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Abstract The timing and dynamics of fluid-induced

melting in the typical Barrovian sequence of the Central

Alps has been investigated using zircon chronology and

trace element composition. Multiple zircon domains in

leucosomes and country rocks yield U–Pb ages spanning

from *32 to 22 Ma. The zircon formed during Alpine

melting can be distinguished from the inherited and detrital

cores on the basis of their age, Th/U (\0.1) and trace

element composition. Ti-in-zircon thermometry indicates

crystallization temperatures around 620–700�C. Their

composition allows discriminating between (1) zircon

formation in the presence of early garnet, (2) zircon in

equilibrium with abundant L-MREE-rich accessory phases

(allanite, titanite and apatite) typical of metatonalites, and

(3) zircon formed during melting of metasediments in

feldspar-dominated assemblages. The distribution of zircon

overgrowths and ages indicate that repeated melting events

occurred within a single Barrovian metamorphic cycle at

roughly constant temperature; that in the country rocks

zircon formation was limited to the initial stages of melt-

ing, whereas further melting concentrated in the segregated

leucosomes; that melting occurred at different times in

samples a few meters apart because of the local rock

composition and localized influx of the fluids; and that

leucosomes were repeatedly melted when fluids became

available. The geochronological data force a revision of the

temperature–time path of the migmatite belt in the Central

Alps. Protracted melting over 10 My followed the fast

exhumation of Alpine eclogites contained within the same

region and preceded fast cooling in the order of 100�C/Ma

to upper crustal levels.

Introduction

Partial melting is the principal geological process for the

formation and fractionation of the continental crust. It is

also relevant for the rheological behaviour of the crust,

particularly during collisional orogenies (e.g. Faccenda

et al. 2008). Within the crust, melting may be triggered

by an externally derived fluid (mainly H2O-rich) via fluid-

induced melting (e.g. Prince et al. 2001), or during dehy-

dration reactions involving a hydrous phase (hydrate-

breakdown melting) such as muscovite, biotite or amphibole

(Le Breton and Thompson 1988). The latter process is by

far the best documented in anatectic terranes, and can

produce large melt fractions and ultimately granitic bodies

(Clemens and Vielzeuf 1987). Fluid-induced melting gen-

erally occurs at lower temperatures, during the prograde

path and requires an external fluid source. Melt production

during hydrate-breakdown melting is controlled by tem-

perature (T), pressure (P) and the amount of hydrous

phases and can thus be modelled (White et al. 2007). On
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the other hand, water assisted melting is controlled by the

external fluid source (Berger et al. 2008) and thus it is

difficult to predict, quantify and model.

Crustal melting is best constrained in time using U–Pb

dating of zircon and monazite, which readily crystallize in

a melt when saturation of Zr and LREE is reached. Models

predict that, during hydrate-breakdown melting, accessory

zircon and monazite will mainly form at the metamorphic

peak and/or during decompression (Kelsey et al. 2008).

Geochronological investigations of migmatites in granu-

lite-facies terranes that underwent prevalently hydrate-

breakdown melting indicate that zircon and monazite (re-)

crystallization in the presence of melt can extend over

several million years up to 20–30 My (e.g. Williams et al.

1996; Kalt et al. 2000; Jung and Mezger 2001; Rubatto

et al. 2001; Hermann and Rubatto 2003; Montero et al.

2004). In these regional metamorphic settings, rocks of

different compositions can melt at different times during

the P–T path and, if the temperature remains high, melting

can be protracted over a long period.

During fluid-induced melting, melt will form and readily

crystallize at any time when the H2O-rich fluid is con-

sumed, partly independently of how the rock evolves in

P–T. In principle, introduction of fluids will produce a

short-lived melting event, which can potentially repeat

each time fluids enter the system. There is however little

geochronological information on the duration and episodic

or continuous nature of such melting, largely because few

terranes have been studied, in which fluid-induced melting

is dominant. One main reason for this is that in many

terranes initial fluid-induced melting is generally over-

printed by higher grade hydrate-breakdown melting, mak-

ing it difficult to exactly time the duration of fluid-induced

melting.

The migmatites of the Central Alps have been docu-

mented as a major terrane dominated by fluid-induced

melting, which was not obliterated by later hydrate-

breakdown melting (Burri et al. 2005; Berger et al. 2008).

The migmatites comprise a variety of protoliths (granitoids

and sediments), which contain multiple generations of

variably deformed leucosomes. The distribution of leuco-

some is heterogeneous and spatially variable at the outcrop

scale, even when hosted in a homogeneous protolith (Burri

et al. 2005; Berger et al. 2008). The extensive and variably

distributed melting makes the migmatites of the Central

Alps an ideal terrane where the temporal duration of

melting can be investigated. Moreover, the relatively

young age of the Alpine migmatites permits resolution of

relatively short-lived melting events.

The Central Alps are also one of the classical localities

for Barrovian-type metamorphism and arguably the most

intensively studied from a geochronological point of view.

Here the pioneers of the Rb–Sr and K–Ar system first

applied these techniques to regional cooling after

amphibolite-facies metamorphism (Steiger 1964; Hunziker

1969; Jäger 1973; Hurford 1986) and defined a monotonic

cooling from Rb–Sr mica closure temperature (*500�C) to

zircon fission tracks (*240�C) between 25 and 19 Ma (see

a review in Hunziker et al. 1992). However, there is sur-

prisingly little data on the age of peak metamorphism, and

nothing about its duration. Fluid-assisted melting occurs at

temperatures above the closure temperature for Rb–Sr and

K–Ar, and thus requires more robust chronometers such as

U–Pb. It has long been accepted that peak metamorphism

and anatexis in the southernmost parts of the Central Alps

occurred at around 30 Ma (±2 Ma) on the basis of few

U–Pb and Sm–Nd ages (Köppel and Grünenfelder 1975;

Vance and O’Nions 1992; Gebauer 1996; Romer et al.

1996; Schärer et al. 1996).

We present a systematic investigation of the timing of

melting in the migmatites of the Central Alps using zircon

U–Pb geochronology that challenges these current ideas on

time and duration of Alpine anatexis. The new age data

permit to constrain when and for how long fluid-induced

melting occured. We also aim to resolve if melting was

episodic or continuous and if different rock types recorded

distinct portions of the metamorphic evolution. The chal-

lenging task of linking ages of U–Pb accessory minerals to

metamorphic conditions is accomplished through petrology

and zircon internal structure, thermometry and trace ele-

ment composition.

Geological background

The Central Alps are a section of the Alpine chain in the

southern part of Switzerland and in northern Italy that

underwent Barrovian-type metamorphism during the

Cenozoic following collision of Africa with Europe. In the

area, metamorphism increases towards the south and is

truncated by the Insubric line (Fig. 1), a major tectonic line

that separates the Central Alps from the Southern Alps,

where only weak Cenozoic metamorphism is recorded. This

geometry derives from the subduction of the European plate

in the north under the Apulian plate in the south, and the

subsequent uplift of the lithosphere during continental col-

lision (e.g. Steck and Hunziker 1994). Collision and exhu-

mation are reflected by a sequence of deformation events

(e.g. Schmid et al. 1996; Maxelon and Mancktelow 2005).

Just north of the Insubric line is the intensely deformed

region of the Southern Steep Belt (SSB), where peak

metamorphism and extensive melting in amphibolite facies

conditions are recorded (migmatite belt, see a summary of

P–T conditions in Engi et al. 1995; Burri et al. 2005). The

area consists of a tectonic mélange unit (Engi et al. 2001)

containing basement fragments, which underwent Variscan
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(*300 Ma) high-grade metamorphism, as well as late

Variscan granitoids (280–300 Ma), in addition to a variety

of metasediments, mafic and ultramafic rocks, most of them

polymetamorphic, but all finally affected by Alpine meta-

morphism. In the field, metamorphic conditions are thus

complicated by intense deformation and mixing at the out-

crop scale of Alpine and pre-Alpine high-grade rocks. This

complexity created problems for geochronology, such as age

inheritance in accessory minerals and difficulty in isolating

Alpine ages (Romer et al. 1996). The migmatite zone con-

tains variably deformed pegmatite and aplitic dikes, small

granitic bodies (metre to decametre in size) as well as in situ

migmatites (e.g. Burri et al. 2005).

The migmatite area and the amphibolite-facies rocks in

the northern part of the Southern Steep Belt also contain

abundant high-pressure relicts that testify for Alpine high

pressure metamorphism as late as *35 Ma (Gebauer 1996;

Brouwer et al. 2005), before the onset of Barrovian

metamorphism. Rapid exhumation of such eclogites to

amphibolite facies conditions from *35 to 33 Ma has been

documented in a number of localities (Gebauer 1996;

Hermann et al. 2006). Migmatisation of the eclogite

country rocks has been dated at *32 Ma (Gebauer 1996),

preceding the 32–28 Ma crystallization of the largest

pluton in the Southern Steep Belt, the Bergell pluton (von

Blanckenburg 1992; Oberli et al. 2004).

Methods

Zircons were prepared as mineral separates mounted in

epoxy and polished down to expose the grain centres.

Cathodoluminescence (CL) imaging was carried out at the

Electron Microscope Unit, Australian National University

with a HITACHI S2250-N scanning electron microscope

working at 15 kV, *60 lA and *20 mm working

distance.

U–Pb analyses were performed using a sensitive, high-

resolution ion microprobe (SHRIMP II) at the Research

School of Earth Sciences. Instrumental conditions and data

acquisition were generally as described by Williams

(1998). The data were collected in sets of six scans

throughout the masses. The measured 206Pb/238U ratio was

corrected using reference zircon (Temora, 417 Ma, Black

et al. 2003). Data were corrected for common Pb on the

basis of the measured 207Pb/206Pb ratios and assuming

concordance, as described in Williams (1998). Age calcu-

lation was done using the software Isoplot/Ex (Ludwig

2003) and assuming the common Pb composition predicted

by Stacey and Kramers (1975). U–Pb data were collected

over a number of analytical sessions using the same ion

microprobe and standard, with different analytical sessions

having calibration errors between 1.0 and 2.8% (2 sigma).

Average ages are quoted at 95% confidence level (c.l.).

Trace element analyses of zircon were performed on the

grain mount with a Laser Ablation–ICP-MS at the

Research School of Earth Sciences, Canberra, using a

pulsed 193 nm ArF Excimer laser with 100 mJ energy at a

repetition rate of 5 Hz (Eggins et al. 1998) coupled to an

Agilent 7500 quadrupole ICP-MS. A spot size of 24, 32 or

40 lm was used according to the dimension of the growth

zone of interest. External calibration was performed rela-

tive to NIST 612 glass and internal standardisation was

based on stoichiometry silica. Accuracy of the analyses

was evaluated with a BCR-2G secondary glass standard

and is always better than 15%. During the time-resolved
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Fig. 1 Schematic geological

map of the Southern Steep Belt

with the two sample locations.
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analysis of minerals, contamination resulting from inclu-

sions, fractures and zones of different composition was

monitored by several elements and only the relevant part of

the signal was integrated.

Sample description

A series of leucosome (suffix ‘‘L’’) and associated country

rock (suffix ‘‘M’’ for mesosome) pairs were sampled in two

well studied key localities within the migmatite zone of the

Southern Steep Belt (Burri et al. 2005; Berger et al. 2008).

Country rocks are derived from either a tonalitic or sedi-

mentary protolith and thus are distinguished as metatona-

lites and metasediments.

Val Arbedo (VA) is a steep valley 5 km N–NE of the

city of Bellinzona. Samples were collected along a road cut

that intersects the sequence across strike. Field relations are

represented in Fig. 2. The three leucosome–country rock

pairs investigated for geochronology (VAL1–VAM1,

VAL2–VAM2 and VAL4–VAM4) are similar in mineral

assemblage, with variable proportions of plagioclase,

quartz, amphibole and biotite (Table 1), whereas K-feld-

spar is absent or very minor. A significant difference is the

presence of relic garnet in metasediment VAM4, with

traces of corroded garnet in leucosome VAL4.

VAM1 (Fig. 2a) is a weakly foliated, biotite-bearing

amphibolite (green amphibole) deriving from a tonalite. It

is rich in titanite, allanite and apatite as accessory phases.

The portion of sample VAM1 used for zircon separation

does not contain any cross cutting leucosome, but only thin

layer-parallel leucosomes. The foliation in VAM1 is cut at

low angle by leucosome VAL1 (Fig. 2a, b), which is

openly folded and shows a weak foliation. It contains large

green amphibole and scarce biotite.

VAM2 is a foliated metatonalite rich in biotite, which is

crosscut by a coarse grained leucosome (VAL2) with large

amphiboles and poor in accessory titanite and allanite, but

containing abundant zircon. VAL1 and VAL2 are struc-

turally young leucosomes that are discordant to the main

foliation. In the same area deformed leucosomes also

occur, which are either boudinaged or tightly folded.

Metasediment VAM4 has a significantly different

composition with green-brown amphibole, biotite and

scarce garnet. Garnet grains appear resorbed (rounded

shape) and are intimately associated with biotite and

amphibole. Accessory titanite, allanite, apatite and zircon

are abundant. The rock contains anastomosing, small

(\1 cm) leucosomes. The amphibolite is crosscut at high

angle by a large (20–30 cm thick) leucosome dike VAL4

(Fig. 2c) that elsewhere is parallel to the foliation. The

leucosome sample contains scarce biotite and is poor in

accessory minerals. The contact between amphibolite and

leucosome is marked by enrichment in biotite.

The outcrop at the locality near Bellinzona (BE, Fig. 2d)

is along the local road between Carasso and Gorduno, NW

of the city. It consists of intensely folded biotite-bearing

migmatites with distinct leucosomes at various scales, from

mm to dm, showing different degrees of deformation

(Fig. 2d). Sample BEM1 is a banded biotite-rich migmatite

with mm-size quartzo-feldspatic levels parallel to the

foliation (Table 1). It is rich in allanite and apatite. It is

difficult to establish the protolith of this sample from the

field relations and assemblage, but the presence of

*280 Ma magmatic allanite (Gregory 2008) indicates it

was a magmatic rock, most likely a tonalite or granodiorite.

BEL1 forms a dm-sized leucosome along the axial plane of

isoclinal-folds within the migmatite. It has a weak foliation

marked by brown biotite and contains rare green amphibole

and abundant accessory allanite, apatite and zircon.

Fig. 2 Field occurrence of migmatites in the SSB. a Val Arbedo

migmatite composed of a deformed leucosome (sample VAL1) and a

country rock with thin, layer-parallel leucosomes (sample VAM1). b
Detail of leucosome VAL1, note the large, poikilitic amphibole grains,

and the weak foliation. c Metasedimentary banded amphibolite (sample

VAM4) crosscut by coarse grained, large leucosome (VAL4). Note the

sharp contact between amphibolite and leucosome. d Typical outcrop

appearance of migmatites in the locality of Bellinzona. Note the

different generations of variably deformed leucosome, crosscutting one

another
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Zircon chemistry and geochronology

VAM1 metatonalite

This biotite-amphibolite is poor in zircon and the crystals

recovered are euhedral, and relatively small (50–200 lm in

length). The internal structure shows CL-dark cores rich in

U ([2,000 ppm, BG-Tables 1–3) with limited oscillatory

or mosaic zoning. The cores are surrounded by lower U

(200–600 ppm) rims with weak oscillatory zoning (Fig. 3a,

b). The trace element patterns for both domains are similar

but the core has higher contents and a marked negative Eu

anomaly. Zircons in this metatonalite, though similar in

appearance to those in the cross cutting leucosome VAL1,

yield no Alpine age: the rims cluster around 285 Ma, with

the cores scattering in apparent age from *280 to 250 Ma.

Fig. 3 Cathodoluminescence images of dated zircon crystals. Dashed
circles indicate the location of SHRIMP U–Pb analyses; dotted circles
the location of LA-ICPMS trace element analysis. The white scale bar
in each image represents 100 lm. Ages for SHRIMP analyses are

reported in Ma ± 1 sigma. a Zircon in VAM1 amphibolite with a

dark Variscan core partly metamict (see mosaic zoning) surrounded

by a thin rim. b Zircon from VAM1 amphibolite with a large rim

surrounding the dark core. Note that the age of zircon rims in this

sample is Variscan and not Alpine, despite the similarity with Alpine

rims (see c). c Zircon in VAL1 leucosome with resorbed inherited

core and large, euhedral anatectic overgrowth of alpine age. d Two

zircon crystals from amphibolite VAM2, which largely consist of

inherited cores and show only thin, unzoned metamorphic rims. e
Zircon from leucosome VAL2 with two successive rims distinct in

chemistry and age. The core was not dated, but is similar to other

inherited cores in this sample that yield a *290 Ma age. f Zircon in

leucosome VAL2 with an apparent, progressive age decrease from

core to rim within an apparently continuous growth zone. The

inherited core is just exposed in the left corner of the crystal. g Zircon

from amphibolite VAM4 with a large detrital core and a thin, unzoned

Alpine rim. In this sample the few rims preserved yielded scattering

ages, which are not considered geologically significant. h Zircon from

leucosome VAL4 with two successive rims distinct in chemistry and

age on a partly rounded detrital core. i Zircon from leucosome VAL4

with two distinct overgrowths. j Zircon from leucosome VAL4 with a

well-developed internal overgrowth Ov1, and a thin, CL-brighter

Ov2. k Zircon from leucosome BEL1 with a first rim on a mottled

inherited core and a euhedral Ov2. l Zircon from leucosome BEL1

with a bright detrital core and three distinct overgrowths. Ov1 is very

thin in this grain, but could be dated in a number of other grains (see

k). The ages of Ov1 in this leucosome are the same as in the country

rock BEM1. m Zircon from BEL1 with two distinct overgrowths on

an inherited core. n Zircon from amphibolite BEM1 with a large Ov1

on an inherited core. The light embayment on the upper edge is likely

an incipient Ov2
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VAL1 leucosome

In this leucosome zircons are euhedral and elongated and

generally larger than in country rock VAM1. Their internal

zoning consists of CL-dark, inherited cores with oscillatory

or mosaic zoning, which are surrounded by one or two

overgrowths with weak oscillatory–sector zoning (Fig. 3c).

The overgrowths are dominant in volume and the cores are

highly resorbed.

Composition and age reflect the CL zoning. The cores

are rich in trace elements with a pattern enriched in HREE,

and high Th/U ratio ([0.1, Figs. 4, 5a; BG-Table 1). The

U–Pb age of the few cores analysed is in the range *290–

274 Ma (BG-Table 2). The overgrowths have lower trace

element contents with a steep REE pattern enriched in

HREE, but with concentrations being up to an order of

magnitude lower than those of the cores. They lack a

marked negative Eu anomaly (Eu/Eu* *0.4). Th/U is
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although garnet was not observed in thin section. See text for
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systematically low at *0.01. U–Pb analyses of over-

growths form a remarkably tight population (Figs. 6a, 7a;

BG-Table 3) with an average age of 22.12 ± 0.25 Ma

(MSWD 0.94).

VAM2 metatonalite

The biotite-amphibolite contains euhedral zircon with

rounded edges, denoting some resorption. The internal

zoning is dominated by oscillatory cores that may display

more than one growth episode (Fig. 3d). The inherited

cores have trace element compositions typical of magmatic

zircon: medium Th/U and a steep REE pattern with marked

negative Eu anomaly (Fig. 4). Ages are around 290 Ma

with some analytical scatter (BG-Table 2).

In a few crystals, the core is surrounded by an unzoned

rim (Fig. 3d), which is chemically distinct having very low

contents of U and Th (Th/U \ 0.05, BG-Table 1) and other

trace elements. The M- to HREEs are a factor of 50 lower

than those of the magmatic cores, whereas M-LREE are

mainly below detection limit (Fig. 4). The age of the rims

scatter between *32 and 28 Ma (Fig. 6a), with an inter-

cept age of 31.2 ± 2.5 Ma for which an MSWD of 2.4

denotes scatter above analytical uncertainty (Fig. 7b).

Analyses have a relatively high proportion of common Pb
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(3–16%) due to the very low U (\30 ppm) and thus

radiogenic Pb content (BG-Table 3).

VAL2 leucosome

In leucosome VAL2, zircons are large, euhedral and show

a complex core-rim zoning. The cores display mainly

oscillatory zoning and still preserve a prismatic habit

(Fig. 3e), but variations with CL-dark and mosaic zoning

are occasionally present. The oscillatory-zoned cores have

a typical magmatic composition rich in trace elements.

With one exception, ages are between 299 and 290 Ma

(BG-Table 2).

In most grains, the core is overgrown by a weakly zoned

or unzoned rim, which is particularly large at the crystal

tips (Fig. 3e, f). The zircon rims are poor in U, Th (Th/U

0.006–0.002) and other trace elements with higher HREE

and thus a steep REE pattern (Fig. 4). As in other Alpine

zircon rims, the negative Eu anomaly is minor. Ages of

these rims range from 31.9 to 22.6 Ma (22 analyses,

Fig. 6a), with a disperse cluster at 23.1 ± 0.3 Ma (MSWD

3.6, N 8) and a better defined peak at 27.4 ± 0.3 Ma

(MSWD 0.94, N 6, Fig. 7b). The scatter of ages correlates

with a mild variation in chemistry, with the *23 Ma zir-

con rims forming a homogeneous chemical group. Varia-

tions in Alpine age are observed within single crystals,

where the internal part of a rim is always older than the

external part. Such age variations can occur within domains

with continuous zoning (Fig. 3f). In one single grain, a

significantly older overgrowth (31.9 ± 0.6 Ma, 1 sigma) is

found internally to the *28 Ma zircon rim (Fig. 3e). This

older overgrowth is chemically distinct from all others in

this sample and similar in zoning and composition to the

*30 Ma overgrowths in the country rock.

VAM4 metasediment

This metasediment yielded relatively few zircons, which

are dominated by cores with variable zoning, as expected

for detrital grains. The REE composition is typical of

magmatic zircon (Fig. 4). Two analyses on cores with

different Th/U ratio yielded ages of *584 and 443 Ma

(BG-Table 2).

A number of crystals have a thin unzoned rim, which only

in a couple of cases were large enough for analysis (Fig. 3g).

They have a distinct composition with low trace element

contents, low Th/U and steep REE patterns with LREE

below detection limit (Fig. 4). Three U–Pb analyses on rims

without overlapping with cores, yielded dates at 48, 43 and

32 Ma (BG-Table 3), which however cannot be assessed for

concordance and thus offer little insight in the age of the

rims. The data may suggest an Alpine age, possibly at the

older end of the spectrum obtained in other samples.

VAL4 leucosome

In this large, partly cross-cutting leucosome, zircon grains

are euhedral and composed of cores and overgrowths

(Fig. 3h–j). The cores show variable zoning patterns, from

oscillatory to unzoned and CL-dark, and are often corroded

and fractured. The composition of such cores is variable in

Th and U, but remarkably similar in REE. Ages are highly

variable ranging from 2799 ± 21 Ma (discordant,
207Pb/206Pb age given) to 510 ± 8 Ma (concordant
206Pb/238U age, BG-Table 2).

In most grains, the core is surrounded by one or two

overgrowth lacking distinct zoning. The internal over-

growth is darker in CL than the external one, thus allowing

cross-cutting relationships to be seen (Fig. 3h–j). Both

overgrowths have high U ([600 ppm) and low Th

(\20 ppm) and similar trace element contents and patterns,

with a steep HREE enrichment and a marked negative Eu

anomaly. The REE composition of the overgrowths is only

marginally different from the cores (slightly lower con-

centrations in L-MREE, Fig. 4). Although similar in

composition, the two overgrowths have distinct ages with

the internal overgrowths between 32.5 and 30.1 Ma

(30.8 ± 0.3 Ma, MSWD 2.5) and the external overgrowth

between 29.6 and 26.1 Ma (average with one exclusion

28.4 ± 0.7 Ma, MSWD 4.3, Fig. 7d). Both populations

show scatter above analytical uncertainty.

BEM 1 metatonalite

In this banded biotite-amphibolite, zircons are large,

euhedral and elongated prisms (main dimension 200–

400 lm) with well-developed oscillatory zoning. One sin-

gle core was dated (311 ± 3 Ma, concordant 206Pb/238U

age, BG-Table 2) to confirm the Carboniferous-Permian

age found in the associated leucosome BEL1. The zircon

trace element composition reflects a magmatic origin.

A few of the larger zircon grains have an unzoned or

weakly zoned overgrowth (Ov1, Fig. 3n) with a compo-

sition significantly different from the core, i.e. low Th/U

and low trace element content. The REE pattern shows a

weak negative Eu anomaly and is depleted in LREE, with

a flat HREE pattern at 100–200 times chondrite, signifi-

cantly lower than the cores (Fig. 4). These overgrowths

yield a consistent age at 31.4 ± 0.3 Ma (Fig. 7e). In a

couple of grains a second overgrowth (Ov2) with brighter

CL emission is present, occasionally forming embayments

suggestive of zircon dissolution before growth of Ov2.

The REE composition of this second overgrowth is dis-

tinct from the 31 Ma overgrowths in that it has a very

steep pattern with LREE below detection and strong

enrichment in HREE (Lu/Gd 330, Figs. 4, 5). A few

analyses on this external overgrowth yield ages from 29.0
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to 23.7 Ma (BG-Table 3), which scatter did not allow

calculation of an average age.

BEL1 leucosome

This leucosome intruding along the axial plane of folds is

rich in zircons, which are euhedral, elongated and clear.

Their internal structure is particularly complex with cores

and three distinct overgrowths (Fig. 3k–m). The cores are

generally rounded, often fractured and show embayments

indicating resorption. The cores display a variety of zoning

patterns and ages with concordant ([89%) data at *718,

596 and 304 Ma (BG-Table 2).

The cores are often wrapped by a thin (\10 lm) CL-

dark zone on which euhedral overgrowths form. The most

internal overgrowth (Ov1), which is found in a minority of

grains, has irregular boundaries with the core and no

internal zoning (Fig. 3k, l). It has variable Th and U con-

tents, but restricted Th/U around 0.002. It is poor in REE

and has a flat HREE pattern similar to the overgrowth in

the country rock BEM1 (Figs. 4, 5). Its age also matches

the BEM1 overgrowths at 31.3 ± 0.3 Ma. When the two

samples are combined a cumulative age of 31.3 ± 0.2 Ma

is obtained (MSWD 1.1, Fig. 7e).

The intermediate overgrowth (Ov2) is present in most

grains, displays cross cutting relationships with Ov1 and is

more significant in volume (Fig. 3k–m). It shows higher

CL emission and no significant zoning. It has intermediate

U content and low Th (Th/U 0.002–0.006), and a steep

REE pattern with a weak negative Eu anomaly. Ages form

a tight cluster at 26.0 ± 0.3 Ma (Fig. 7e).

A third and volumetrically important overgrowth (Ov3)

can be distinguished from Ov2 mainly because it is CL-

darker and shows weak sector zoning (Fig. 3l, m). Com-

positionally it is similar to Ov2 with a steep REE pattern,

with only slightly higher trace elements, but significantly

higher U ([1,000 ppm). SHRIMP analyses of the third

overgrowth yield ages between 24.7 and 22.7 Ma with a

major cluster at 23.3 ± 0.2 Ma (Fig. 7e).

Ti-in-zircon thermometry

Titanium was routinely measured during LA-ICPMS trace

element analyses. Accuracy was monitored with a sec-

ondary standard (BCR glass) and was within 2–10%. All

the zircon Alpine overgrowths have remarkably similar but

low Ti commonly between 1 and 3 ppm. All the samples

contain quartz, hence the activity of SiO2 is buffered at

unity. However, the samples do contain titanite and no

rutile, hence the activity of TiO2 is estimated at *0.5,

forcing an upward correction of 50�C on the temperature

(Watson and Harrison 2005). The temperatures calculated

in this way are mostly between 620 and 700�C (Table 1),

which are in good agreement with the estimated tempera-

ture of fluid-induced melting in this area (Burri et al. 2005;

Berger et al. 2008). We therefore interpret the calculated

temperature of 620–700�C as the temperature at which the

Alpine zircon overgrowths formed. Notably, these tem-

peratures correspond to the T-peak obtained for the

regional Barrovian cycle across the migmatite belt and

adjacent units (Todd and Engi 1997).

Inherited Early Permian cores in metatonalites and

associated leucosomes yielded temperatures between 690

and 830�C (corrected for aTiO2 * 0.5, because there are

relics of magmatic titanite), which is higher than the tem-

perature calculated from the Alpine anatectic rims. Such

temperatures clearly underestimate the liquidus tempera-

ture of tonalites, but rather represent Zr saturation tem-

peratures in the cooling melt (Hiess et al. 2008).

Mineral inclusions

The Alpine zircon overgrowths contain a limited number of

inclusions, though most of the large overgrowths are

inclusion free. The few inclusions found are of minerals

that are common in the matrix, like apatite, quartz (VAL1),

K-feldspar, biotite (VAL4), allanite and amphibole

(BEL1). The most relevant inclusion was a glass inclusion

of granitic composition (Al2O3 11% and SiO2 63%) found

in a 31 Ma old rim in sample BEM1. This supports the

conclusion that the rim formed during anatexis. Addition-

ally, fractures cutting across zircon overgrowths are filled

with amphibolite-facies minerals such as high-Ti biotite

and K-feldspar. Magmatic or detrital cores have inclusions

of quartz, feldspars, biotite and, in the metatonalites,

allanite.

Discussion

Age interpretation

The U–Pb analyses reveal three overall age brackets: pre-

Variscan [350 Ma, Variscan *300–275 Ma and Alpine

32–22 Ma.

In metasediment VAM4, pre-Alpine zircon grains and

their cores have a shape (often rounded), CL pattern

(variable from grain to grain) and variable age indicating a

detrital origin. Similar zircon cores are found in the cross

cutting leucosome VAL4. It was not the purpose of this

study to investigate the age and provenance of sediments;

the few core ages obtained merely confirm the expected

pre-Variscan deposition. Sample BEM1 also contains pre-

Variscan zircon cores with variable zoning, which are
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interpreted as inherited grains present in the original ton-

alite/granodiorite.

Metatonalites (VAM1, VAM2 and BEM1) and associ-

ated leucosomes contain inherited magmatic zircon crystals

or cores. Their shape (often euhedral), CL pattern (oscilla-

tory/sector similar over the entire population), compositions

(Th/U [ 0.1, steep REE pattern with a marked negative

Eu-anomaly) and age (mostly around 300–275 Ma) suggest

magmatic crystallization dating tonalite intrusion. The late-

Variscan intrusion age confirms that these rocks underwent

only Alpine metamorphism and that loss of Pb from the

zircons was not significant during metamorphism. A few

high-U cores, particularly in sample VAM1, yielded scat-

tered ages younger than 275 Ma. The mosaic zoning and the

porosity observed in these cores suggest fluid alteration or

metamictization related to the high U content (Nasdala et al.

2009), which would be responsible for Pb loss. Such fea-

tures were never observed in the Alpine zircons.

The Alpine overgrowths on detrital or inherited cores

have common features in all samples: they display euhedral

shape, better developed in the leucosome and in the

younger overgrowths, internal zoning is weak, Th/U low

(\0.06), the REE composition is distinct from the cores

(except in VAL4), and the overgrowths yield remarkably

uniform formation temperatures between 620 and 700�C.

As will be outlined in detail in the next section, these

features argue for a common formation of the overgrowths

during fluid-induced partial melting.

An anatectic origin is compelling for the large majority

of overgrowths. However, for the earliest Alpine zircon

overgrowths there is a possibility that they formed at sub-

solidus conditions. It has been documented that in prograde

sequences metamorphic zircon formation occurs only at or

after melting (Vavra et al. 1996; Rubatto et al. 2001).

However, it is also true that sub-solidus zircon formation in

the form of recrystallization and/or dissolution precipita-

tion by fluids occurs in a variety of instances (e.g. Rubatto

et al. 1999; Williams 2001; Tomaschek et al. 2003;

Dempster et al. 2008). Sub-solidus zircon growth may be

distinguished from anatectic zircon on the basis of its

irregular shape, micro-size porosity or mineral inclusions.

It has also been proposed, and extensively confirmed that

low trace element content is characteristic of sub-solidus

zircon (Hoskin and Black 2000). In the investigated sam-

ples, sub-solidus growth thus cannot be completely exclu-

ded for the few small, irregular, and low-REE Alpine rims

that are found in the country rocks. Possible sub-solidus

zircon are the two rims in VAM4 that returned ages of 43

and 48 Ma, and the 28–32 Ma rims in VAM2, which have

peculiarly low trace element content with nearly flat REE

pattern (Fig. 4). Notably, Ti-thermometry for these poten-

tially sub-solidus zircons returns temperatures similar to

the unambiguously anatectic overgrowths.

Zircon chemistry as indictor of metamorphic

assemblage

The systematic study of zircon in a number of leucosome–

country rock pairs allows investigating which chemical

parameters in the zircon chemistry may be indicative of

certain conditions.

Alpine overgrowths are systematically low in Th/

U \ 0.1 (0.06–0.001, Fig. 5a) regardless of the variable

amounts of U (4–4,500 ppm) and Th (0.1–20 ppm).

Detrital and inherited cores of magmatic origin always

have Th/U [ 0.1. In these rock types, thus, the low Th/U

values serve as indicators of metamorphic origin. This

criterion, accepted by the geochronological community,

has been found invalid in a number of situations, mainly in

high (Schaltegger et al. 1999) and very high-temperature

granulites (Möller et al. 2002; Hokada and Harley 2004). In

the studied samples, the presence of a Th-rich phase such

as allanite, which has high Th/U, is likely to be responsible

for the low Th/U in the zircon overgrowths. At the rela-

tively low temperature experienced during fluid-induced

melting, LREE solubility is low in anatectic melts (Montel

1993) and thus allanite is present. At higher temperatures,

the enhanced solubility of LREE in the melt may cause

undersaturation, i.e. Th-rich phases such as allanite or

monazite may be dissolved, in turn leaving zircon as the

main reservoir for Th.

The negative Eu anomaly in the zircon overgrowths

varies from minimal to moderate (Eu/Eu* 0.6–0.1), and in

many cases is less pronounced than in the magmatic cores

(Fig. 5b; BG-Table 1). Negative Eu anomaly in zircon has

often been ascribed to the co-crystallization or sub-solidus

equilibrium of a feldspar phase, which sequestrates Eu

(Hinton and Upton 1991; Schaltegger et al. 1999; Rubatto

2002). Plagioclase is present in all the samples investi-

gated, but the negative Eu anomaly is often weaker than

expected. This can be attributed to two main processes. (1)

In the leucosomes, zircon formation may occur before

melt, and thus plagioclase, crystallization. The melt is not

expected to have a significant Eu anomaly and thus also

zircon in equilibrium with such a melt will lack a Eu

anomaly. A similar feature has been observed in peritectic

garnet that formed during fluid-assisted melting in me-

tabasic rocks in Central Australia (Storkey et al. 2005).

While this process is likely to be dominant in the leuco-

somes, it cannot fully explain the small negative anomaly

of the zircon overgrowths in the melanosomes. (2) Meta-

morphic plagioclase has overall significantly lower REE

than magmatic plagioclase (Gregory et al. 2009). As a

consequence, REE mass balance for sample VAM1

revealed that plagioclase hosts less than 5% of the total Eu

in the rock (Gregory 2008) and thus cannot impose a strong

negative Eu-anomaly on coexisting minerals. Moreover, in
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the biotite amphibolites, former magmatic K-feldspar with

a strong positive anomaly was likely transformed to

metamorphic biotite with insignificant Eu anomaly, thus

liberating Eu.

Two types of zircon overgrowths can be distinguished

based on their REE composition (Figs. 4, 5; BG-Table 1).

The youngest (22–26 Ma, sample VAL1, VAL2, BEL1)

and often more abundant overgrowths have a steep to very

steep HREE pattern (Lu/Ho *10–16) with variable

amounts of total REE from very low (RREE *10) to

values similar to magmatic zircon (RREE *1,500 ppm).

These zircon overgrowths are also heavily depleted in

LREE (Dy/Sm [ 100, e.g. BEL1 and VAL1), significantly

more than the inherited magmatic cores (Fig. 5c). These

samples correspond to localities where the country rock

and/or the leucosome are particularly rich in allanite that

sequestrates LREE (Gregory et al. 2007) and titanite that is

the main host for MREE (Gregory 2008). For example,

leucosome BEL1 is particularly rich in allanite and its

zircons have the most depleted LREE patterns. The allanite

and titanite present during melting are thus responsible for

retaining the LREE and MREE that are depleted in the

coexisting zircon overgrowths.

Most of the older overgrowths (31–28 Ma in samples

VAM2, VAL4, BEM1 and BEL1) have a flat HREE pattern

with Lu/Ho of 0–6, with the lowest values in sample BEL1.

Such low-HREE zircons are unexpected given the mineral

assemblage present in the rocks (Table 1). Particularly,

nearly flat HREE patterns in zircon are commonly attrib-

uted to the presence of garnet, which sequestrated HREE

(Rubatto 2002). Titanite and amphibole may also contain

significant HREE, but they would equally or even stronger

lower the MREE, as documented in other zircon over-

growths. Garnet was not observed in these samples (with

the exception of minor resorbed garnet in VAM4 and

VAL4), but has been described elsewhere in Bellinzona

and Val Arbedo migmatites (Berger et al. 2008). Addi-

tionally, in the metamorphic grid calculated by Berger

et al. (2008) for an average migmatite composition with

varying Ca content, garnet is present over most composi-

tions at 650–750�C and 0.8 GPa (see also Gardien et al.

2000). It is thus suggested that, even though garnet might

not be preserved, it was likely stable in some of the sam-

ples when the early, low-HREE zircon formed, probably

during an early higher pressure metamorphic stage. For this

composition, and at this temperature, melting can in fact

occur up to pressure of at least 1.1 GPa (Burri et al. 2005).

The combined effects of major and accessory minerals

buffering the melt can be seen in the differences in the

composition of zircon in rocks derived from sedimentary

(VAL4) and magmatic protoliths (VAL1, VAL2 and

BEL1). The metatonalites are rich in LREE-MREE min-

erals such as allanite and titanite, respectively. As a

consequence, zircon rims in these leucosomes have steeper

REE patterns. On the other hand, leucosome VAL4 located

within metasediments contains neither allanite nor titanite,

and its Alpine zircons are relatively rich in L-MREE, and

remarkably similar in REE composition to the detrital

(likely magmatic) cores (Figs. 4, 5). Notably the REE

signature of zircon overgrowths formed in leucosomes

were feldspars crystallized later than zircon, and where

garnet was present in the source (BEL 1), is remarkably

similar to that of eclogite-facies zircon (Rubatto 2002).

This is a reminder that zircon trace element signatures are

not necessarily unique and indicative of a metamorphic

facies, but simply reflect the local assemblage.

Fluid-assisted melting over 10 My

The spread of ages between *32 and 22 Ma in the zircon

overgrowths is considered geologically significant and the

reflection of prolonged melting (see discussion below). The

possibility of partial Pb loss from initial 32 Ma zircons to

produce a 32–22 Ma spread is deemed impossible due to:

(1) the relatively low T of metamorphism, well below

diffusion of Pb in zircon; (2) the lack of a mylonitic foli-

ation in the samples or crystal-plastic deformation in the

zircon capable of enhancing Pb loss (cf. Reddy et al. 2006);

(3) the lack of hydrothermal alteration or low T recrystal-

lization in the major rock assemblage or in the zircon

themselves (cf. Tomaschek et al. 2003; Rubatto et al.

2008); ( 4) the young age of the zircon which does not

allow for accumulation of radiation damage; (5) the pres-

ervation of inherited intrusion ages in most zircon cores,

and (6) the presence of texturally different overgrowths

yielding distinct ages (see BEL 1 and VAL4) which is

incompatible with a Pb loss hypothesis.

Three types of ages were obtained for the Alpine over-

growths, as summarized in Fig. 8:

4234 262830 2032 22

Age (Ma)

VA1

VA2

VA4

BE1

continuous growth,       isolated ages
growth event in leucosome (      ), melanosome (      )

Fig. 8 Summary of zircon U–Pb ages indicating 10 My of fluid-

assisted partial melting. Data are from Table 1. See text for discussion
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(1) Ages defined by a tight cluster of statistically uniform

analyses (MSWD of 1–2) that correspond to textur-

ally and chemically similar zircon domains. This is

the case for the single zircon overgrowth in leuco-

some VAL1 or the three distinct overgrowths in

BEL1 (Fig. 7b). Such ages are taken to represent a

short-lived event of zircon growth upon rapid melt

crystallization or whenever Zr saturation is achieved

in a melt pod.

(2) Loose age groups or a continuum of ages, which

scatter well above analytical uncertainty and corre-

spond to apparently similar and texturally continuous

domains. Good examples are the overgrowths in

VAL2 (Fig. 3f), which despite their chemical homo-

geneity (Fig. 4d) yielded ages between 28.8 ± 0.5

and 22.6 ± 0.2 Ma with loose peaks at (23 ± 0.3,

MSWD 3 and 27.4 ± 0.3 Ma MSWD 1). Similar

cases are zircon overgrowth in VAM2 and over-

growth 1 in VAL4 (Table 1; Fig. 6a). Such data are

reported in brackets in Table 1 and rendered as dotted

line in Fig. 8. At first sight, these features could be

explained by partial Pb loss at *23 Ma of zircon that

formed at *29 Ma. This scenario is excluded based

on the arguments listed at the beginning of this

section. Because such age variations are found even

within single crystals (Fig. 3b), we interpret such

populations to indicate zircon growth at roughly

constant conditions over a period of time. Notably,

age variations within single crystals always follow

textural criteria, i.e. the external part of the zircon is

the youngest. A possible scenario for the formation of

such zircon is frequent remelting of the same

leucosome under repeated fluid influx and without

changing the mineral assemblage.

(3) Isolated ages on zircon rims that may show similar

features. An example is amphibolite VAM4 (Fig. 3g),

where three analyses on apparently similar rims

returned significantly different ages at *48, 43 and

32 Ma. Isolated ages were also measured in the young

rims of BEM1. In these cases limited geological

information can be gained, and isolated ages are

largely excluded from the following discussion.

Within a single sample there may be more than one

zircon growth episode. The three distinct zircon over-

growths in sample BEL1, the ages of which span over

10 My (Fig. 7b), are a striking example. The uniform Ti

content of the overgrowths (Table 1) indicates that the three

melting events occurred at a restricted temperature interval.

The identical REE composition of the two youngest over-

growths (Fig. 4) also argue for an essentially identical

buffering paragenesis at *26 and 23 Ma. Additionally,

Berger et al. (2008) concluded that variations in mineral

compositions within single samples in the migmatite belt

are indicative of limited changes in pressure (0.1 GPa) and

temperature (90�C) during melting. Thus we conclude that

the repeated melting events occurred within a single Bar-

rovian metamorphic cycle at roughly constant temperature.

In three of the investigated leucosome–country rock

pairs, Alpine zircon overgrowths were found in the country

rock. These overgrowths are rare compared to what is

found in the associated leucosome, and mostly record the

oldest Alpine events (30 Ma or older). Such older ages are

also found in the leucosome together with younger over-

growths. It can thus be concluded that in the amphibolites

limited zircon formation occurred for the first time when

zircon-forming conditions were reached (either melting or

sub-solidus dissolution-precipitation), but then no further

growth occurred. When further melts were produced, zir-

con growth concentrated in the leucosome, whereas in the

country rock zircon may have undergone dissolution.

Short-lived zircon growth mainly occurs in the leuco-

somes, whereas isolated or protracted ages are more

common in the country rocks. This suggests that whenever

melt was removed from its source, even over short dis-

tances, and migrated into a leucosome, zircon crystalliza-

tion was rapid. Rapid crystallization of the melt was likely

favoured by chemical gradients, notably activity of H2O.

The composition of the leucosomes in this system is that of

a eutectic melt, and thus particularly suitable for

(re)melting if additional fluid is made available. In this

scenario new zircon can form over an extended period of

time by dissolution-precipitation in a continuingly re-

melting anatectic pocket (Fig. 9).

These constraints define a scenario in which the Central

Alps migmatites were kept at nearly constant conditions (T

of 620–700�C) between *32 and 22 Ma, with limited

pressure and temperature variations. Over this period

melting occurred intermittently and repeatedly within any

sample, whenever fluids entered the system. This scenario

is schematically summarized in Fig. 9, where initial melt-

ing and zircon growth occurs in amphibolites and leuco-

somes, but successive melting is concentrated in the

leucosome because of its favourable composition. The

local composition of the rocks and localized nature of

the fluids means that melting occurred at different times in

samples a few meters apart (see VAL2 and VAL1).

Timing of fluid-assisted versus hydrate-breakdown

melting

Previous geochronological investigations of migmatite and

crustal melting dealt with terranes where hydrate-break-

down melting is by far the dominant process (Vavra et al.

1996; Williams et al. 1996; Schaltegger et al. 1999; Jung
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and Mezger 2001; Rubatto et al. 2001; Montero et al.

2004). The data presented here, even though limited to a

single terrane, allow constraining the timing and the

behaviour of zircon during fluid-assisted melting.

It has been extensively documented that during hydrate-

breakdown melting the degree of zircon growth and, thus,

likely melt production is dependent on the chemical com-

position of the rock. Metapelites are richer in hydrous

minerals, thus produce more melt, and in turn more ana-

tectic zircon than metapsammites at equal conditions

(Vavra et al. 1996; Rubatto et al. 2001). In the Central

Alps, both metatonalites and metasediments have similarly

abundant anatectic zircon overgrowths. This apparent lack

of chemical bias in zircon production is to be expected for

two reasons. (1) Melting is regulated by external fluid

influx and not internally by the paragenesis. (2) The

composition of low T (eutectic) melts is similar in meta-

tonalites and metasediments. Therefore, at similar melt

compositions and amounts of fluid, similar anatectic zircon

production will be present in different rocks during fluid-

induced melting.

In regional migmatites derived from hydrate-breakdown

melting reactions, it is often observed that anatectic zircon

growth is concentrated in the leucosome rather than in the

restite or mesosome, where inherited zircon grains are

instead preserved. The same observation is true for the

migmatites of the Central Alps. This confirms that zircon

growth is induced by the melt via dissolution-reprecipita-

tion (e.g. Vavra et al. 1996), rather than being related to

breakdown reactions of other Zr-bearing minerals (cf.

Bingen et al. 2001; Degeling et al. 2001).

Similarly to the case presented here, extended periods of

partial melting (over [10 Ma) have been documented in

migmatites where hydrate-breakdown melting is dominant

(Vavra et al. 1996; Williams et al. 1996; Jung and Mezger

2001; Rubatto et al. 2001; Montero et al. 2004). In each

case investigated, the duration of melting is given by dis-

tinct ages in different leucosomes or country rocks, with

zircon or monazite within each sample having one single

anatectic growth stage. To our knowledge, during water-

absent melting the same leucosome never records more

than one zircon overgrowth. Even in migmatites where

melt mobilization is considered minimal, as in the low T

granulites of Mt Stafford, central Australia, in each sample

zircon records only one melting episode (Rubatto et al.

2006). There are, however, limited reports of multiple

zircon growth preserved in restites during high-temperature

melting (Möller et al. 2002; Hermann and Rubatto 2003).

On the other hand, in the migmatites of the Central Alps

three of the studied leucosomes have zircon with multiple

overgrowths. These observations suggest a difference in

the way the two melting processes progress. During

dehydration reactions, melting is efficient and produces

leucosomes that readily crystallize zircon. The leucosomes

are poor in hydrate minerals and thus are not prone to be

re-melted. In these terranes, protracted melting is recorded

by production of subsequent leucosome generations. In the

case of low temperature, fluid-assisted melting, melt is

localized in pockets wherever fluids are available. If

melting conditions persist and fluids are available, melt

pockets having an eutectic composition will easily be

reactivated (re-melted or injected with new melts), each

time producing a new episode of zircon dissolution-pre-

cipitation (Fig. 9).

Our result that leucosomes form at different times within

the same rock unit has important implications for the role

of melting in such migmatites. While the field observation

might suggest that a large amount of partial melting

occurred in these rocks, the geochronology indicates that at

any given time the amount of leucosome was rather small.

Hence, this type of melting is unlikely to produce large

granitic bodies. In fact, the Novate-intrusion further to the

East is the only kilometre-sized body of anatectic granitic

melt in the Alps. Additionally, when the rheological state

of deep crustal rocks is deduced from field observations of

such migmatites, it is important to consider that not all
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Fig. 9 Schematic representation of melting and zircon growth during

fluid-assisted melting in the investigated samples. The pie diagrams

indicate the relative amount of phases (Q quartz, P plagioclase,

A ? B amphibole and biotite, M melt). Melting is limited by the

external influx of fluids and is more efficient in the leucosomes

because of their favourable composition. Successive remelting of

leucosomes causes partial dissolution-precipitation of existing zircon

and formation of successive overgrowths. The model is further

discussed in the text
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observed leucosomes were present at the same time. In

particular, a recent numerical model (Faccenda et al. 2008)

has shown that extensive partial melting in the deeply

buried crust can be responsible for fast exhumation. Based

on our findings, such a model has probably only limited

application for the Central Alps as there is no evidence for

a pronounced pulse of crustal melting.

Implications for Alpine Barrovian metamorphism

The Central Alps represent a typical terrane of Barrovian-

type metamorphism. Isograds have been mapped showing

an increase in temperature toward the migmatite zone (e.g.

Todd and Engi 1997) where the investigated samples were

collected. The timing of peak metamorphism in the region

recording amphibolite-facies is constrained by remarkably

few data. Dating of garnet and its inclusions via U–Pb,

Sm–Nd and Rb–Sr returned a variety of ages from 32 to

16 Ma (Vance and O’Nions 1992). Because these isotopic

measurements were dominated by inclusions and may not

date garnet growth, it is unclear what the ages represent in

terms of metamorphic grade. The authors discarded some

of the Rb–Sr ages and concluded that peak metamorphism

occurred at *30 Ma in the north and *27 Ma in the south

of the Lepontine area, in agreement with previous K–Ar

cooling ages. Zircon in migmatites and granulites in the

eastern and northern part of the SSB also indicated peak

of metamorphism at *32 Ma (Gebauer 1996; Liati and

Gebauer 2003).

Isotope dilution U–Pb dating of accessory minerals from

syn- to post-kinematic dikes returned formation ages

between 29 and 25 Ma (Romer et al. 1996; Schärer et al.

1996). In the light of the complexity of the zircons in the

leucosome investigated here (see cross-cutting dike VAL4)

these previous ages have to be taken with caution. Never-

theless, the 29–25 Ma dike ages have been taken to con-

strain the metamorphic peak at around 29 ± 1 Ma, but they

also indicate that crustal melting was occurring over a

period of time and toward younger ages. In fact, intrusion of

a major granitic body, the Novate granite, outcropping in

the Eastern part of the migmatite belt was dated at

25.1 ± 0.6 Ma (Liati et al. 2000). An additional con-

straint on the age of metamorphism is the intrusion of the

composite Bergell pluton between 33 and 28 Ma (von

Blanckenburg 1992; Oberli et al. 2004). This pluton out-

crops in the Eastern part of the Central Alps and the western

tail of the intrusive body is considered synchronous to

anatexis (Berger et al. 1996). Therefore, considering the

regional distribution of ages and the possible complication

introduced by intrusion of melts coming from deeper levels

of the chain (e.g. Novate granite) a 32–29 Ma age for the

peak of metamorphism has been accepted by many. This

interpretation discarded ages of monazite from migmatites

dated at 24–21 Ma (Hänny et al. 1975; Köppel and Grü-

nenfelder 1975), which were considered anomalous or

unreliable because of later resetting (e.g. Gebauer 1999).

A metamorphic peak limited to the 32–29 Ma is strongly

contradicted by our study where five of the sample dated

yielded ages younger than 30 Ma and as young as 22 Ma.

There is compelling evidence that Alpine zircon over-

growth dated at over 31 Ma in sample BEL1 and BEM1,

and all younger overgrowths in either locality are anatectic.

The Alpine overgrowths are thus evidence of fluid-induced

melting over a period of *10 My (Figs. 8, 10). These new

age constraints allow reinstating the 24–21 Ma ages of

monazite in similar migmatites (Hänny et al. 1975; Köppel

and Grünenfelder 1975). Similarly to zircon, monazite is

expected to readily form during high-grade metamorphism

and anatexis and preserve formation ages. The lack of ages

of *30 Ma in monazite is either a consequence of the

isotope dilution method, which may fail to resolve slightly

older cores, or the result of monazite dissolution and pre-

cipitation during the later episodes of melting. Additional

support for long-lasting metamorphic conditions above the

wet solidus comes from allanite U–Pb ages in migmatites

across the migmatite belt, which show a pattern similar to
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Fig. 10 Proposed cooling path for the Southern Steep Belt. The grey
path is according to Hansmann (1996), whereas the black path results

from this work. It should be noted that the paths combine ages from

different parts of the SSB and are thus subject to extrapolations across

the area. The HP stage at *35 Ma refers to eclogites and peridotites

within the amphibolite facies rocks of the SSB, north of the area

investigated. Age data from: (1) this work, (2) Köppel and Grünenf-

elder (1975), (3) Oberli et al. (2004); von Blanckenburg (1992), (4)

Gregory (2008), (5) Vance and O’Nions (1992), (6) Hurford (1986),

(7) Giger (1991) as reported by Hansmann (1996), (8) Schärer et al.

(1996), (9) Gebauer (1996); Hermann et al. (2006). See text for

discussion
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zircon, with repeated allanite formation from 31 to 23 Ma

(Gregory 2008). The widespread formation of leucocratic

dikes, mainly in the western part of the Southern Steep Belt,

in the period of 29–25 Ma (Gebauer 1996; Romer et al.

1996; Schärer et al. 1996) and the protracted crystallization

of the Bergell pluton (Oberli et al. 2004) are also in

agreement with a high thermal regime during the Oligocene

in this part of the chain. It should be noted that late to post

kinematic *29–25 Ma dikes found in some areas do not

prevent further melting and deformation in other areas of

the Southern Steep Belt. As shown by our data, melting is

episodic and localized where fluids are available.

Steady-state high temperature conditions in the mi-

gmatite belt for 10 My are even more surprising because

they follow a period of fast tectonics. Just 5 km North of

the Bellinzona samples, slices of eclogites and HP peri-

dotite (Alpe Arami), now hosted in crustal gneisses, were

rapidly exhumed between *35 and 32 Ma (Gebauer

1996). Moreover, about 15 km to the East, zircons from the

Duria garnet peridotite formed at 34.2 ± 0.2 Ma during

decompression at ca. 1.7 GPa, 820�C, and recrystallized at

32.9 ± 0.3 Ma (Hermann et al. 2006) at 0.7 GPa, 700�C.

The latter conditions conform to what we propose for the

formation of zircon in the migmatites and thus mark the

transition from a tectonic period with fast exhumation and

cooling rates to a period with much slower rates (Fig. 10).

The protraction of amphibolite-facies metamorphism

and melting through the Oligocene and into the early

Miocene has dramatic consequences for the cooling path

(Fig. 10). For decades, classical thermochronology work

proposed a monotonic cooling path for the Southern Steep

Belt and the Western Bergell region (Fig. 10) from *500

to 550�C at 25 Ma (muscovite Rb–Sr and hornblende

Ar–Ar) to *350�C at 21–18 Ma (muscovite K–Ar, biotite

Rb–Sr and K–Ar) (Hurford 1986 and references therein;

Hunziker et al. 1992; Hansmann 1996). Slower cooling

after *19 Ma has been inferred on the basis of fission

tracks data (Hurford 1986).

Because there is compelling evidence of fluid-assisted

melting at 620–700�C until 22 Ma, this cooling path has to

be revised. Despite the fact that melting was intermittent and

heterogeneously distributed between 32 and 22 Ma, due to

limited water supply (Berger et al. 2008), the temperature

must have been maintained at or close to peak, at least in the

migmatite belt. This does not necessarily contradict the Sm–

Nd age of Vance and O’Nions (1992), or the formation ages

of isolated, late to post kinematic *29–25 Ma dikes

(Gebauer 1996; Romer et al. 1996; Schärer et al. 1996), but

forces isolated pre-22 Ma cooling ages from within the

migmatite belt (Hurford 1986 and references therein;

Hunziker et al. 1992; Hansmann 1996) to be re-evaluated.

Analytical problems associated with excess Ar or initial Sr

in polymetamorphic samples might be responsible for

anomalously old ages here and elsewhere within the Central

Alps. Additionally, cooling might have been occurring

earlier at the outskirts of the Southern Steep Belt. The zircon

and monazite constraints on the persistence of high-grade

conditions until at least 22–21 Ma require a dramatically

faster cooling within a period of a few million years.

Muscovite and biotite ages from the migmatites are

*19–20.5 Ma (Hurford 1986 and references therein;

Hunziker et al. 1992; Hansmann 1996). However, the

constraints from zircon fission track dating is based on

incredibly few data from within the Southern Steep Belt

and none from the areas of intense migmatisation like

Bellinzona or Val Arbedo (Vernon et al. 2008). The oldest

zircon fission track data from the migmatite belt are at

18.9 ± 0.9 Ma (Ponte Brolla; Hurford 1986) and thus

cooling to 250�C may be as young as 18 Ma. Assuming

that the regional extrapolation over some 10 km is correct,

a minimum cooling rate of around 100�C/Ma from the peak

of metamorphism is implied. This fast cooling from peak to

*250�C is in strong contrast with slow cooling below

250�C which occurred at a rate of *15�C/Ma, as described

by zircon-apatite fission track data (Hurford 1986; Vernon

et al. 2008). In fact, the late exhumation of the Central Alps

in the Miocene is apparently one of the slowest within the

western part of the Alps (Vernon et al. 2008).

The protracted high temperature regime in the migma-

tite belt does not necessarily imply that the entire Central

Alps followed the same cooling path. In recent years, the

SSB and its migmatites have been recognised as a tecton-

ically distinct and complex area, and interpreted as a

Tectonic Accretion Channel (Engi et al. 2001). It is pos-

sible that in other parts of the Central Alps the metamor-

phic peak was shorter lived or even diachronous. In

particular, monazite ages (Hänny et al. 1975; Köppel and

Grünenfelder 1975) suggest that the metamorphic peak was

reached later in the northern part of the Central Alps, at the

periphery of the regional Barrovian isogrades. This is

supported by recent monazite-allanite dating in the north-

ern part, which constrain peak conditions to 18–19 Ma,

followed by rapid cooling (Janots et al. 2009).

The protracted HT evolution presented here implies that

the definition of a distinct metamorphic peak across the

Barrovian belt is not straightforward and needs reconsid-

eration. Within the same belt, portions remained for a long

time at high grade conditions (followed by fast cooling,

this work), whereas other portions underwent a more

continuous heating and cooling path (e.g. Janots et al.

2009). Such dynamics are to be expected in mountain

building processes, where advective and conductive heat

transfer, both contributing different amounts of heat, are

combined (see tectono-thermal models and their depen-

dence on tectonic style, e.g. Roselle et al. 2002; Goffé et al.

2003; Burov and Yamato 2008).
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The effect of differing contributions of advective and

conductive heat transport can be also inferred from struc-

tural observations in the Lepontine Alps. The investigated

migmatites have been deformed during the melting stage

(see above), whereas the Barrovian overprint in the north

peaked after main deformation related to nappe stacking. In

the north, conductive heat transport was dominant in the

last stages of evolution (Wiederkehr et al. 2008), whereas

in the southern Steep Belt investigated here, advective

transport of melts and solid rock masses influenced the

temperature–time path.

Conclusions

The study of fluid-induced migmatites in the Alpine Bar-

rovian belt indicates that:

(1) Melt production and associated zircon growth in such

migmatites depends strongly on the amount and

infiltration dynamics of fluids. As a consequence,

different zircon overgrowths may not represent sep-

arated metamorphic ‘‘events’’, but result from

repeated fluid infiltration.

(2) During the protracted high temperature history, the

migmatites in the Central Alps never contained

significant amounts of melts at any given time. The

proportion of leucosome present in outcrops is the

cumulative result of several melting episodes, com-

monly associated with deformation, but at roughly

constant P–T conditions.

(3) Barrovian metamorphism in the southern central Alps

has a long lasting thermal history. The new geochro-

nological data, supported by petrological observa-

tions, require a revision of the geodynamic evolution

of the Lepontine dome in the Alps, and potentially of

other Barrovian terranes. This requires a more

detailed knowledge of the temperature-time evolu-

tion(s) in such mid-crustal sections.
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(1996) Geophysical–geological transect and tectonic evolution

of the Swiss-Italian Alps. Tectonics 15:1036–1064. doi:10.1029/

96TC00433

Stacey JS, Kramers JD (1975) Approximation of terrestrial lead

evolution by a two-stage model. Earth Planet Sci Lett 26:207–

221. doi:10.1016/0012-821X(75)90088-6

Steck A, Hunziker JC (1994) The Tertiary structural and thermal

evolution of the Central Alps—compressional and extensional

structures in an orogenic belt. Tectonophysics 238:229–254. doi:

10.1016/0040-1951(94)90058-2

Steiger RH (1964) Dating f orogenic phases in the Central Alps by

K–Ar of hornblende. J Geophys Res 69:5407–5421. doi:10.1029/

JZ069i024p05407

Storkey A, Hermann J, Hand M, Buick IS (2005) Using insitu trace

element determinations to monitor partial melting processes in

metabasites. J Petrol 46:1283–1308

Todd CS, Engi M (1997) Metamorphic field gradients in the Central

Alps. J Metamorph Geol 15:513–530. doi:10.1111/j.1525-1314.

1997.00038.x

Tomaschek F, Kennedy AK, Villa IM, Lagos M, Ballhaus C (2003)

Zircons from Syros, Cyclades, Greece—recrystallization and

mobilization of zircon during high-pressure metamorphism.

J Petrol 44:1977–2002. doi:10.1093/petrology/egg067

Vance D, O’Nions RK (1992) Prograde and retrograde thermal

histories from the Central Swiss Alps. Earth Planet Sci Lett

114:113–129. doi:10.1016/0012-821X(92)90155-O

Vavra G, Gebauer D, Schmidt R, Compston W (1996) Multiple zircon

growth and recrystallization during polyphase Late Carbonifer-

ous to Triassic metamorphism in granulites of the Ivrea Zone

(Southern Alps): an ion microprobe (SHRIMP) study. Contrib

Mineral Petrol 122:337–358. doi:10.1007/s004100050132

Vernon AJ, van der Beek PA, Sinclair HD, Rahn MK (2008) Increase

in late Neogene denudation of the European Alps confirmed by

analysis of a fission-track thermochronology database. Earth

Planet Sci Lett 270:316–329. doi:10.1016/j.epsl.2008.03.053

von Blanckenburg F (1992) Combined high-precision chronometry

and geochemical tracing using accessory minerals: Applied to

the Central-Alpine Bergell intrusion (central Europe). Chem

Geol 100:19–40. doi:10.1016/0009-2541(92)90100-J

Watson EB, Harrison TM (2005) Zircon thermometer reveals

minimum melting conditions on earliest. Earth Sci 308:841–844

White RW, Powell R, Holland TJB (2007) Progress relating to

calculation of partial melting equilibria for metapelites. J

Metamorph Geol 25:511–527. doi:10.1111/j.1525-1314.2007.

00711.x

Wiederkehr M, Bousquet R, Schmid SM, Berger A (2008) From

subduction to collision: thermal overprint of HP/LT meta-

sediments in the north-eastern Lepontine Dome (Swiss Alps) and

consequences regarding the tectono-metamorphic evolution of

the Alpine orogenic wedge. Swiss J Geosci 101:S127–S155

Williams I (1998) U–Th–Pb geochronology by ion microprobe. In:

McKibben MA, Shanks III WC, Ridley WI (eds) Application of

microanalytical techniques to understanding mineralizing pro-

cesses, vol 7. Reviews in Economic Geology, pp 1–35

Williams IS (2001) Response of detrital zircon and monazite, and

their U–Pb isotopic systems, to regional metamorphism and

host-rock partial melting, Cooma Complex, southeastern Aus-

tralia. Aust J Earth Sci 48:557–580. doi:10.1046/j.1440-0952.

2001.00883.x

Williams IS, Buick IS, Cartwright I (1996) An extended episode of

early Mesoproterozoic metamorphic fluid flow in the Reynolds

Range, central Australia. J Metamorph Geol 14:29–47. doi:

10.1111/j.1525-1314.1996.00029.x

722 Contrib Mineral Petrol (2009) 158:703–722

123

http://dx.doi.org/10.2475/ajs.302.5.381
http://dx.doi.org/10.2475/ajs.302.5.381
http://dx.doi.org/10.1016/S0009-2541(01)00355-2
http://dx.doi.org/10.1016/S0012-821X(99)00031-X
http://dx.doi.org/10.1007/PL00007673
http://dx.doi.org/10.1093/petrology/egl033
http://dx.doi.org/10.2138/am.2008.2874
http://dx.doi.org/10.1007/s004100050478
http://dx.doi.org/10.1016/0012-821X(96)00104-5
http://dx.doi.org/10.1029/96TC00433
http://dx.doi.org/10.1029/96TC00433
http://dx.doi.org/10.1016/0012-821X(75)90088-6
http://dx.doi.org/10.1016/0040-1951(94)90058-2
http://dx.doi.org/10.1029/JZ069i024p05407
http://dx.doi.org/10.1029/JZ069i024p05407
http://dx.doi.org/10.1111/j.1525-1314.1997.00038.x
http://dx.doi.org/10.1111/j.1525-1314.1997.00038.x
http://dx.doi.org/10.1093/petrology/egg067
http://dx.doi.org/10.1016/0012-821X(92)90155-O
http://dx.doi.org/10.1007/s004100050132
http://dx.doi.org/10.1016/j.epsl.2008.03.053
http://dx.doi.org/10.1016/0009-2541(92)90100-J
http://dx.doi.org/10.1111/j.1525-1314.2007.00711.x
http://dx.doi.org/10.1111/j.1525-1314.2007.00711.x
http://dx.doi.org/10.1046/j.1440-0952.2001.00883.x
http://dx.doi.org/10.1046/j.1440-0952.2001.00883.x
http://dx.doi.org/10.1111/j.1525-1314.1996.00029.x

	Protracted fluid-induced melting during Barrovian metamorphism in the Central Alps
	Abstract
	Introduction
	Geological background
	Methods
	Sample description
	Zircon chemistry and geochronology
	VAM1 metatonalite
	VAL1 leucosome
	VAM2 metatonalite
	VAL2 leucosome
	VAM4 metasediment
	VAL4 leucosome
	BEM 1 metatonalite
	BEL1 leucosome

	Ti-in-zircon thermometry
	Mineral inclusions
	Discussion
	Age interpretation
	Zircon chemistry as indictor of metamorphic assemblage
	Fluid-assisted melting over 10 My
	Timing of fluid-assisted versus hydrate-breakdown melting
	Implications for Alpine Barrovian metamorphism

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


