta-rhyolitic (Variscan)
tuff which bear cores of Archean age. The U-Pb ages of
discordant zircon cores of the same rocks range between
540 and 520 Ma. It is assumed that the latter zircons
were originally also of Archean origin and suffered se-
vere lead loss, whilst being incorporated into Early-
Cambrian volcanic arc magmas. The provenance region
of the Archean (2.64-2.06 Ga) zircons is assumed to be a
terrane of Gondwana affinity: i.e., the West African
craton (Hoggar Shield, Reguibat Shield). The Caledo-
nian metamorphism left a pervasive structural imprint in
amphibolite facies on rocks of the Habach terrane; it is
postdated by discordant zircons of a migmatitic leuco-
some at <440 Ma (presumably ca. 420 Ma). Alpine and
Variscan upper greenschist- to amphibolite-facies con-
ditions caused partial lead loss in zircons of a muscovite
gneiss (‘white schist”) only, where extensive fluid flow
and brittle deformation due to its position near a nappe-
sole thrust enhanced the grains’ susceptibility to isotopic
disturbance. The Habach terrane — an active continental
margin with ensialic back-arc development — showed
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subduction-induced magmatic activity approx. between
550 and 507 Ma. Back-arc diorites and arc basalts were
intruded by ultramafic sills and subsequently by small
patches of mantle-dominated unaltered and (in the vi-
cinity of a major tungsten deposit) altered granitoids.
Fore-arc (shales) and back-arc (greywackes, cherts) ba-
sin sediments as well as arc and back-arc magmatites
were not only nappe-stacked by the Caledonian com-
pressional regime closing the presumably narrow oce-
anic back-arc basin and squeezing mafic to ultramafic
cumulates out of high-level magma chambers (496—
482 Ma). It also induced uplift and erosion of deeply
rooted crystalline complexes and triggered the develop-
ment of a successor basin filled with predominantly
clastic greywacke-arkosic sediments. The study demon-
strates that the basement rocks exposed in the Habach
terrane might be the ‘missing link’ between similar units
of the more westerly positioned External domain (i.e.,
Aar, Aiguilles Rouges, Mont Blanc) and the Austroal-
pine domain to the east (Oetztal, Silvretta).

Introduction

In recent years, Late-Precambrian to Ordovician relics
of oceanic crust and subduction-related rocks were
identified in basement areas of all four Alpine domains
(i.e., the Southalpine, Austroalpine, Penninic and Ex-
ternal domains). A tentative reconstruction of the pal-
aeogeographic situation before the Variscan orogeny
can even demonstrate that these relics follow a kind of
linear distribution, which testifies subduction of oceanic
domains along an active Gondwana margin (Raumer
1998). Moreover, Ordovician to Silurian arc-continent
collision and crustal thickening is documented by
granitoids and migmatites as well as acid volcanics,
which record plate-tectonic evolution at higher crustal
levels (Fig. 1).

In this paper we focus on a multiple-metamorphosed
basement unit exposed in the Penninic Tauern Window
— the ‘Habach terrane’ (Frisch and Neubauer 1989),
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Fig. 1 According to palinspastic reconstruction (after Raumer
1998), the northern margin of the Intra-Alpine terrane comprises a
longitudinal alignment (shaded area) of Precambrian to Ordovician
subduction-related rocks, whereas Late-Ordovician to Silurian
leucocratic rocks prevail more to the south. Framed area of the
Tauern Window is enlarged in Fig. 2a

which serves as a junction between similar units of the
External domain to the west and of the Austroalpine
domain to the east, and which comprises the complete
spectra of an active continental margin (accretionary
wedge with slices of subducted fore-arc oceanic crust,
main arc, ensialic back-arc oceanic basin with sedimen-
tary cover; Eichhorn et al. 1999). Such a scenario, in-
volving burial, exhumation, decompressional melting, in
addition to the presence of inherited zircon cores and
partial lead loss, demands age determinations which are
both precise and of high spatial resolution. So far, our
knowledge about the ‘active life span’ of this continental
margin, from initial rifting towards accretion, is still
rudimentary because age determinations which meet the
above requirements are sparse. Therefore, cathodolu-
minescence images of zircons combined with SHRIMP
analysis are used in order to gain geologically mean-
ingful age information and, in consequence, to decipher
the complex pre-Variscan history of the Habach terrane
in greater detail.

Geology and sample selection

The Habach terrane is situated in the northeastern part of the
Penninic domain of the Central Alps (Fig. 1). Early-Alpine com-
pressional tectonics nappe-stacked its rocks and buried them fur-
ther below nappes of the Austroalpine domain. Late- and post-
Alpine uplift and exhumation created a tectonic window (Tauern
Window) where the present outcrops are exposed. The terrane
consists of Ordovician to Late-Precambrian basement rocks which
were intruded by large volumes of Permo-Carboniferous granitoids
(e.g., Granatspitz, Tux, and Venediger) and overlain by coeval
volcanics and sediments (Eichhorn et al. 2000; Fig. 2).

The basement rocks can be divided into two units based on
different lithological contents reflecting different geotectonic envi-
ronments: (1) the Stubach Group as ensialic back-arc oceanic basin
with sedimentary cover, and (2) the Habach Group comprising
slices of subducted fore-arc oceanic crust accreted to the main
volcanic arc (Eichhorn et al. 1999).

Stubach Group

The predominantly magmatic rocks of the ensialic back-arc basin
are exposed in several large units (Sturmmannseck and Zwdélferzug
north of, Basisamphibolit around and Abretterkopffolge southwest
of the Granatspitz massif) which have been referred to as ‘mag-
matic formation’ in Fig. 2. Its main rock types are (coarse-grained)
amphibolites and hornblende-plagioclase gneisses, hornblendites,
muscovite-plagioclase gneisses, muscovite gneisses, porphyroid
gneisses and some ultramafic bodies as well as very rare occurrences
of metasediments (paragneisses, micaschists and marbles; Loth and
Holl 1994). Similar metasediments cover the magmatites and are
exposed in several minor unnamed outcrops northwest of, in the
Basisschieferfolge around, and in the Serie der Alten Gneise south,
southwest and southeast of the Granatspitz massif (cf. ‘sedimentary
formation’ in Fig. 2). The metasediments comprise a sequence of
alternating and interfingering micaschists and paragneisses (meta-
greywackes). Minor intercalations consist of amphibolites and
leucocratic orthogneisses, rare quartzites, marbles, meta-conglom-
erates and meta-breccias.

The hornblende-plagioclase gneisses (sample SG-1) form
intercalations within the amphibolites, varying from a few centi-
meters to more than one meter in thickness. They contain medium-
grade Variscan metamorphic mineral relics (hornblende, garnet,
plagioclase). Amphibolites and hornblende-plagioclase gneisses
have usually not been separated but rather described as one li-
thological unit, called ‘banded amphibolites’, which has been
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Fig. 2 a Geological map of the central Tauern Window, and b
schematic cross section in down-plunge view projected to line A-A’.
Closed circles with numbers and expression ‘1-6’ indicate sample
localities of Stubach Group and Habach Group rocks, respectively,
as compiled in Table 2. Note that Early-Alpine (and presumably
Variscan) compressional tectonics nappe-stacked its lithologies, so
that the Granatspitz autochthon(?) has been overridden by the Tux
and Venediger nappes. Pre-Cambrian to Cambrian microfossil
finds are indicated by stars
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formed by Variscan anatexis and/or metamorphic segregation. On
the contrary, Loth and H6ll (1994) inferred two different magmatic
rock types of pre-Variscan age and rejected the idea of Variscan
anatexis based on petrographical and zircon morphological studies.
Loth et al. (1997) further argued that the two rock types may have
formed either coeval in a layered intrusion or ophiolite complex, or
noncoeval where the crustal dioritic precursor of the hornblende-
plagioclase gneiss has been intruded by gabbroic sills in the wake of
initial (back-arc?) rifting. Sample SG-1 has been chosen to resolve
this age problem by comparing our radiometric data with existing
gabbro (now metamorphosed coarse-grained amphibolites and
garnet amphibolites) formation ages.

The muscovite gneisses (sample SG-5) are characterized by a
modal composition of about 70% quartz, 10% muscovite and 10%
albite (‘white schists’). The high content of quartz is interpreted as
resulting from the breakdown of alkali feldspar during metamor-
phism and deformation. Muscovite gneisses have been found only
near an occurrence of poophyroid gneisses (sample SG-8) in the
Sturmmannseck, and have thus at first been interpreted as tecton-
ized equivalents (Hammer 1937). Field geological, petrographical
and zircon morphological studies subsequently revealed that the
muscovite gneisses are alkaline granitoid intrusives of mainly
mantle origin, whereas the porphyric texture of the latter with
many rock fragments and magmatic mineral relics, its wealth of
xenocrysts and inherited zircon cores, and its nondeformed ap-
pearance affirms its presumably Variscan volcanic origin (Loth and
Holl 1994). The high deformational degree of the muscovite
gneisses may be explained by the fact that they occur near the
nappe sole thrust of a tectonic klippe of the Tux nappe (Fig. 2b).
The two samples SG-5 and SG-8 were studied in order to get some
information of the later evolution of the convergent plate margin
and of the provenance age(s) of the source rocks, respectively.

Lensoid occurrences of meta-conglomerates within the ‘sedi-
mentary formation’ reveal elongated, seldom well-rounded clasts
embedded within fine-grained biotite-plagioclase gneisses or pla-
gioclase-biotite schists. The clasts consist of amphibolites, various
leucocratic schists and gneisses, marbles and quartzites. Sample SG-
4 is a huge 40-cm leucocratic orthogneiss clast which derived from a
1.4-m thick, unsorted meta-breccia of gneisses and amphibolites.
The deposition mechanism of the breccias and conglomerates is still
a matter of debate. Gilg et al. (1989) considered a deposition by
debris and mud flows triggered by local submarine earthquakes and/
or a deposition by drifting icebergs. The former interpretation is
corroborated by the broad variety of clasts, the latter by the finds of
some exotic, large single clasts which were interpreted as dropstones
from melting icebergs, embedded in fine-grained laminated sedi-
ments (now metamorphosed biotite-plagioclase gneisses). We dated
the orthogneiss clast to gain some information about the age of the
orthogneiss protolith and, in consequence, to get an upper estimate
for the deposition time of the meta-breccia.

Additionally, we dated a migmatitic leucosome (SG-3) from the
Serie der Alten Gneise to elucidate the time of migmatization.
Variscan nappe-stacking (Riffl nappes; Fig. 2b) produced a heter-
ogeneous association of pre-Variscan Stubach Group rocks in form
of high-grade gneisses, migmatites and (eclogitic) amphibolites to-
gether with Variscan, 340-Ma-old ‘in-situ’ anatexites. Eichhorn et al.
(1999) argued that the formation time of the anatexites may be
identical to the time of migmatization of the Stubach Group rocks.
This interpretation is further corroborated by the fact that the
Variscan amphibolite-facies metamorphism is regarded as compa-
rable to, or even more intense than Alpine lower amphibolite-facies
conditions (Eichhorn et al. 1995), and that the thermal peak of the
Variscan metamorphism occurred between 324 and 282 Ma (Holl
and Eichhorn 2000). On the other hand, ages between 415 and
422 Ma from (eclogitic) amphibolites have been interpreted to in-
dicate a high-pressure metamorphism which converted these gabb-
ros into eclogites during a Silurian subduction (Quadt et al. 1997).

Habach Group

The volcanic arc rocks of the Habach Group, referred to as
‘magmatic formation’, consist mainly of fine-grained amphibolites,

minor hornblendites and coarse-grained amphibolites as well as
various leucocratic gneisses. The basaltic protoliths of the fine-
grained amphibolites were intruded by pyroxenitic and gabbroic
melts as well as small patches of normal ‘I-type’ granitoids and
later by altered, differentiated granitic melts (Eichhorn et al. 1999;
Holl and Eichhorn 2000). Slices of subducted fore-arc oceanic
crust, which have been accreted to the main volcanic arc (‘sedi-
mentary formation’), comprise an up to 700-m-thick sequence of
dark phyllites as well as minor micaschists and quartzites, locally
intercalated with metavolcanics and ultramafics. The ultramafics
represent remnants of oceanic crust which differ geochemically
from Stubach Group equivalents (Puhl et al. 1998). The finds of
various well-preserved microfossils in the dark phyllites describe a
sedimentation period of Late Riphean to Early Vendian (i.e., 1.0—
0.6 Ga; Reitz and Holl 1988; Reitz et al. 1989; Gilg et al. 1989).

Hornblendites and coarse-grained amphibolites (HG-6) form
numerous, parallel to subparallel lenses, up to some meters thick.
Gradual transitions as well as distinct contacts between the two
cogenetic rock types have been described by Holl (1975). The
amphiboles comprising 75-98 vol% of these dark-green hornb-
lendites are mainly composed of brownish cores of Ti-rich tscher-
makitic to Mg-hornblende within actinolitic hornblende. Accessory
minerals are scheelite, biotite, plagioclase, carbonate, epidote-
group minerals, magnetite, hematite, ilmenite, Cr spinel, and some
sulfides (H61l and Eichhorn 2000). The coarse-grained amphibolites
contain less amphibole but up to 50 vol% plagioclase, together
with the same minor to trace minerals. We dated a scheelite-poor
coarse-grained amphibolite to serve as a crosscheck for the ‘banded
amphibolite’ data of the Stubach Group rocks and as a reference
for published ages of the hornblendites.

Methods

The samples comprised 5-30 kg of fresh material. Mineral fractions
for isotopic analyses were processed through conventional mineral
separation techniques, including a Wilfley table, heavy liquids and
the Frantz isodynamic separator. Final mineral separates consisted
of handpicked, top-quality zircon grains, homogeneous in terms of
transparency, color and fluorescence.

Zircon grains from the sample and a zircon standard are
mounted and polished in a 24-mm diameter epoxy disc and gold
coated. The zircons are then photographed, examined by ca-
thodoluminescence (CL) imaging and analyzed using the SHRIMP
II ion microprobe. During data reduction, correction for common
Pb in the zircon uses the methods of Compston et al. (1984). The
calculation of 2°°Pb/?**U ages is based upon the assumption that
the bias of the measured 2°°Pb™* /238U ™ ratio relative to the true
ratio can be described by the same power law relationship (Claoue-
Long et al. 1995) between 2°°Pb*/>**U™ and UO* /U™ for both
the CZ3 standard zircon (Pidgeon 1997) and the unknown zircon
analysis. The uncertainty of the 2°°Pb/?’®U age of the unknown
zircon includes the uncertainty of the 2°°Pb™ /238U ™ ratio of the
standard. For this reason, approximately twice the number of
‘standard’ analyses are interspersed between ‘unknowns’ analyses
in any analytical session. Reproducibility for the ‘standard’ Pb/U
ratio ranged between +1.05 and +£2.22% for the five SHRIMP
sessions required to analyze the samples. The concentrations of U,
Th and Pb are calculated using a similar approach to that used for
the calculation of U/Pb ratios, with the unknown referenced to the
standard with known U, Th and Pb abundances (Compston et al.
1984; Claoue-Long et al. 1995; Williams et al. 1996).

The zircons were examined with a Zeiss DSM 960A scanning
electron microscope (SEM) at the Institut fiir Allgemeine und
Angewandte Geologie, University of Munich, and with a JEOL
6400 at the Electron Microscopy Centre, University of Western
Australia, Perth, in cathodoluminescence (CL) mode on polished
and gold- or carbon-coated grain mounts for internal structures.
The CL information was obtained prior to the SHRIMP analyses,
in order to select appropriate zircons for analysis, to place the ion
beam without straddling different zones within the same grain, and



to avoid ‘bleached’ zones of enhanced CL emission which are
typical for areas with a disturbed U-Pb system (Pb loss).

Errors cited for individual analyses include errors from count-
ing statistics, common 208phy or 2%4Pb correction, and U-Pb cali-
bration error based on reproducibility of U-Pb measurements of
the standard. They are at the 1S level. Mean concordia ages given
on grouped analyses and concordia-intercept ages are at the 95%
confidence level. Intercept ages have been calculated with Isoplot/
Ex Version 2.2 (Ludwig 2000). If not otherwise indicated, indi-
vidual ages are always quoted as 2°°Pb/>**U ages, bearing in mind
that the 2°°Pb/>**U error is generally the smallest error, because
206pp 2381 dates for SHRIMP analyses of Proterozoic to Paleozoic
zircons are more precise than 2°’Pb/?*U and 2°’Pb/**°Pb dates, due
to the lower abundance of 2°’Pb as compared with 2°°Pb in such
zircons. Decay constants used are those recommended by IUGS
(Steiger and Jiger 1977). The terminology of periods and epochs
quoted herein follows the chronostratigraphic time scale of Grad-
stein and Ogg (1996).

Results

The zircon population of the hornblende-plagioclase
gneiss (SG-1) displays CL structures which are charac-
teristic for post-crystallization disturbance: the subhe-
dral zircons in Fig. 3a reveal a dark, rounded internal
domain with oscillatory to parallel zoning, rimmed by a
broadly zoned domain. These broad zones show en-
hanced CL intensity (‘bleaching’) gradually fading out
the primary structure. Progressive fading of zones cor-
relates with reduction in Th and U and lowering of the
Th/U ratio, which requires a lattice reorganization
process enabling trace-element mobility. Many of the
zone boundaries are nonplanar and convex, suggesting
the migration of a replacement front from the margin
towards the center of the grain. The SHRIMP data
points of the primary and bleached growth zones yielded
a single group with a concordant mean **°Pb/**U age of
551+£9 Ma. This mean age, interpreted to represent
primary magmatic growth, might still be slightly biased
by lead loss. Two spot analyses (1.2, 5.1) with lower ages
were discarded from mean age calculation, because the
CL investigation indicated enhancement of CL emission
and recrystallization. The sector-zoned spot 5.1 has the
lowest U and Th values and Th/U ratio (i.e., a ‘meta-
morphic’ ratio <0.1 according to Heaman et al. 1990;
Schaltegger et al. 1999).

Generally, the muscovite gneiss (SG-5) yields small
zircons (80—120 um) which are colorless, euhedral and
often broken. Profound recrystallization (‘cauliflower
structures’) of originally oscillatory zones is prominent
under CL (Fig. 3b). In fact, it was almost impossible to
place the SHRIMP beam on undisturbed growth zones.
However, bleached and curved growth zones, which
have been considered typical for the hornblende-pla-
gioclase gneiss, are missing. Completely recrystallized
grains (1 to 4) yield low Th and U values, with 21—
146 ppm Th and 659-1,568 ppm U relative to analyses 5
to 11, and lower Th/U ratios of 0.22-0.01. Uranium and
thorium contents of the analyzed non-recrystallized
zircons are very high, varying in the range 460-
1,327 ppm Th and 1,580-3,127 ppm U. As commonly

151

observed in strictly magmatic zircons, grains with the
lowest U content display the oldest ages due to smaller
degrees of Pb loss in less metamict grains (radiation
damage). Obviously, the recrystallization phenomena
induced severe lattice destruction and enhanced leaching
processes, thus triggering Th and U depletion. After
rejection of these spots, a reference line passing through
8-10-5-6-11 gives an upper intercept age of 507 +39 Ma
(Fig. 4b). Some of the recrystallized grains align on the
reference line, others are concordant at 378 Ma (spot 2)
and 359 Ma (spot 4) or reverse-discordant (spot 1.1).

Zircons from the porphyroid gneiss (SG-8) are very
variable, from short to long prismatic, subhedral and
clear. Strong oscillatory zoning, often around an inher-
ited core, is the prominent growth type and probably
represents growth in a melt phase (Fig. 3c). All analyses
from strongly zoned areas plot analytically concordant
with 279+4 Ma. The inherited cores mainly reflect
Proterozoic to Archean inheritance with 2°’Pb/?°°Pb
ages of 0.5-0.6, 0.8, 1.6-1.7 and 2.4-2.5 Ga, whereas
xenocrysts plot analytically concordant at ca. 330, 410
and 470 Ma.

The zircons from the gneiss clast (SG-4) are subhe-
dral and 60-210 um long. Surface corrosion interpreted
as metamorphic dissolution phenomena is frequent.
Enhancement of CL emission (‘bleaching’) and concur-
rent fading of pre-existing structures in some zircons
clearly indicate a disturbance of the U-Pb system
(Fig. 3d), although Th/U ratios well above 0.4 indicate
magmatic values. Twelve analyses plot analytically
concordant in a single group, displaying a mean
206pp 238U age of 500+ 6 Ma (Fig. 4c). The date may be
slightly rejuvenated due to some spot positions in
‘bleached’ or faded growth zones, which is characteristic
for loss of U, commonly coupled with a partial resetting
of the U-Pb system (Vavra et al. 1996; Schaltegger et al.
1999). Two spot analyses (9.2, 5.2), derived from an
unmixed zone quenching the CL emission (2,474 ppm U)
and a completely recrystallized sector zone, respectively,
result in 296Pb/238U ages as young as 456+6 Ma. In
Fig. 3d, even some of the magmatic inherited cores (3.1,
5.1) are almost completely reset, although the magmatic
Th/U ratio was (partially?) preserved in grain 5. The
other inherited cores yield Proterozoic to Archean
207pb/2%°Pb ages of 0.6-0.7 and 1.8-2.1 Ga.

The migmatitic leucosome (SG-3) data display a large
spread of points (Fig. 4d). The zircon population con-
tains mostly subhedral equant grains, but perfectly
euhedral grains of bipyramidal and prismatic shape can
be found, too. CL images reveal oscillatory zoning
and prominent relic cores (Fig. 3e). The uranium
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Fig. 3a—f Cathodoluminescence images of zircons analyzed by ion
microprobe (spot locations and numbering as well as SHRIMP
ages are indicated). a Hornblende-plagioclase gneiss (SG-1). b
Muscovite gneiss (SG-5). ¢ Porphyroid gneiss (SG-8). d Gneiss clast
of meta-breccia (SG-4). e Migmatitic leucosome (SG-3). f Coarse-
grained amphibolite (HG-6). The ion-microprobe data are given in
Table 1. Length bar =150 pm



concentrations for the oscillatory zones scatter between grown in the anatectic liquid. Grouping the five lowest
329 and 1,461 ppm, and Th/U ratios are mostly below SHRIMP data points (4.2, 6.2, 8.2, 1, 9.2) placed in

0.1, typical for metamorphic zircons (Schaltegger et al. oscillatory zones would result in a slightly discordant
1999). They are thought to have crystallized or over- mean age of 449+7 Ma (94% concordance). Four fur-
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Fig. 4a—f Concordia diagrams displaying ion-microprobe data reflect Proterozoic to Archean inheritance with

corrected for common Pb contribution. Closed areas Analyses of
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discarded from the calculation on the basis of CL structures or — if
bracketed — which produce lead-loss biased, slightly discordant data
cluster. Error polygons are at the 1S level; all mean ages are at the
95% confidence level. Dashed line with arrow Hypothetical Pb-loss
line towards thermal event

ther analyses (2, 3.2, 3.3 and 7.2) from oscillatory zones
are analytically concordant to slightly (inverse-) discor-
dant, but would also fit on a hypothetical lead-loss line.
The inherited cores are of magmatic origin and mainly

207pp2%Pb ages of 0.6-0.7, 2.0-2.1 and 2.5-2.6 Ga.

Zircons of the coarse-grained amphibolite (HG-6)

reveal reddish oxidation overgrowths, although the in-
ternal color is whitish-clear. They are euhedral and long
prismatic. CL structures are comparable to the ones of

the

hornblende-plagioclase gneiss (sample SG-1): A

(partly) rounded, dark internal domain with oscillatory
zones is overgrown by a thin rim with planar (oscilla-

tor

y) growth zoning (Fig. 3f). These planar zones show

enhanced CL intensity (‘bleaching’) combined with re-
duced Th and U contents and lowered Th/U ratios (cf.
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grain 2). Nine pooled analyses from oscillatory zones
give a slightly discordant mean age of 482 +5 Ma. Two
further discordant spot analyses with ages as young as
446 +5 Ma may fit on a hypothetical lead-loss line
(Fig. 4e).

Discussion
Silurian metamorphism

CL images of zircons of the hornblende-plagioclase
gneiss (SG-1), the gneiss clast of the meta-breccia (SG-
4), the migmatitic leucosome (SG-3) and the coarse-
grained amphibolite (HG-6) reveal plenty of evidence
for intense recrystallization (e.g., ‘bleached’ areas,
curved growth zones, sector zoning, resorption fronts,
‘black” zones quenching CL emissions). This suggests
that such zircons were partially or completely reset by an
important thermal event which occurred after their pri-
mary magmatic crystallization. Although many of these
obviously rejuvenated zircons plot analytically concor-
dant, they would also fit on a discordia line due to the
flat curvature of the concordia which connects magmatic
age and secondary thermal event (hypothetical lead-loss
lines in Fig. 4a, c, d, e). Such a thermal event postdates
the slightly discordant mean age of 449 +7 Ma from the
migmatitic leucosome and might have taken place be-
tween 422 and 414 Ma according to recent works of
Quadt et al. (1997; Sm-Nd garnet-whole rock: 422 +
16 Ma; U-Pb zircon: 418 =18, 415+ 18 Ma) and Raith
et al. (2001; Re-Os molybdenite: 414.3+1.6, 418.4+
1.6 Ma). Their samples as well as our aforementioned
samples stem from an area which underwent the highest
thermal overprint during the Alpine and Variscan
metamorphisms, with temperatures reaching 590-600 °C
(Hoernes and Friedrichsen 1974) and pressures of 10—
12 kbar (Kupferschmied 1994). Yet, these amphibolite-
facies p-T conditions could obviously not disturb the U-
Pb systems of these zircons. This might be explained by
the fact that these zircons had already recrystallized
during an approx. 420-Ma-old ‘Caledonian’ thermal
event, rendering them less sensitive to subsequent Pb
losses in Variscan and Alpine times. This resistance was
possibly supported by much lower U contents of sam-
ples SG-1, SG-4, SG-3 and HG-6 compared to the
muscovite gneiss sample SG-5 (Table 1). A Caledonian
metamorphism left a pervasive structural imprint in
amphibolite facies on the rocks of the Aar massif west of
the Tauern Window as well. It is dated at 456 £2 and ca.
445 Ma by zircons of a layered migmatitic gneiss and a
migmatitic leucosome, respectively (Schaltegger 1993).
Further high-pressure events are reported from eclogites
of the Argentera and Belledonne massifs at 424 £4 and
395+ 2 Ma, respectively (Paquette et al. 1989).

Sample SG-5 stems from the northern margin of the
Tauern Window (klippe of Sturmmannseck) with lower
Alpine temperatures not exceeding 500 °C (Hoernes and
Friedrichsen 1974) and, thus, preserving Variscan am-

phibolite-facies mineral relics (Loth and Ho6Il 1994).
High degrees of discordancy in some grains (analyses 10
and 8 in Table 1) are due to exceptionally high U con-
tents (2,969-3,127 ppm) which caused radiation damage.
The good fit of the zircon analyses on a straight line
towards a Variscan/Alpine thermal overprint does not
necessarily indicate that the U-Pb system in these zircons
was not disturbed during Caledonian metamorphism as
well. The zircons have rather been more susceptible to
the subsequent Variscan and Alpine recrystallization
processes than all the other investigated samples due to
their high U contents together with their position near
the nappe sole thrust of the Sturmmannseck klippe,
where extensive fluid flow and brittle deformation
enhanced a complete resetting of their U-Pb isotopic
systems.

Late-Precambrian to Cambrian magmatism

A major question for the interpretation of the U/Pb age
results of the hornblende-plagioclase gneiss (SG-1), the
gneiss clast of the meta-breccia (SG-4) and the coarse-
grained amphibolite (HG-6) is whether the Caledonian
thermal overprint rejuvenated not only the apparently
recrystallized grains but also the population as a whole.
Progressive recrystallization of oscillatory zoned zircons
is accompanied by loss of U, Th and Pb and the removal
of the oscillatory zones. Such recrystallized zircons are
extremely stable with respect to later Pb loss and tend to
retain concordant or slightly discordant U-Pb ages. The
U-Pb age then dates the recrystallization event, which
may be close to the age of primary crystallization or
reflect a later metamorphism (Pidgeon 1992).

The hornblende-plagioclase gneiss (SG-1) yields a
concordant mean age of 551 +9 Ma. On the one hand,
this age can be regarded as minimum magmatic crys-
tallization age of the dioritic precursor. Prominent re-
crystallization processes (‘bleached zones’) might have
biased the analyses towards somewhat lower values,
rendering the true magmatic age at approx. 580 Ma
(spots 6.1 and 6.2). On the other hand, the grouped
analyses without excess scatter and the identical spot
ages within error limits between bright CL rims and dark
oscillatory zoned centers favor an interpretation of the
mean age as geological significant. Moreover, the age is
coeval to the earliest basaltic volcanism reported from
the main volcanic arc with 547+27 Ma, rendering the
subduction-induced arc and back-arc activities coeval.
We tend to accept the latter interpretation, because arc
and back-arc usually coexist in space and do not follow
each other in time.

The gneiss clast of the meta-breccia (SG-4) defines a
single zircon population without excess scatter, yielding
a concordant mean age of 500+6 Ma. The date is
supposed to be rejuvenated due to some spot positions in
‘bleached’ or faded growth zones. However, the rejuve-
nation is presumably not very significant, because
slightly discordant Cambrian zircon cores, which align



on two reference lines with lower intercepts at 530 and
507 Ma, give an upper estimate for their incorporation
into the magma from which the gneiss clast derived. In
addition, its volcanic-arc signature renders the source
rock an integral constituent of the subduction-related
rock suite. Granitoid source rocks intruded the meta-
morphic basement of the western Penninic domain as
well, at 507+9 Ma (granophyres) and at 500+4 Ma
(alkaline granites; Raumer 1998).

The mean age of the coarse-grained amphibolite
(HG-6) is slightly discordant at 482 +5 Ma, but it nev-
ertheless indicates an age range similar to magmatic ages
reported from eclogitic and garnet amphibolites
(488+12 and 486+5 Ma, respectively; Table 2). An
interpretation problem arises from the concordant
‘spot 5” age of 548+ 6 Ma. Spot 5 derives from the re-
crystallized, dark and slightly rounded center area of a
grain which is not interpreted as a xenocryst. Although
the existence of inherited cores in gabbros and/or ul-
tramafics is, to our knowledge, not reported so far, we
tentatively interpret this feature as an inherited zircon
core. This assumption is corroborated by field geological
and radiometric evidence, because the precursors of the
coarse-grained amphibolites intruded into a rock pile
where approx. 540-550 Ma old zircons were common
and could have been assimilated into the gabbroic melt
(Table 2).

The nature of the Late-Archean and Cambrian detrital
zircons

Most of the investigated, optically visible zircon cores
from SG-3, SG-4 and SG-8 are mechanically rounded
and/or chemically resorbed (Fig. 3c, d, e). They consist
of discordant, originally Archean zircons (group I), and
slightly discordant zircons around 530 Ma (group II;
Fig. 4f). Two reference lines were calculated for the
group-I zircons. The two lines bracket a provenance age
of 2.06-2.64 Ga and an age of 507 to 530 Ma for a later
disturbance of the U-Pb system of the zircons. Only one
inherited core (8-16) with a concordant age of
830+ 17 Ma shows an inheritance which is intermediate
between 2.06 and 0.5 Ga. The scattering of the data
points in Fig. 4f is presumably caused by lead loss
during the subsequent multiple metamorphic overprints.
Six group-II zircons have U-Pb ages ranging from ca.
540 to 520 Ma. Regressed together with the Archean
group-1 zircons, the six analyses are bracketed within
error limits by the two reference lines with lower inter-
cepts at 530 and 507 Ma. It is therefore assumed that the
530-Ma-old group-II zircons were originally also of
Archean origin and suffered later severe lead loss whilst
being incorporated into Early-Cambrian volcanic arc
magmas.

Possible source rocks for these inherited Archean
(and Meso-Proterozoic) zircons are located at the
northern Gondwana margin. Igneous rocks which
could have yielded 2.64, 2.06 and 0.8-Ga-old zircons
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are well documented in the Trans-Saharan mobile belt
of the Hoggar Shield (Algeria) and in the Reguibat
Shield (Morocco). The existing data suggest that 2.34
to 2.84-Ga metamorphosed rocks of the Reguibat
Shield are intruded by 2.10-1.85 Ga old granites
whereas the Hoggar Shield exposes 2.10-1.96 Ga and
870-840 Ma old granitoids (data compilation in Sollner
et al. 1997).

The Habach terrane — from back-arc extension
to arc-continent collision

The earliest ascertained magmatic activity in the Habach
terrane started at about 550 Ma with the intrusion of
diorites in the back-arc and the extrusion of basalts in
the arc environment. These rocks were later intruded by
gabbros and by more or less altered small patches of
granitic magmas until approx. 530 to 507 Ma (Table 2).
Sediments in the back-arc are mainly paragneisses and
micaschists (greywackes) together with some quartzites
and breccias (i.e., chert facies; Gilg et al. 1989), whereas
dark phyllites and minor amounts of micaschists,
quartzites and serpentinites prevail in the fore-arc envi-
ronment (i.e., shale facies; Gilg et al. 1989).

The basalts can be classified geochemically as vol-
canic arc basalts due to their trace-element patterns
and may be further characterized as active continental
margin basalts on the basis of Zr/Y >3 (Ho6ll and
Eichhorn 2000). Their geochemical classification is
further supported by radiogenic isotope data. Nd and
Pb ratios (e'cyur=1.3-9.8; Eichhorn 1995; Eichhorn
et al. 1997; 206Pb/204Pb=18.32-18.35; 207Pb/204Pb=
15.58; 2%Pb/***Pb=38.07-38.12; Quadt 1985, quoted
in Eichhorn et al. 1997) yield values indicative of a
volcanic arc geotectonic setting (i.e., values intermedi-
ate between mantle- and crustal-dominated ratios). The
corresponding Sr ratios reveal a similar signature
(87Sr/86Sr' = 0.704; Eichhorn 1995), if not sampled in
the vicinity of the Felbertal tungsten deposit where
atypically elevated values prevail (due to Sr alteration
processes accompanying its formation; Eichhorn et al.
1997). The same pattern is observed in the isotopic
ratios of the pyroxenites (Sr-unaltered value:
878r/%Sr'=0.705; Eichhorn 1995; €'cpyur=-3.3-9.0;
Eichhorn 1995; Eichhorn et al. 1997; 206Pb/204pp=
18.39-18.58; 207Pb/204Pb=15.59-15.61; 2°°Pb/***Pb=
38.13-38.25; Quadt 1985, compiled in Eichhorn et al.
1997) and granites (e'cyur=2.4-6.7; Eichhorn et al.
1997, 206pp/204Pb=18.18-18.31; 207Pb/204Pb=15.59—
15.60; 2°*Pb/***Pb=38.14-38.15; Quadt 1985). Unal-
tered isotopic ratios, REE patterns and calc-alkaline
differentiation trends of the gabbros, basalts and
granites may be explained by fractional crystallization
of a single primary magma of basaltic composition.
The formation of a gabbroic to pyroxenitic cumulate
on the bottom of a magma chamber would preferen-
tially incorporate Sc and Cr in crystallizing cpx (+Ni
in olivine), which is expressed in markedly elevated
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Table 2 Compilation of U-Pb zircon data from various units of the Habach terrane

No. Name, unit Geochemistry

Recent geochemical

Provenance Formation U/Pb reference

references age age with method
(Ga) (Ma) applied
Stubach Group (ensialic back-arc basin)
SG-1 Hornblende-plagioclase gneiss, VAG diorite Loth and Holl (1994); 551+9 This work,
Basisamphibolit Loth et al. (1997) SHRIMP
SG-2 Coarse-grained amphibolite, VAB gabbro Quadt (1985, 1992) 539+10 Quadt (1992),
Basisamphibolit conventional
dilution
SG-3 Migmatitic leucosome, VAG Schermaier (1991) 2.64-2.06 530-507 This work,
Serie der Alten Gneise trondhjemite SHRIMP
SG-4 Gneiss clast of meta-breccia, VAG Gilg et al. (1989) 2.64-2.06 530-507 This work,
Basisschieferfolge trondhjemite SHRIMP
SG-5 Muscovite gneiss, Sturmmannseck ~ Mantle-diff. Loth and Holl (1994) 530-507 This work,
granite SHRIMP
SG-6 Eclogitic amphibolite, OIB gabbro Quadt et al. (1997) 488+12 Quadt et al. (1997),
Serie der Alten Gneise convent. and
ICP-MS
SG-7 Garnet amphibolite, Zwolferzug N-MORB Quadt (1985) 486+5 Quadt (1985,
gabbro 1992),
conventional
dilution
SG-8 Porphyroid gneiss, Sturmmannseck Post-COL Loth and Holl (1994) 2.64-2.06 279+ 4), This work,
dacitic tuff Variscan! SHRIMP
Habach Group (main volcanic arc)
HG-1 Fine-grained amphibolite, VAB basalt Schenk and Holl 547427 Eichhorn et al.
Eruptivgesteinsfolge (1989); Thalhammer (1999), SHRIMP
et al. (1989)
HG-2 Older K2 gneiss, Eruptivgesteinsfolge VAG granite Schenk and Holl 547-529 Eichhorn et al.
(1989); Schenk (1990) (1999), SHRIMP
HG-3 EOZ gneiss, Eruptivgesteinsfolge Altered VAG Holl and Eichhorn 529+17 Eichhorn et al.
granite (2000) (1999), SHRIMP
HG-4 Younger K2 gneiss, Altered VAG Holl and Eichhorn 519+ 14 Eichhorn et al.
Eruptivgesteinsfolge granite (2000) (1999), SHRIMP
HG-5 Hornblendite, Eruptivgesteinsfolge  Layered Eichhorn (1995) 496+2 Quadt (1985,
high-Mg sill 1992),
conventional
dilution
HG-6 Coarse-grained amphibolite, Gabbroic Hock et al. (1993) 482+5 This work,
Eruptivgesteinsfolge cumulate SHRIMP

values of these elements in the trace-element patterns.
Continued crystallization of pyroxene would finally
lead to an enrichment of the LREE in the differenti-
ated, pyroxene-free melts on top of the magma cham-
ber. Thus, the small patches of granites have to be
interpreted as mantle-dominated integral constituents
of the rock suite, representing felsic magmatic rocks
differentiated from a primary basaltic magma (Thal-
hammer et al. 1989; Eichhorn et al. 1999; Ho6ll and
Eichhorn 2000).

The crystallization age of the gneiss clast of the
meta-breccia between 530 and 507 Ma implies a
younger sedimentation time, because the trondhjemitic
intrusion from which the gneiss clast derived has to be
uplifted and eroded. This might be taken as an indi-
cation that the prevailing extensional tectonic regime
has been reverted into a compressional regime. The
sedimentation scenario is probably best described by a
successor basin, a deeply subsiding trough filled with
predominantly clastic greywacke-arkosic sediments
developed after an arc-continent collision and initiated

by the uplift of a mountain belt. That successor basin
then overlayed the partly eroded, deformed and in-
truded crystalline complex of the back-arc area (Fig. 5).
The mechanism of deposition of the breccias and
conglomerates is still a matter of debate. Gilg et al.
(1989) considered a deposition by debris and mud flows
triggered by local submarine earthquakes and/or a de-
position by drifting icebergs. The former interpretation
is corroborated by the broad variety of clasts (elon-
gated amphibolites, angular gneisses, calcitic marbles,
quartzites, micaschists, hornblende gneisses), the latter
by the finds of some exotic, large single clasts which
were interpreted as dropstones from melting icebergs,
embedded in fine-grained laminated sediments. Such
dropstones may be attributed to the prevailing Ord-
ovician Ice Age. The presence of a large ice sheet
centered over North Africa (the Ordovician south pole)
suggests that the northern margin of Gondwana (in-
cluding Armorican and Intra-Alpine terranes) remained
at high palaeo-latitudes throughout the Ordovician
(Tait et al. 1997). The change in deformational style
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Fig. Sa-b Schematic cross sections through the northern Gondw-
ana margin. a The Cambrian. The Habach terrane comprises the
various magmatic and sedimentary facies of an Andino-type active
margin with ensialic back-arc basin. b The Early Ordovician. The
extensional tectonic regime has been reverted into a compressional
regime, culminating in an arc-continent collision. That orogenic
event not only nappe-stacked back-arc, arc and fore-arc rocks
closing the narrow oceanic back-arc basin and squeezing ultramafic
melts as sills out of high-level magma chambers, but also induced
uplift and erosion of deeply rooted crystalline complexes

from extension to compression not only induced uplift
and erosion of deeply rooted crystalline complexes.
Eichhorn et al. (1999) speculated that mafic to ultra-
mafic cumulates squeezed out of high-level magma
chambers between 496 and 486 Ma (Table 2) and in-
truded as gabbroic to pyroxenitic sills into the arc and
back-arc magmatites, while the back-arc region closed
during arc-continent collision.

Summary and conclusions

The investigated zircons from the Habach terrane
(Central Alps, Austria) indicate a complex chronology
of pre-Devonian geological events at 2.64-2.06 Ga, and
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at ~830, 551-507, 496482 and 422-414 Ma: The
Archean to Late-Precambrian ages from inherited zircon
cores of a migmatitic leucosome, a meta-granitoid clast
and a porphyroid gneiss suggest an origin from
Gondwana. Rejuvenated magmatic zircons record
metamorphic events during Caledonian, Variscan and
Alpine orogeneses. The results suggest that the Caledo-
nian metamorphism left the dominant imprint on zir-
cons of the Habach terrane, because Alpine and
Variscan upper greenschist- to amphibolite-facies con-
ditions could not even affect the U-Pb isotopic systems
in U-rich, and thus highly metamict grains. The Vari-
scan and Alpine metamorphic conditions caused partial
lead loss only in zircons of a muscovite gneiss (‘white
schist’), where extensive fluid flow and brittle deforma-
tion enhanced the grains’ susceptibility to isotopic
disturbance.

From the data it can be concluded that the Habach
terrane is the ‘missing link” between basement areas of
the External domain to the west, and of the Austro-
alpine domain to the east. In the latter, equivalent
units of the Stubach and Habach groups termed
‘Speik’ and ‘Celtic’ terranes have been combined under
the term ‘Noric composite terrane’ (Frisch and Neu-



bauer 1989). The Speik terrane is made up of Late-
Precambrian to Cambrian magmatic rocks deposited
along an active continental margin or in an ensialic
island-arc setting. It underwent metamorphism to-
gether with the rocks of the Celtic terrane during an
Ordovician tectonothermal cycle, thus placing the
amalgamation of the Celtic and Speik terranes into
Ordovician times. Furthermore, Raumer (1998) already
observed remarkable lithostratigraphic parallels be-
tween the ‘Noric composite terrane’ and the northern
parts of the Armorican terrane, as both preserve relics
of a Cambrian to Ordovician arc/back-arc system.
Taking these features into account, it is tempting to
compare oceanic crustal relics in the Armorican ter-
rane with relics preserved in the Habach terrane. Relict
Amorican ‘Rheic’ ocean may be found in the Habach
sedimentary formation where slices of oceanic crust
were scraped off from the subducting oceanic plate to
form an accretionary wedge in front of the volcanic
arc, and relics of the ‘Saxothuringian’ ocean, which
occur nowadays within a separate sheet situated be-
tween the Saxothuringian passive margin sequences
and the Tepla-Barrandian zone, may have their
equivalents in the ensialic back-arc basin of the Stu-
bach magmatic formation (Fig. 5).

This study demonstrates that the careful selection
and handling of single zircon grains can achieve
geological meaningful and precise ages in polymeta-
morphic areas by the combination of careful cathodolu-
minescence imaging and spot U-Pb age determinations.
The Variscan magmatic evolution of the Tauern Win-
dow area is already postulated to be similar to the
evolution reported from the more westerly Aar, Ai-
guilles Rouges and Mont Blanc massifs of the External
domain (Eichhorn et al. 2000). The present data suggest
that this interpretation may be extrapolated to pre-
Variscan times and that the list of known terranes with
Gondwana affinity can be supplemented by the Habach
terrane.
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